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Catalytic evaluation of microwave-assisted copper
cobaltite oxide (CuCo2O4) for propane oxidation†

Nidia Guadalupe García-Peña, a,b Rocío Redón,c Juan Ivan Gomez-Peralta, d

David Díaz,*a Xim Bohkimi e and Lucy-Caterine Daza-Gómez *f,g

Attainment of a pristine copper cobaltite (CuCo2O4) phase by a fast and easy microwave (MW) assisted

method is presented in this paper. The successful synthesis was supported by a series of characterization

techniques, which confirmed the presence of a single phase and a possible inverted spinel crystal struc-

ture. Furthermore, catalytic performance evaluation of CuCo2O4 in propane oxidation demonstrated its

selectivity towards carbon dioxide (CO2) formation, with negligible propanol production. Heating rate

modification has a minimal impact on propane conversion, while catalyst stability tests indicate acceptable

performance over multiple reaction cycles. X-ray diffraction analysis of the recycled catalyst suggests the

formation of CuO, which seems to affect catalytic activity. Although the catalytic trials at lower tempera-

tures resulted in lower efficiency, they effectively suppressed catalyst decomposition and allowed multiple

recycling of the catalyst without any loss of catalytic activity.

1. Introduction

Emissions of volatile organic compounds (VOCs) prompt a
series of environmental and human health impacts. Most of
them contribute to the formation of atmospheric pollutants
such as photochemical smog, tropospheric ozone and sec-
ondary aerosols.1 In the former case, photochemical smog
forms when VOCs, combined with nitrogen oxides and sun-
light, generate a harmful mix of gases and particles in the
atmosphere, which can cause respiratory problems, eye irri-
tation, and exacerbate pre-existing medical conditions in
humans.2

Propane is a compound included among the VOCs, that
although it is a flammable gas that is not considered a green-
house gas, its combustion generates negative impacts on the
environment. Furthermore, propane is heavier than air and
tends to accumulate in low areas,3 which may increase the risk
of explosions or fires in confined spaces or poorly ventilated
areas. Therefore, it may represent a hazard in some closed
industrial zones.

It is in this scenario that high-efficiency thermal catalytic
oxidation has emerged as a highly effective technique to
remove a wide range of combustion-generated contaminants,
including volatile organic compounds (VOCs), among them
propane.4,5 This technique involves the use of catalysts that
accelerate the oxidation reaction of contaminants at relatively
low temperatures, compared to the reaction without a catalyst,
which allows a complete and rapid removal of contaminants.6

This disposal method is considered relatively clean and energy
efficient since it can be carried out at moderate temperatures,
without the occurrence of a violent chemical reaction, and gen-
erally does not require the employment of additional chemi-
cals. Therefore, this method results in an attractive option to
mitigate contaminants such as propane.7

The most commonly used catalysts for high-efficiency
thermal catalytic oxidation are those based on noble
metals.8–11 Materials like Pt, Pd, and Rh have been notable
for their exceptional catalytic activity, not only in the conver-
sion of propane but also in a range of industrial
applications.12–16 However, they present important draw-
backs and restrictions in their application due to their high
cost, shortage and limited stability.17 Therefore, exploration
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of more robust and cost-competitive non-noble metal cata-
lysts is necessary. Among them, Co3O4 has attracted great
interest as an alternative catalyst for non-precious metals
due to its special characteristics such as its variability in
valence states, rich in reactive oxygen species, different redox
nature, abundant reserves and low cost in comparison with
noble metals.18–21

Cobalt(II,III) oxide (Co3O4) is a material that belongs to a
family of oxides with the AM2O4 spinel type structure, where A
is a divalent cation (A2+) and M has a +3 oxidation state (M3+).
Due to the presence of Co in two oxidation states, Co2+ and
Co3+, this spinel material has gained a lot of interest in cataly-
sis due to their redox properties.22–26 However, it remains of
great interest to replace both cobalt ions with other transition
cations to modulate its properties and, eventually, achieve a
superior catalytic performance. In the present article, we
focused on the substitution of Co2+ with other divalent tran-
sition metal cations (A2+). The choice to replace Co2+ rather
than Co3+ is since Co3+ ions are critical for maintaining the
redox activity and catalytic structure of the material, while Co2+

can be more easily replaced without compromising the struc-
tural integrity of the spinel-type oxide. By modifying the posi-
tion of Co2+ with other divalent cations such as copper, the
critical catalytic function of Co3+ is preserved. Among other
oxides that may be used we found CuCo2O4, which has shown
high activity in the oxidation of organic compounds, due to
the abundant presence of Co3+ and more surface oxygen
species.27 This spinel-type double oxide has not been widely
reported in the oxidation of propane, so this work may serve to
demonstrate its activity, and the degradation routes that this
catalyst can follow. Moreover, copper cobaltite has shown
excellent properties in different fields,28,29 consequently novel
synthetic methods, where pure CuCo2O4 is obtained are highly
desirable. However, in contrast to other MCo2O4 spinel-type
cobaltites,18,30–32 this material has proven difficult to achieve
in a pure phase. By-products such as copper oxides can be
obtained if the preparation method is not accurately
selected.33–37 Therefore, in the present article, a series of syn-
thesis procedures were explored to obtain pristine oxide.
Consequently, we developed a fast and simple microwave-
assisted method, which has been scarcely used in the literature
for CuCo2O4. Once obtained, this material was further ana-
lyzed to assure that we have obtained the desired single phase
by techniques such as powder X-ray diffraction (XRD) Rietveld
refinement, X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), electron dispersive spectroscopy
(EDS), electron adsorption spectroscopy in the UV-vis region,
and energy dispersive Raman spectroscopy. Finally, we exam-
ined the catalytic activity of copper cobaltite in the selective
oxidation of propane to CO2. The catalytic performance evalu-
ation of CuCo2O4 in propane oxidation demonstrated its
selectivity towards carbon dioxide (CO2) formation, with negli-
gible propanol production. Modification of the heating rate
had minimal impact on propane conversion, while catalyst
stability tests indicated acceptable performance over multiple
reaction cycles.

2. Materials and methods

Co(NO3)2·6H2O (reagent grade, 98%), Cu(NO3)2·3H2O (purum
p.a., 98–103%), urea (BioReagent, ≥98%), NaOH (ACS reagent,
≥97.0%, pellets), and H2O2 (30 wt%) were acquired from
Sigma-Adrich; whereas ethanol (RA) and acetone (RA) were
obtained from CTR scientific. Finally, propane (minimum
purity 80%–99.0%) was purchased from Linde Brand.
Deionized water was purified from a PURELAB™ Chorus 1
purification system from ELGA-VEOLIA. All reagents were used
as received without further purification.

2.1. Synthesis of CuCo2O4 (labeled as CoP)

Pure CuCo2O4 oxide was prepared by a dual-step synthesis
method. Briefly, 17.46 g (60 mmol) of Co(NO3)2·6H2O and
7.25 g (30 mmol) of Cu(NO3)2·6H2O were dissolved in 100 mL
of deionized (DI) water. Under agitation, 18.02 g (300 mmol) of
urea, previously dissolved in 50 mL of DI water. The resulting
mixture was transferred into two Teflon-lined microwave
vessels, assembled, and introduced into a microwave digestion
system with the following program: the sample was heated to
180 °C in 15 minutes, then it was maintained at that tempera-
ture during one hour with a power output of 600 W; finally,
the mixture was allowed to cool down for 45 minutes. Once at
room temperature, the resulting product was centrifuged for
10 minutes at 4500 rpm. The dark gray precipitate was washed
with 3 × 50 mL of DI water, 3 × 50 mL of ethanol and 50 mL of
acetone, to dry under vacuum for two hours at 60 °C. The final
black product was obtained after an annealing step for two
hours at 400 °C.

Another reaction, with employment of half the amount of
urea (9.01 g, 150 mmol), was performed to achieve the product
Co5.

Synthesis techniques commonly used in literature that were
employed to obtain the CuCo2O4 oxide:

2.1.1. Co-precipitation technique (Co1). 1.75 g (6 mmol) of
Co(NO3)2·6H2O and 0.73 g (3 mmol) of Cu(NO3)2·6H2O were
dissolved in 20 mL of DI water. Under agitation, 0.6 g
(15 mmol) of NaOH, previously dissolved in 20 mL of DI water,
were added dropwise. The resulting mixture was stirred for
1 hour. Following, 10 mL of concentrated H2O2 (30 wt%) was
added very slowly to the reaction mixture, which was left under
magnetic stirring overnight. The next day, the gray precipitate
was centrifuged for 10 minutes at 4500 rpm; then the powder
was washed with 3 × 50 mL of DI water, 3 × 50 mL of ethanol
and 50 mL of acetone, to dry under vacuum at for two hours at
60 °C. The final black product was obtained after an annealing
step for two hours at 400 °C.

2.1.2. Hydrothermal synthesis (Co2). 1.75 g (6 mmol) of Co
(NO3)2·6H2O and 0.73 g (3 mmol) of Cu(NO3)2·6H2O were dis-
solved in 20 mL of DI water. Under agitation, 0.6 g (15 mmol)
of NaOH, previously dissolved in 20 mL of DI water, were
added dropwise. The mixture was transferred into a Teflon-
lined stainless-steel autoclave, and it was heated to 200 °C for
12 hours. Following, the mixture was left to cool down over-
night. The resulting gray powder was centrifuged for
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10 minutes at 4500 rpm; then the solid was washed with 3 ×
50 mL of DI water, 3 × 50 mL of ethanol and 50 mL of acetone,
to dry under vacuum for two hours 60 °C. The final black
product was obtained after an annealing step for two hours at
400 °C.

2.1.3. Hydrothermal synthesis with urea as precipitation
agent (Co3). 1.74 g (6 mmol) of Co(NO3)2·6H2O and 0.73 g
(3 mmol) of Cu(NO3)2·6H2O were dissolved in 100 mL of DI
water. Under agitation, 900 mg (15 mmol) of urea, previously
dissolved in 50 mL of DI water, were added dropwise. The
resulting mixture was transferred into a Teflon-lined stainless-
steel autoclave, and it was heated for twelve hours to 200 °C.
Following, the mixture was left to cool down overnight. The
resulting gray powder was centrifuged for 10 minutes at 4500
rpm; then the solid was washed with 3 × 50 mL of DI water, 3
× 50 mL of ethanol and 50 mL of acetone, to dry under
vacuum at for two hours at 60 °C. The final black product was
obtained after an annealing step for two hours at 400 °C. In
order to explore the effect of urea in the synthetic method, an
additional experiment, with double addition of urea (1.80 g,
30 mmol), was performed and labeled as Co4.

Table 1 summarizes the products obtained in this work
through different chemical routes. Among these chemical
routes, the microwave assisted synthesis with urea excess was
the unique that guaranteed the obtention of the CuCo2O4

phase as single product, which is named CoP in the current
manuscript. This contrasts to other previously informed
synthesis33–37 where secondary phases of copper oxides are
present. Due to its single-phase composition, the product CoP
was utilized for conducting the catalytic tests afterward.

2.2. Catalytic activity of CuCo2O4 catalyst

The catalytic performance of propane oxidation was investi-
gated in a fixed bed microreactor. A small amount of CuCo2O4

catalyst was introduced into a glass U-tube with an inner dia-
meter of 10 mm. An oxidizing atmosphere, containing 0.5
vol% propane, 5 vol% O2, and 94.5% N2, was continuously
supplied to the reactor at a constant rate of 100 mL min−1. The
temperature was then gradually raised from 25 to 500 °C with
a heating rate of 2 °C min−1 using a regulated electrical
furnace. Effluent gas was analyzed for product concentrations
(CO2, CO, and others) using a gas chromatograph (GC), par-

ticularly the Agilent Technologies 6890 network GC system
equipped with a FID detector and a HP Plot Q column. The
monoliths were reused for up to 5 consecutive reaction cycles.
Thus, it was necessary to purge the reaction tubes with N2 and
subject them to the same conditions as detailed above.

2.3. Characterization techniques

The products were characterized with X-ray diffraction tech-
nique using a Brüker D-8 Advance diffractometer applying Cu
Kα radiation (40 kV, 30 mA, l = 1.5418 Å), step size 0.02°, and
time size 0.5 s. To perform the Rietveld refinement, additional
diffractograms were recorded using a step-size of 0.010254°
and a step-time of 134 ms. The Rietveld refinement was per-
formed using the TOPAS software package. UV-visible elec-
tronic absorption spectroscopy studies were measured using a
fiber optics arrangement with a deuterium-halogen light
source (AvaLight DH-S-BAL), an integrating sphere (Labsphere
USRS-99-010) interconnected with a spectrometer AvaSpec-
2048 from Avantes Co.; an Ocean Optics WS-1-SL standard was
used as a reference. Vibrational Raman spectroscopy was
carried out using a Witec spectrometer, Alpha 300RA model
using a 488 nm blue laser and a 100× objective lens; each spec-
trum was obtained as the average of 32 acquired spectra every
0.5 s. X-ray photoelectron spectroscopy analyses were
measured in a Thermo Scientific equipment Fischer K-Alpha
model equipped with a monochromatic Al Kα (1486.7 eV)
X-ray source, and a spot diameter of 400 mm; to acquire high-
resolution spectra, the pass energy employed was 10 eV; the
base pressure of the analysis chamber was 10−9 Torr for data
acquisition. The XPS core-level peaks were deconvoluted
into their various components by using an interactive least-
squares computer program AAanalyzer™, 2.04 version.38

Thermogravimetric analyses were carried out at a TA
Instrument apparatus Discovery Series model; the TGA curves
were acquired under a 25 mL min−1 air flow, from room temp-
erature to 800 °C. Scanning electron microscopy (SEM) studies
were performed at a JEOL microscope, JSM-7601F model oper-
ated at 15 kV and 10 kV.

3. Results and discussion
3.1. Comparison among different synthesis methods

Achievement of a pure phase of CuCo2O4 has proven challen-
ging due to multiple variables influencing the outcome. Issues
such as the choice and the amount of the precipitant agent, as
well as the heating method and reaction method, have been
identified as significant factors. In literature it is possible to
find examples where either cuprous oxide33 or cupric
oxide34–37,39 are obtained as by-products. Their presences are
typically detected in X-ray diffractograms by their distinct
peaks at specific angles. Cupric oxide is easily distinguished,
with its main diffraction peaks appearing between the main
CuCo2O4 signal at 37.01°. However, in the former case, the
presence of Cu2O is more difficult to detect, due to the proxi-
mity of the main signal of both species that overlap and

Table 1 Summary of the products obtained in this research with
different chemical routes. The product CoP, highlighted with an *, con-
sisted of a single phase of CuCo2O4 spinel and is the subject of the cata-
lytic studies in the current manuscript

Product Chemical route summary

CoP* Microwave assisted reaction with 1 : 5 urea content
Co1 Coprecipitation followed by annealing
Co2 Hydrothermal synthesis followed by annealing
Co3 Hydrothermal synthesis with 1 : 2.5 urea concentration

followed by annealing
Co4 Similar to Co4 with 1 : 5 concentration of urea
Co5 Microwave assisted with 1 : 2.5 urea content
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hinder their identification by this characterization technique.
In most products, the presence of cuprous oxide might be
inferred by a slight shoulder on the left side of the main diffr-
action peak of the spinel, at 36.58°.

To attain CuCo2O4 in a pure phase, we explored two com-
monly utilized methods along with a hardly explored synthesis
approach. In the present section we will outline the method-
ologies implemented in this study to synthesize the pristine
copper cobaltite and present their respective outcomes.

Conventional use of a co-precipitation technique, employ-
ing a strong base like sodium or potassium hydroxide, led to
the formation of copper(II) oxide, as depicted in Fig. 1. Fig. 1
presents the theoretical patterns for the products CuCo2O4

(PDF # 073-2751, shown in black), Cu2O (PDF # 005-0667, por-
trayed in red), and CuO (PDF # 048-1548, depicted in green) at
the bottom, in comparison it is presented the experimental
pattern of product Co1, in blue. In this experimental pattern,
besides the spinel product, other peaks at 32.53°, 35.56°,
38.75°, and 48.75° were visible. These signals correspond to
(110), (111̄), (111), and (202̄) diffraction family planes, respect-
ively, consistent with CuO in a monoclinic crystal structure,
space group name C2/m, and space group number 15.

As the screening of synthesis methods progressed, it
became evident that even if the typical hydrothermal method
was applied, the use of hydroxides generated CuO as by-
product. This is evident in Fig. 1, where the diffractogram of
Co2, is depicted, in orange. This product was obtained
through a standard hydrothermal synthesis with the employ-
ment of sodium hydroxide. Once again, the presence of copper

(II) oxide is discernible from observation of the aforemen-
tioned diffraction planes. Moreover, the addition of smaller
amounts of NaOH had no impact on the formation of cupric
oxide; it suppressed the formation of an initial blue precipi-
tate, but the final mixture of products was the same. Similarly,
variations in reaction time did not affect the presence of the
products but influenced the size of the crystals obtained.
Consequently, it was determined that an alternative precipi-
tation agent must be used.

In literature, urea is frequently employed as an induced pre-
cipitation agent to facilitate the formation of various binary
and ternary oxides.34,40–42 Among other benefits, urea is non-
toxic, easy to manipulate, and tends to produce non-toxic by-
products; hence it was decided to use it in the present
research. With this reactant, a typical hydrothermal method
was utilized to attain the desired oxide. The X-ray diffraction
pattern of the resulting Co3 product, synthesized with urea in
a 1 : 2.5 ratio, is displayed in Fig. 1, in purple. Upon comparing
the diffraction pattern with the theoretical patterns of
CuCo2O4 and Cu2O at the bottom, in black and red, respect-
ively, it became apparent that cuprous oxide was present, as
indicated by the peaks at 36.58°, 42.49°, and 61.65° 2theta
degrees. These signals correspond to (1 1 1), (2 0 0), and (2 2 0)
diffraction family planes from Cu2O in a cubic crystal structure
(space group name Pn3̄m, space group number 224, PDF # 00-
005-0667). As previously discussed, the primary plane of Cu2O
overlaps with the principal peak of copper cobaltite in a cubic
spinel structure, which can sometimes hinder the identifi-
cation of the former product in the mixture. However, in the
present material, the presence of cuprous oxide is markedly
discernible from the rest of the family planes. Moreover, com-
parison of Co3 diffractogram with theoretical CuO pattern, in
red, seems to indicate the presence of a small amount of this
oxide, as a small peak at 35.5° was observed.

To assess the effect of urea addition on the hydrothermal
synthesis of CuCo2O4 spinel, an additional sample (Co4) was
synthesized by adding urea in a 1 : 5 ratio. The corresponding
diffractogram, displayed in Fig. 1 in magenta, indicates that
this powder exhibits better crystalline compared to the pre-
viously obtained sample, Co3. This is evident from the
decreased noise and more defined crystal planes in the diffrac-
togram, despite both products being synthesized under the
same conditions. However, the presence of CuO is more pro-
nounced, with a small shoulder indicative of Cu2O remains
detectable. Therefore, we may conclude that increasing the
urea addition resulted in improved crystallinity and possibly a
higher proportion of copper(II) oxide in relation to copper(I)
oxide. Nonetheless, this strategy did not yield pure CuCo2O4.

Thus far, conventional synthesis methods have generated
CuO and Cu2O by-products, casting doubt on the successful syn-
thesis of CuCo2O4 instead of Co3O4. Consequently, an alternative
heating method was deemed necessary to ensure the successful
synthesis of CuCo2O4. Among multiple choices, microwave-
assisted (MW) heating emerged as a promising option. This tech-
nique has proven beneficial across various domains such as
organic and inorganic chemistry, material synthesis, or

Fig. 1 X-ray diffraction patterns of product Co1 (labeled in blue) syn-
thesized by a coprecipitation technique with sodium hydroxide; Co2
(labeled in orange) solid obtained via hydrothermal synthesis in presence
of sodium hydroxide; Co3 (labeled in violet) powder obtained with a
hydrothermal method in presence of urea; and Co4 (labeled in cyan)
product achieved via MW assisted heating in proportion 2 : 5 between
Co(II) to urea. In the first (Co1) and second (Co2) products, the presence
of CuO (PDF # 048-1548, which is depicted in the first theoretical
pattern in green) is clearly visible, whereas in third (Co3) and fourth
(Co4) products Cu2O (PDF # 005-0667, portrayed in red) was detected.
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catalysis.43–46 In the MW method, the heating of reaction mix-
tures arises from the interaction of dipole moments attempting
to align with the oscillating electric field of the microwave radi-
ation.47 As a result, increased friction and collisions occur,
leading to accelerated reactions compared to conventional
heating methods. Consequently, reaction times were significantly
reduced from hours to minutes, enabling the attainment of our
desired product in just two hours instead of twelve. Moreover,
the localized heating generated by MW radiation, creating hot
spots, facilitates the formation of products that are challenging
to achieve using conventional methods.43

The first trial product achieved using the MW-assisted
method, labeled Co5, is depicted in Fig. 1d, which was
obtained with a 1 : 2.5 ratio of Co(II) to urea. This pattern
closely resembles the theoretical pattern of CuCo2O4, with only
a minor peak at 42.49° 2theta degrees being distinctly visible.
However, as previously mentioned a small shoulder was
detected to the left of the primary spinel diffraction peak.
These two peaks led us to suspect the presence of Cu2O. The
result resembles the product obtained by hydrothermal
method with the same Co(II) : urea ratio (1 : 2.5), where cuprous
oxide was obtained as the main by-product. However, the
amount of Cu2O seems to be present in less concentration,
since the product presented a smaller intensity in its main
diffraction peak. Moreover, the synthetic method positively
suppressed the formation of CuO.

Nevertheless, the formation of cuprous oxide was effectively
suppressed when the amount of urea was doubled to a 1 : 5
ratio of Co(II) to urea. The diffractogram obtained from the
product under this revised condition, labeled as CoP, is illus-
trated in Fig. 2a. Analysis of the pattern confirms the success-
ful attainment of the pure CuCo2O4 phase with the increased
urea concentration. The pattern exhibits all the diffraction
peaks corresponding to a spinel structure with a cubic crystal

lattice (space group name Fd3̄m, a = 8.0869 Å), as compared
with the theoretical diffractogram (black lines). Fig. 2 depicts
the typical cubic spinel crystal cell, highlighting the distri-
bution of Co(III) ions, shown deep blue, occupying the octa-
hedral sites (Wyckoff sites 16c). Whereas copper(II) ions, dis-
played in cyan, are located in the tetrahedral sites (Wyckoff
sites 8b). This result contrasts with the outcomes obtained
when hydrothermal method was used, where the increment in
the amount of urea used rendered into an increment in the
formation of CuO. This difference must arise from the syn-
thesis method, since microwave assisted methods tend to
achieve products that are not thermodynamically stable.
However, to claim this effect, further analysis must be carried
out that is outside the scope of the present research.

3.2. Characterization of CuCo2O4 spinel unique-phase
sample (CoP)

So far, we have been able to obtain a pure phase that may allow
us to study its behavior in propane oxidation. However, this
product was further analyzed before being used in catalysis.

X-ray photoelectron spectroscopy (XPS) analyses on the CoP
product were carried out. The results obtained are presented
in Fig. 3. From the initial analysis of the survey spectrum in
the whole spectral window (Fig. 3a), it can be concluded
beyond any reasonable doubt that copper was present in the
product, since all the spectral lines 3s, 3p, and 2p, along some
Auger lines, informed for copper element could be detected.48

Beside these copper signals, peaks from Co, C and O were
present. Moreover, the determination of elemental concen-
trations revealed values of 21.88, 39.03, and 26.06 % for Cu,
Co, and O, respectively; with carbon (C) accounting for the
remaining 13.02%. These Cu and Co percentages correspond
to a Cu : Co ratio of approximately 1 : 2, consistent with the

Fig. 2 (a) X-ray diffraction pattern of CoP product, obtained from a MW assisted heating method with a proportion 1 : 5 of Co(II) to urea. The
achievement of a pure phase, corresponding to a typical spinel with a cubic crystal lattice (space group name Fd3̄m, space group number 227, a =
8.0869 Å), is presented. The scheme of the crystal unit cell is depicted as an inset in the figure. (b) X-ray diffraction pattern of CuCo2O4 after
Rietveld refinement. The recorded (in gray) and calculated (black line) diffraction pattern are shown in the graph at the top. The difference between
the observed and calculated diffraction pattern is shown at the bottom (Rwp = 2.36%).
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desired CuCo2O4 spinel composition, thereby confirming the
purity of our ternary oxide.

Additionally, high resolution XPS studies were conducted.
In the O 1s zone, the experimental spectrum (black dotted
line, in Fig. 3b), was deconvoluted into three signals at 529.49
eV, 531.36 eV, and 533.50 eV. The first signal (blue line, in
Fig. 3b) was assigned to Co–O bond coming from a spinel
crystal structure;49 whereas the second peak (green line, in
Fig. 3b) may come from a CuII–O bond in a spinel structure;50

finally, the peak at higher binding energy (orange line, in
Fig. 3b) comes from adsorbed water51 or adsorbed ethanol.52 It
is known that the areas under the curve are not directly related
to concentrations since factors such as density of the materials
and intensity of the signals, among other factors, must be
accounted for. However, as an empirical approximation, Co–O
area was approximately twice the area of CuII–O. This corres-
ponds to the Co : Cu mol ratio present in the CuCo2O4 oxide
(2 : 1) and seems to indicate that the desired product was
obtained.

In the Co 2p zone, the experimental spectrum (black
dotted line, in Fig. 3c) presented two doublets coming from

the p3/2 and p1/2 lines, which were deconvoluted into three
double signals at 779.26 eV and 794.29 eV, 780.73 eV and
796.20 eV, and 789.40 eV and 804.28 eV. The first
doublet (blue line in Fig. 3c) was assigned to Co–O in the octa-
hedral sites in the Co3O4 spinel crystallite;49,53–55 while the
second peak (green line in Fig. 3c), was attributed to Co–O in
tetrahedral sites in the Co3O4 spinel architecture;49,53–55

finally, the last signal (orange line in Fig. 3c) was
designated as shake-up line due to the paramagnetic nature of
Co.49 The areas under the curve for the first and second decon-
voluted signals were calculated and established as an
approximate 1 : 1 ratio. Since these two doublets seem to indi-
cate a difference in the cobalt geometry, we may use them to
estimate an inversion in the spinel geometry. Hence, these
values seem to indicate that just half cobalt centers are
located at the octahedral sites, whereas the other half Co are
placed at the tetrahedral sites. Therefore, in contrast to the
crystal structure depicted in Fig. 2a, Cu(II) must be located in
half octahedral sites (depicted in dark blue), whereas cobalt
ions must be placed at the tetrahedral sites (labeled in light
blue).

Fig. 3 X-ray photoelectron spectroscopy studies on CuCo2O4 (CoP). Survey spectrum (a) shows the informed spectral lines for Cu, Co, C and O
elements, thus confirming the attainment of the desired product. High-resolution spectra on the O 1s (b), Co 1s (c), and Cu 1s (d) zones are pre-
sented, all of them supporting the achievement of CuCo2O4. Noteworthy, Co 2p spectrum (c) seems to indicate the presence of an inversion in the
octahedral and tetrahedral sites.
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Likewise, in the Cu 2p zone (shown in Fig. 3d), a series of
signals can be observed in the experimental spectrum (black
dotted line), which were deconvoluted into two doublets at
933.21 and 952.98 eV, and 941.87 and 961.96 eV, and a singlet
centered at 974 eV. The first doublet (blue line in Fig. 3d)
comes from a CuII–O bond,56,57 perhaps in octahedral sites;58

whereas the second signal (green line in Fig. 3d) was attribu-
ted to a shake-up line coming from the paramagnetic nature of
Cu(II). Finally, the singlet (orange line in Fig. 3d) should arise
from an Auger line from copper.48 From these results, we may
conclude that CuCo2O4 was obtained as desired with a pure
phase, although inversion in the cobalt-octahedral and
copper-tetrahedral sites must exist. This behavior was pre-
viously observed in literature for a copper cobaltite sample syn-
thesized by Farag and colleagues.59 In their investigation, the
authors inform that in the CuCo2O4 structure, almost all the
Cu(II) is located at the octahedral sites, whereas some Co(II) is
positioned at the tetrahedral sites. This result is not uncom-
mon, since a series of inverted spinel structures were pre-
viously studied.60–62 Nonetheless, it should be interpreted with
caution. Spinel compounds exhibit behavior like that of a solid
solution, where A2+ and M3+ cations in the AM2O4 spinel struc-
ture may interchange between tetrahedral and octahedral
sites. This interchange depends on several factors, including
temperature, the size and nature of the ions, or their
covalency.63 Additionally, since Cu2+ and Co3+ are similar in
nature, accurately determining their specific positions is
challenging.

A Rietveld refinement of the CoP sample was performed
using the crystallographic information reported for CuCo2O4

(CIF number 5910155 from the Crystallography Open
Database). The refined diffraction pattern exhibited good
agreement with the experimental data (Rwp = 2.23%). It is
important to mention that the CIF used for the refinement
considers that Cu and Co atoms occupy the tetrahedral and
octahedral sites, respectively, which corresponds to the
Wyckoff sites 8b and 16c.

When the refinement is done considering the inversion
suggested by XPS analysis, there was not a change in the
residual of the refinement. This outcome aligns with expec-
tations, as the atomic numbers of the involved elements are
similar, resulting in comparable contributions to the diffrac-
tion pattern. Consequently, the degree of inversion could not
be quantified through Rietveld refinement. However, the
results strongly support the presence of a single spinel phase
incorporating Co atoms into its structure, and which is
obtained with our novel chemical route based on microwave
assistance.

In order to establish the obtained morphology in the
powder, scanning electron microscopy (SEM) analyses were
carried out on CoP. The micrographs obtained are shown in
Fig. 4. Noteworthy, the synthesized material exhibited two very
different morphologies: bundles, some of them resembling
truncated cuboctahedrons (as can be seen in Fig. 4b), and rec-
tangular sheets were observed, as depicted in Fig. 4c. The first
shape presented a mean size of 198.2 nm, determined on 100

particles, which were agglomerated. The size distribution his-
togram is presented in Fig. 4d. Whereas the sheets presented a
mean diameter of 5.2 mm, calculated over 100 measured
layers; some of them appear to be squared, while others had
rectangular shapes. Both structures seem to be intercalated.
For the layers, it was not possible to measure a mean thickness
since the value was less than 20 nm, below the resolution of
the available SEM equipment. The size distribution histogram
of these structures is shown in Fig. 4e. The attained structures
may correspond to the synthesis method employed, which
allowed the formation of two very distinct morphologies with a
very different anisotropic behavior, as shown previously by
Yang and collaborators.64

To assure that both morphologies have the same chemical
identity (although so far, all characterization techniques have
supported the presence of a single product), additional elec-
tron dispersive spectroscopy (EDS) studies were carried out,
and the resulting analyses are depicted in Fig. S1.† From the
micrograph observed in Fig. S1a,† EDS was performed on two
very distinct zones: the first one was located on agglomerated
bundles, while the second was located on a group of layers. An
EDS spectrum typical of both regions is depicted in Fig. S1b,†
where signals corresponding to copper, cobalt and oxygen
were detected. Finally, semiquantitative concentrations for
both regions were calculated (c and d), the two of them
showing concentrations near the theoretical concentrations for
Co and Cu in CuCo2O4 compound (25.9% and 48.3%,
respectively).

Additionally, electronic adsorption UV-vis spectroscopy
measurements were performed on CoP. The resulting spec-
trum can be observed in Fig. S2.† From this spectrum, the
Kubelka–Munk graphic was calculated for direct band gaps.
The resulting graphic is shown in the inset in Fig. S2.† From
this graph it was possible to calculate two direct band gaps at
1.90 eV and 2.59 eV. These values are in full concordance with
the two band gaps informed for this material, where two
similar energies are reported.59,65,66

Thermogravimetric analysis was carried out on the
already formed CuCo2O4 powder (CoP). The result can be
seen in Fig. S3.† From this thermogram, we can determine
that the product is thermally stable up to 800 °C. The only
change can be seen in the 200–334 °C range, where a slight
loss of 5.03% was observed, perhaps due to some dehydration
of surface hydroxyl groups formed during storage.
Nonetheless, this hydrated material existed barely in a 5%
composition.

The CoP product was also analyzed by Raman scattering
spectroscopy and the obtained spectrum is shown in Fig. S4.†
In the analysis, the material presented five signals at 197 , 481
, 522 , 618 , and 687 cm−1. According to literature, these bands
may be assigned to F2g, Eg, F2g, F2g, and A1g Raman-active
modes from MCo2O4 spinel structures.67,68 For a laser power
below 10 mW, no other signals were detected. Otherwise,
when higher power incidence was used, it revealed signals
beyond 1000 cm−1, which might come from decomposition of
the ternary oxide.
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Finally, gas adsorption–desorption analyses were conducted
to determine the specific surface area of the catalyst. To obtain
accurate results, the sample was heated to 260 °C for five
hours to ensure complete dehydration. Following this,
measurements were taken at 77 °C. The BET (Brunauer–
Emmett–Teller) model was used to calculate the specific
surface area, which was determined as 44.59 m2 g−1.

3.3. Evaluation of the catalytic performance

To evaluate the catalytic activity of CuCo2O4 in propane oxi-
dation, a dynamic study was performed over a temperature
range of 25 to 500 °C, with a heating rate of 2 °C min−1, under
an oxygen atmosphere (Fig. 5(a and b)). Chromatographic
monitoring during this experiment indicated that carbon
dioxide formation began at around 87 °C (Fig. 6). This obser-
vation aligned with the detection of propanol (0.02%),
suggesting its role as an intermediate in the complete oxi-
dation of propane. The concentration of propanol remained
low, but gradually increased, peaking at 1.0 % at 255 °C, and
then decreased, disappearing entirely at 399 °C. Although the
propanol percentage was consistently much lower than that of
CO2, the latter increased steadily from 0.13% to 94.45% over
the same temperature range. These results demonstrate a
strong selectivity toward CO2 formation, indicating a clear pre-
ference for the complete oxidation of propane. This trend is
illustrated in Fig. 5a, where the propane composition
decreases proportionally as the CO2 composition increases,
maintaining a close stoichiometric relationship. Between 400
and 500 °C, only CO2 formation is detected, reaching 98.8%.
Based on chromatographic monitoring, it can be assumed that
CuCo2O4 could follow a Langmuir–Hinshelwood kinetic model

(Fig. 5(c)). Since the formation of propanol was detected in the
range between 110 and 390 °C, in a small amount, the main
product was carbon dioxide. Propanol is a proposed intermedi-
ate in this model, when other spinel-type oxides are used.69

The first steps proposed in this model involve the adsorption
of O2 and C3H8, and their subsequent dissociation to generate
species such as C3H8*, O*, OH* and C3H7O*. This last inter-
mediate can lead to the formation of propanol that can be
further oxidized to CO2. Other possible intermediates in this
model could be formaldehyde (CH2O) or acetic acid
(CH3COOH); however, they were not detected in the oxidation
dynamics. After 390 °C, propanol is not detected.

The heating rate generally influences the conversion of reac-
tants in catalytic reactions, leading to adjustments in the
heating rate to evaluate its effect on propane conversion. The
objective was to ascertain if this adjustment enhanced the cat-
alyst’s selectivity for complete oxidation, particularly the for-
mation of CO2, while avoiding the production of propanol. As
depicted in Fig. S4,† increasing the heating rate does not sig-
nificantly impact propane conversion. At lower temperatures,
propane conversion is slightly higher with a 3 °C min−1 ramp
compared to a 2 °C min−1 ramp. However, from 250 °C
onwards, both ramps show similar conversion rates, indicating
that the catalyst’s performance is not notably affected by the
heating rate. In terms of propanol formation, the 3 °C min−1

ramp results in its presence at low concentrations, but this
intermediate disappears at 400 °C. This suggests that altering
the heating rate does not significantly change the catalyst’s be-
havior in this aspect. Comparative tests were also performed
with CuO and Co3O4 obtained by the microwave-assisted syn-
thesis method (Fig. S5†). CuCo2O4 shows a higher activity than

Fig. 4 Scanning electron micrographs of pure copper cobaltite (CoP). The material presented two very distinct morphologies: (a) some bundles
with a mean size of 198.2 nm; and (b–c) sheets with a mean size of 5.2 μm. (d) and (e) Present the size distribution histograms of sphere and sheet
particles, respectively.
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CuO and comparable to Co3O4, reaching complete propane
conversion at a lower temperature than CuO. This highlights
that the spinel structure of CuCo2O4, with a synergy between
the redox sites of Cu and Co, provides a higher density of
active sites compared to monophase catalysts such as CuO.

Furthermore, the presence of CuO in CuCo2O4, when not
properly controlled during synthesis, can be detrimental to
catalytic performance, as CuO exhibits lower activity and can
block the active sites of the spinel phase. However, in our syn-
thesis method, we managed to minimize this secondary
phase, ensuring higher purity of CuCo2O4 and maximizing its
catalytic efficiency. Therefore, the microwave-assisted method
not only allows for faster and more efficient synthesis, but also
superior control over catalyst composition and structural pro-
perties, resulting in improved performance in propane
oxidation.

The stability of the catalytic performance of the copper
cobaltite catalyst was further assessed in relation to tempera-
ture and time. Fig. 7 illustrates propane conversion across a
temperature range of 25 to 500 °C, over five reaction cycles.
The propane conversion exhibits abrupt fluctuations between

Fig. 5 Catalytic performance in the oxidation of propane was evaluated over a temperature range between 25 and 500 °C, employing 10 mg of
copper cobaltite with a heating rate of 2 °C min−1 (a and b) and proposed diagram of the reaction mechanism (c).

Fig. 6 Catalytic performance in the oxidation of propane was evaluated
over a temperature range between 25 and 180 °C, employing 10 mg of
CoP sample with a heating rate of 2 °C min−1.
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cycles without a consistent trend during catalyst recycling.
Notably, from the first to the second cycle, conversion drops
sharply from a peak of 99.4% to 71.6%. Although CO2 pro-
duction begins at 90 °C in both cycles, it increases much more
slowly in the second cycle with rising temperature. This decre-
ment in catalytic activity was expected, as the unsupported
catalyst leads to nanoparticle agglomeration, reducing catalytic
efficiency. This behavior was expected in our catalyst due to
the presence of the previously shown morphologies of nano-
metric layers (Fig. 4) that are more prone to collapsing.
Interestingly, in the third and fourth cycles, conversion
recovers somewhat, though it does not reach the initial level
observed in the first cycle. This recovery might be due to the
second cycle acting as a pretreatment for the subsequent
cycles. In the final cycle, conversion decreases again, though
propane conversion remains at an acceptable level.
Throughout all cycles, propanol forms consistently in small
amounts, disappearing at 400 °C.

The stability of the catalyst overtime demonstrated
improved performance, as shown in Fig. 8. Propane conversion
remained consistent throughout the 180 minute reaction
period, with no significant decline observed over time in any
of the reaction cycles. Unlike the recycling experiments
depicted in Fig. 5, the decrease in conversion from one cycle
to the next was less pronounced. From the first to the fifth
cycle, propane conversion decreased from 98.5 % to 87.5 %. At
this temperature, the reduction in catalytic activity is likely due
to a decrease in the catalyst’s surface area caused by nano-
particle agglomeration or due to the catalyst irreversible con-
version into other products. Intermediate products such as
carbon monoxide and propanol can easily oxidize or detach
from the catalyst surface.

To suppress the decomposition of the catalyst, catalytic
cycles were carried out at a lower temperature (Fig. 9). At
180 °C, propane conversion is low; however, this temperature
decrement effectively allows determining the catalyst’s capa-

bility to be reused in several reaction cycles. Over five reaction
cycles, the copper cobaltite catalyst maintained its catalytic
activity between 3.0 and 6.0 % propane conversion, indicating
that this catalyst can be reused in multiple reaction cycles.

The use of CuCo2O4 as a catalyst in propane oxidation has
been scarcely explored in the literature. Some studies report
the synthesis of CuCo2O4 by the combustion method, but as a
supported composite material (Pd–CuCo2O4/Al2O3),

70 evaluat-
ing its catalytic activity in the oxidation of propane, CH4 and
NOx. In that work, the temperatures required to reach 100%
conversion of CH4 and propane were 415 °C and 323 °C,
respectively. However, most reports related to spinel-type
oxides focus on Co3O4 and NiCo2O4.

71–73 Applications of
CuCo2O4 in oxidation reactions have been mostly focused on
the oxidation of compounds such as toluene, methane and
carbon monoxide.74 These antecedents reinforce the need to

Fig. 7 Catalytic performance in the oxidation of propane was evaluated
over a temperature range between 25 and 500 °C, employing 10 mg of
CuCo2O4 with heating rate of 3 °C min−1 in five reaction cycles.

Fig. 8 Recycling of the catalyst for propane oxidation at 500 °C was
conducted using 10 mg of CuCo2O4.

Fig. 9 Recycling of the catalyst for propane oxidation at 180 °C was
conducted using 10 mg of copper cobaltite.
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explore and understand the behavior of pure CuCo2O4 in the
oxidation of propane, since it has not been directly studied so
far. Furthermore, our microwave-assisted approach aims not
only to address this gap in the literature, but also to propose a
simple, rapid and efficient synthesis method to obtain
CuCo2O4 in pure phase, which has proven to be a significant
challenge compared to other MCo2O4 spinels. This approach
offers a promising starting point for future comparisons with
catalysts obtained by other methods.

3.4. Characterization of used CoP catalyst

Since the CoP catalyst has lost nearly 15% of its activity after
five cycles, it is essential to investigate the cause of this activity
loss. To this end, a previously used sample of the product was
analyzed using powder X-ray diffraction. The Rietveld refine-
ment of the obtained diffraction pattern is displayed in Fig. 10.
This analysis revealed the presence of two phases: CuO and
Co3O4, depicted in blue and green lines, respectively. The
detection of both compounds in the diffraction pattern is sig-
nificant and indicates the decomposition of the original
CuCo2O4 spinel phase under the propane oxidation conditions.

Calculated CuO phase was compared with the CIF 1528838
(space group C2/m), while calculated Co3O4 was compared
with the CIF 1538531 (space group Fd3̄m, a = 8.0881 Å), both
obtained from of the Crystallography Open Database. The esti-
mated weight concentration of CuO after Rietveld refinement
was 30.16 %; whereas the remaining 69.84 % of the concen-
tration in weight corresponded to Co3O4. The weighted-pattern
residual (Rwp) for the refined diffraction pattern was 1.41 %.
Therefore, we may suggest that the decrement in the catalytic
activity is due to the decomposition of CuCo2O4 spinel. The
activity is not completely lost, since Cobalt(II,III) oxide is also
useful in propane oxidation; however, copper(II) oxide for-
mation seems to be detrimental on propane oxidation.

A sample of the used catalyst was sent for SEM analysis.
The resulting micrographs are presented in Fig. 11. In all
obtained images, in contrast to the as-synthesized product,
very few sheet structures were detected. Conversely, a series of
new tile-like assemblies were observed, as observed on the left
side of Fig. 11a. These new structures may have resulted from
the collapse of the original sheets. Additionally, the bundle-
like structures visible in the pristine CoP have transformed
into intertwined cubes, which can be seen at the bottom right
of Fig. 11a and on the right side of Fig. 11b. These changes
reflect the decomposition the catalyst underwent under the
catalytic conditions applied at 500 °C.

Moreover, the specific surface area of the used catalyst was
measured under the same conditions as the one for the as-syn-
thesized CoP catalyst. The resulting value was 33.77 m2 g−1,
which is lower than the initial amount of 44.59 m2 g−1. This
decrease appears to be due to the collapse of the sheets
present in the CoP oxide as well as the appearance of two
phases, as was previously observed in SEM and XRD analyses.

Nonetheless, the reduction in the reaction temperature sup-
presses the loss in catalytic activity, making it possible to
recycle the catalyst without loss in efficiency.

4. Conclusions

In summary, we presented a novel synthetic route based on
microwave-assisted heating to obtain CuCo2O4 as unique
phase. Other synthesis methods based on co-precipitation and
hydrothermal synthesis failed to produce the pristine copper
cobaltite spinel, since copper oxide phases were obtained as
by-products. Characterization studies include encompassing

Fig. 11 Scanning electron micrographs of already used CoP catalyst.
The sample presents two types of morphologies: intertwined cubes, in
bottom right in (a) micrograph and right in (b) micrograph; and inter-
twined tile-like structures at the center of (a) and at the left in (b).

Fig. 10 X-ray diffraction pattern of the degraded catalyst after Rietveld
refinement. The graphic at the top shows the calculated profiles for
CuO (blue line) and Co3O4 (green line). The recorded diffraction pattern
is shown in gray dots. The graph at the bottom shows the difference
between the observed and the calculated diffraction patterns (Rwp =
1.41%).
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X-ray diffraction, scanning electron microscopy, electronic
adsorption spectroscopy, Raman scattering spectroscopy, and
X-ray photoelectron spectroscopy (XPS) provided comprehen-
sive insights into the purity, crystal structure, morphology, and
thermal stability of the synthesized CuCo2O4. Furthermore,
evaluation of the catalytic performance of as-synthesized
copper cobaltite in propane oxidation demonstrated its
remarkable selectivity towards CO2 formation, indicating its
potential application in catalytic processes. The CuCo2O4 cata-
lyst demonstrated stability under different conditions modifi-
cations of the heating rate and to reaction cycles. Challenges
such as catalyst degradation, indicated by the formation of
CuO after extended reaction cycles, underscore the need for
further research to elucidate the mechanism of catalytic
activity and address stability issues. Nonetheless, the decre-
ment of temperature in the catalytic cycles allowed the re-
cycling of the catalyst in five sequences without loss of catalytic
activity.
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