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Copper and iron co-doping effects on the
structure, optical energy band gap, and catalytic
behaviour of Co3O4 nanocrystals towards
low-temperature total oxidation of toluene†

Hippolyte Todou Assaouka,a Issah Ngouh Nsangou,a Daniel Manhouli Daawe,b

Daniel Onana Mevoa,a Abraham Atour Zigla,b Patrick Ndouka Ndoukaa and
Patrick Mountapmbeme Kouotou *bcd

This study reports the effect of Cu and Fe addition on the structure, morphology, optical energy band

gap and the catalytic performance of Co3O4 nanocrystals (NCs). Single-oxide (CuO, Fe3O4, and Co3O4)

and trimetallic oxide (Cu0.75Fe0.25Co2O4) NCs were prepared by a co-precipitation technique. The

physico-chemical properties of the as-prepared NCs were thoroughly investigated and their perfor-

mance as catalysts was successfully evaluated. Compared with single oxides, the Cu0.75Fe0.25Co2O4

spinel with a dome top-like morphology exhibited the highest performance with almost 100% oxidation

of C7H8 at 220 1C at a gas hourly space velocity (GHSV) of 22 500 mL g�1 h�1. The sequence of the

catalytic performance was found to be proportional to the activation energy (Ea (kJ mol�1)) and the

performance order is as follows: Cu0.75Fe0.25Co2O4 (35.2) 4 Co3O4 (55.5) B CuO (75.5) 4 Fe3O4 (83.4).

The excellent performance of Cu0.75Fe0.25Co2O4 towards toluene total oxidation is suggested to be

assigned to the Cu and Fe co-doping effect and behave as promoters in the matrix of the Co3O4 spinel.

The promotion effect can be ascribed to: (a) the smallest crystallite grain size as responsible for the

largest surface specific area, (b) the lowest-temperature reducibility responsible for the highest

population of oxygen vacancies, (c) the highest mobility of oxygen species due to its good redox

capability and (d) the highest ratio of active species (OLat/OAds, Co3+/Co2+, Cu2+/Cu+, and Fe3+/Fe2+)

and the lowest Eopt
g . The overall findings suggest that toluene total oxidation over Cu0.75Fe0.25Co2O4

might follow a Mars van Krevelen process.

1. Introduction

Volatile organic compounds (VOCs) released by factories, trans-
portation as well as human activities are well known as hazardous
air waste due to their toxic, mutagenic and cyanogenic nature.
VOCs are also great precursors of ozone and smog in the
atmosphere.1–3 Low-temperature catalytic oxidation is established

as an effective approach for mitigating environmental emission,
owing to its inexpensive operating cost, low energy consumption,
high conversion efficiency and low thermal NOx emissions.4,5

Presently, two types of catalysts, namely, supported noble metals
(Ag, Au, Pt and Pd)6–9 and metal oxides are established for the
total conversion of toluene.10–15 Particularly, transition metal
oxides (TMOs) possess the advantages of availability, low cost,
high thermal stability, considerable reducibility, strong resistance
to poisons and promising catalytic performance.16–18 Therefore,
TMOs have attracted much attention in the total abatement of
VOCs. Recently, TMO catalysts have drawn considerable attention
owing to their synergistic effect with numerous advantageous
properties.19 Referring to single-metal oxides, Co3O4 has gained
growing interest as an effective, inexpensive and active catalyst
with comparable performance to supported precious metal
catalysts.

Earlier, numerous synthesis approaches have been applied
to fabricate Co3O4 in the form of thin films or powder nano-
crystals (NCs) with various morphologies and physico-chemical
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properties. However, the good activity of Co3O4 towards the
total conversion of VOCs was assigned more to the high specific
surface area and the occurrence of oxygen vacancies than to the
ordered structures.6 Analogously, acidic leaching has been used
as a strategy to modify the chemistry and structure of Co3O4,
and the as-synthesized Co3O4 NCs with mesoporous structure
exhibit improved performance towards toluene conversion into
CO2 and H2O.10 The better surface specific area, abundant
surface Co2+, adsorbed oxygen (OAds.) species and/or oxygen
vacancy (Ov) were reported to play a decisive role in the catalytic
oxidation process.20,21 Despite the previously applied strategy,
there is significant interest in enhancing the catalytic perfor-
mance of Co3O4 for various VOCs in order to expand the range
of feasibility and meet the requirements of practical applica-
tions in catalysis. Therefore, a doping strategy which consists of
the substitution and/or addition of a second metal cation in the
Co3O4 lattice is presently investigated as a prospective route to
additionally improve the performance of Co3O4 catalysts.

Recently, extensive practical and theoretical investigation on
the influence of transition metal cation dopant features on the
physicochemical and redox properties of cobalt-based binary
oxide catalysts have been reported.10,14 The authors have estab-
lished that doping could redesign the chemical composition
and ionic states, ionic radius, as well as chemical bonding in
the bulk and surface of Co3O4, which might result in an
excellent catalytic performance.

To date, several binary metal (Mn, Cu, Ni, and Fe)-doped
Co3O4 thin films and nanocrystal powder have been prepared
and successfully tested as catalysts.13,15,22 Among TMO-based
catalysts, Co–Cu and Co–Fe oxide catalysts exhibit promising
performance in the elimination of VOCs. In fact, by introducing
different types of transition metals (TMs) into the pure TMO
lattice, the redox behaviour and chemical activity of the
obtained mixed-TMO can be modified due to many factors.23,24

On the structural aspect, numerous defects with high chemical
activity can be formed due to the stress provoked by doping or
insertion of a second metal in the matrix of a single TMOs. In
addition, TM 2 TM or TM 2 oxygen 2 TM can open the way to
new electronic properties, absent in single TMOs.25

Although doping has a significant impact on the catalytic
behavior of individual oxides, research has mainly focused on
binary oxides, and there have been only a few studies investi-
gating catalytic oxidation with ternary or trimetallic oxide-
based TMs.13,26 However, it is not a priori clear what type and
number of metals are required to enhance single-TMO catalytic
activity and the lattice stability at high temperatures. Ternary
oxides are generally used as electrocatalysts with a wide variety
of critical physicochemical properties and excellent stability for
several applications; such materials can also be highly active
catalysts and display an exceptional activity compared to single
and binary oxides.27,28 Recently, Waqas et al., have reported a
preliminary study on the application of Cu–Co–Fe oxide thin
films as catalysts for low-temperature CO, although it has
shown a potential catalytic application, the as-prepared catalyst
shows weak stability and durability upon continuous time-
on-stream.29 It is therefore interesting to perform a systematic

study on the influence of both Cu and Fe with appropriate
contents on the properties of Co-based oxides. The designed
ternary oxide CuFeCoO is expected to exhibit superior proper-
ties beneficial for the catalytic performance and stability.

Herein, three single-oxide (CuO, Co3O4, and Fe3O4) and one
trimetallic oxide (Cu0.75Fe0.25Co2O4) catalysts were prepared by
a co-precipitation technique. The as-prepared catalysts were
thermally treated before their use as catalysts for toluene
oxidation. Particularly, attention was paid to understand the
influence of Cu and Fe co-doping on the physicochemical and
catalytic properties of the as-prepared NCs. An attempt was
made to correlate the catalytic behavior of Cu0.75Fe0.25Co2O4

NCs with the abundant metallic surface and reactive oxygen
species, and open porosity of NCs with high SBET, as well as the
highest reducibility and lowest Eopt

g .

2. Results and discussion
2.1. Structure and texture of catalysts by XRD

The structures of CuO, Fe3O4, Co3O4 and Cu0.75Fe0.25Co2O4 were
examined by XRD, as displayed in Fig. 1, while the summary
quantification details are shown in Table 1. The XRD spectrum
of Fe3O4 exhibited a peak located at 2y = 30.81, 35.751, 43.921,
58.521 and 64,201, which could be assigned to the (220), (311),
(400), (440), and (622) crystal planes (JCPDS No. 01-075-0449)
respectively. For the Co3O4 sample, the crystal structure and
diffraction signals at 2y values of 31.51, 35.811, 36.781, 43.951,
58.331 and 64.181 could be assigned to the (220), (311), (222),
(400), (440), and (533) crystal planes (JCPDS No. 74-1656)
respectively. As for CuO, two prominent peaks located at
35.31 (002) and 38.61 (111) are detected on the diffraction
spectrum, which can be perfectly indexed to monoclinic CuO

Fig. 1 XRD patterns of CuO, Fe3O4, Co3O4 and Cu0.75Fe0.25Co2O4 NPs.
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(JCPDS no. 05-0661). No other characteristic diffraction
peaks including CoO, Co2O3, and FeO were detected in these
single oxides, attesting for the purity of samples. However,
Cu0.75Fe0.25Co2O4 samples with a spinel exhibit clear signals,
which fit well with some XRD diffraction peaks characteristic
of Co3O4, Fe3O4 and CuO single oxides. The obtained XDR
spectrum is in close agreement with early reported results.30

Additionally, no other specific signals were observed, which
attest of the purity of the as-prepared samples. The particle
sizes of all the samples were estimated from the most intense
diffraction signals using Scherrer’s formula. The crystallite size
was calculated to be 18 � 2 nm, as displayed in Fig. 1. The
crystallite size of the Cu0.75Fe0.25Co2O4 sample was found to be
smaller than the ones of CuO (B14 nm), Fe3O4 (B50 nm) and
Co3O4 (B60 nm) respectively, suggesting that Cu0.75Fe0.25Co2O4

facilitates high dispersion.31 Furthermore, it is well established
that a small particle size showed a beneficial effect on the active
site dispersion.32 The synergy between Fe, Cu, and Co species
and the Cu0.75Fe0.25Co2O4 structure is expected to play an
important role in the C7H8 total oxidation process that could
improve the catalytic performance.

2.2. Fourier transform infra-red analysis

FTIR emission was also performed in order to analyze the func-
tional group at the surface of CuO, Co3O4, Fe3O4 and Cu0.75-
Fe0.25Co2O4 samples. The FTIR spectrum of singles and tri-
metallic oxides and their corresponding description are
presented in ESI 3† (Fig. S1 and S2 respectively).

2.3. Morphology analysis

The microstructural features of Cu0.75Fe0.25Co2O4, CuO, Co3O4,
and Fe3O4 samples were studied using a scanning electron
microscope, as displayed in Fig. 2. Fe3O4 catalysts present a
needle-like morphology (Fig. 2a and b), resulting from the
aggregation of narrow particles to form clusters with an average
crystallite size of B50 nm.33 From Fig. 2c and d, it was observed
that the Co3O4 sample exhibits a cubic-like morphology formed
by quasi uniform microstructures with a grain size of different
diameters and the average diameter estimated to be approxi-
mately B60 nm. Fig. 2e and f present the CuO micrograph
images, with regular and uniform particles strongly agglomer-
ated together and which form regular grains of same shape and
size (B14 nm). Fig. 2g and h show Cu0.75Fe0.25Co2O4, with
dome top-like morphology composed of small particles
(B18 nm). Moreover, the dome top-like morphology of

Cu0.75Fe0.25Co2O4 increases the specific surface area (137 m2 g�1)
of the targeted catalyst, which additionally furnishes further
sites for electrophilic species (O2

2� or O�) accumulation, mini-
mizing the diffusion length of oxygen species.34 Aside from
the dome top-like structure, considerable narrow holes (open
porosity) are also detected and are suggested to be created due

Table 1 Summary catalysts characteristic including: particle size, specific surface area, TPR peaks, activation energy and temperature at 90% conversion
of toluene

Samples PSa (nm) SBET
b (m2 g�1) T (1C) TPRc peaks Ea

d (kJ mol�1) T90
e (1C)

Co3O4 60 48 390x and 487y 75.5 250
CuO 14 87 251x 55.5 250
Fe3O4 50 23 438x and 720y 83.4 270
Cu0.75Fe0.25Co2O4 18 137 180x, 210y and 249z 35.2 225

a Average crystallite size. b Specific surface area by BET method. c H2-temperature programmed reduction (x1st, y2nd k and z3rd peak). d Activation
energy. e Temperature at 90% conversion.

Fig. 2 Low- and high-magnification SEM images of spinel Co3O4 (a and b),
Fe3O4 (c and d), CuO (e and f), and Cu0.75Fe0.25Co2O4 (g and h).

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:5

9:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00082f


832 |  Energy Adv., 2023, 2, 829–842 © 2023 The Author(s). Published by the Royal Society of Chemistry

to competitive growth among Cu, Fe and Co oxides during the
co-precipitation. Therefore, these small holes, surface open
porosity, and increased surface area of the catalysts potentially
consisted of more chemisorbed and physisorbed surface-active
oxygen species are expected to play an important role in
catalytic performance in agreement with the literature.35

2.4. Bulk composition (EDS)

Energy-dispersive spectroscopy (EDS) was employed to analyze
the bulk composition of the overall catalysts. Since our main
target in this study is the trimetallic oxide, we present the
corresponding EDS spectrum of Cu0.75Fe0.25Co2O4 (Fig. 3) in
the main manuscript, and spectra for Co3O4, CuO and Fe3O4

can be found in the ESI† (Fig. S3). As presented in Fig. 3, the
EDS result of the obtained ternary Cu0.75Fe0.25Co2O4 displays
peaks corresponding to iron (Fe: 6.20%), copper (Cu: 8.00%),
carbon (C: 1.36%), cobalt (Co: 21.7%), and oxygen (O: 49.24%)
elements. The EDS results for single metal oxides revealed the
atomic percentages of elements as follows: CuO: 50.76% Cu
and 50.24% O; Co3O4: 53.18% Co and 46.82% O; and Fe3O4:
48.72 Fe and 51.28% O free of all other metals and contami-
nants. These findings confirm on the chemically pure nature of
the synthesized oxides by a precipitation method.

2.5. Composition and ionic states (XPS)

The surface chemical composition and ionic states of CuO,
Co3O4, Fe2O3 and Cu0.75Fe0.25Co2O4 were analyzed by XPS, as
shown in Fig. 4, and the related characteristic details are listed
in Table 2. The Fe 2p spectra of Cu0.75Fe0.25Co2O4 and Fe2O3

exhibit a significant peak at 711.15 and 780.7 eV, assigned to
the Fe 2p3/2 and Fe 2p1/2 core shell respectively, in close
agreement with the reported value.36 The Fe 2p3/2 spectra of
Cu0.75Fe0.25Co2O4 are separated into Fe3+ and Fe2+ components

at 779. 7 and B781 eV respectively, while and Fe 2p1/2 is also
deconvoluted into the same constituents located at 725.8 and
727.45 eV, respectively. The signals at B718 and B734 eV
correspond to satellite peaks. The deconvolution results of
the Fe3O4 spectrum showed two components at 727.03 and
728.10 eV, which could be attributed to the Fe2+ and Fe3+

species, respectively. This attribution is based on the close
value (8.47 eV) of the spin-orbital splitting reported earlier in
the literature.37 Additionally, satellite peaks are observed at
lower (B731.15 eV) and higher (B739.62 eV) binding energies.
Similarly, the Co 2p XPS profile for Cu0.75Fe0.25Co2O4 and
Co3O4 exhibited two significant peak located at 780.6 and
796.7 eV respectively assigned to Co 2p3/2 and Co 2p1/2, in close
agreement with the literature.38,39

The Gaussian fitting data show two signals that could be
deconvoluted into two doublets, suggesting the coexistence
of Co cations in both divalent- (Co2+) and trivalent (Co3+)
oxidation states at the surface as well as in the lattice
of Cu0.75Fe0.25Co2O4. The signals located at B780.01 and
B796.7 eV were associated with the presence of Co3+, whereas
the peaks centered at B781.1 and B795.9 eV were allied to the
occurrence of Co2+ species in Cu0.75Fe0.25Co2O4.

39,40 It is worth
that, the signals at B790.02 eV were assigned to satellite
signals. Following the same procedure, Co3O4 fitting results
displayed the Co 2p spectrum with asymmetric peaks, with
an evident shift of BE towards to higher values and which is
made of several overlapping features emerging from 2p3/2

(B783.3 eV) and 2p1/2 (B796.5 eV) signals ascribed to Co2+

and Co3+. Satellite peaks were detected at low BE (B788.5 eV).41

Finally, Cu0.75Fe0.25Co2O4 and CuO exhibit two intense signals
centered at B952.0 and B931.9 eV assigned to Cu 2p1/2 and Cu
2p3/2, respectively.42 Since the discrimination of different Cu
oxidation states (Cu0 Cu+ and Cu2+) by XPS cannot be easily

Fig. 3 EDS spectrum of Cu0.75Fe0.25Co2O4 nanoparticles.

Paper Energy Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:5

9:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00082f


© 2023 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2023, 2, 829–842 |  833

performed, the Auger spectrum was recorded, and is shown in
Fig. S4 (ESI†). As displayed in Fig. S4 (ESI†), a comparison with
the characteristic feature of Cu LMM BE located at B934.1 eV
for CuO samples (in Fig. S4a, ESI†) indicates that Cu0 and Cu+

do not seem to be present in the as-prepared CuO NPs. More-
over, the signals at B953.05 and B963.07 eV with the differ-
ence of B10.02 eV showed that copper in Cu0.75Fe0.25Co2O4

exhibits mainly II+ oxidation state.11 Therefore, one can con-
clude that the oxidation state of copper in CuO NPs is mainly
Cu2+, in excellent agreement with the literature.43,44 In contrast,
the characteristic feature of Cu LMM for Cu0.75Fe0.25Co2O4 NPs
(see Fig. S4b, ESI†) is located at B954.7 eV. By comparison with
the chemical shifts of the standard sample, the bands located
at a binding energy ranging from 961.00 to 948.00 eV could be

ascribed to the states of both Cu2+ and Cu+, in good agreement
with the literature.45

The O 1s core–shell spectra of the synthesized oxides have
been recorded and deconvoluted into several prominent peaks,
as shown in Fig. 5. The O 1s patterns of the Cu0.75Fe0.25Co2O4

sample exhibit a close profile to that of CuO and a totally
different profile to that of Fe3O4 and Co3O4. From the XPS
spectra profiles, two to three prominent signals located at
BEs of B529, B531 and B532 eV were detected. The most
prominent signal detected at the lowest BE (B529.5 eV) could
be ascribed to the lattice oxygen (OLat.) in the metal
(Cu0.75Fe0.25Co2O4, CuO, Fe3O4 and Co3O4)–oxygen framework
or electrophilic oxygen species (O2

�) in surface oxygen vacan-
cies (Ov) and adsorbed oxygen (OAds.), respectively. The two

Fig. 4 XPS spectra of Co 2p, Fe 2p, and Cu 2p of CuO, Co3O4, Fe3O4 and Cu0.75Fe0.25Co2O4.

Table 2 Summary of XPS peaks-fitting results: O1s binding energies, relative atomic percentage and corresponding ratios of OAds. and OLat for CuO,
Co3O4, Fe3O4, and Cu0.75Fe0.25Co2O4

Samples Co3+/Co2+ (%) Fe3+/Fe2+ (%) Cu2+/Cu+ (%)

OLat. (CuO/CoO/FeO/CuCoFeO) OAds. (–OH) OAds. (–CO3
2�)

OAds./OLat. (%) Ov (%)At (%) BE (eV) At (%) BE (eV) At (%) BE (eV)

CuO — — 0.48 48.58 529.50 17.42 531.80 03.74 532.90 0.45 49.36
Co3O4 0.43 — — 50.94 529.10 25.30 530.14 50.62 532.26 0.55 56.34
Fe3O4 — 0.46 — 58.16 529.85 20.93 530.42 — — 0.36 41.18
Cu0.75Fe0.25Co2O4 0.57 0.54 0.52 33.12 53.50 63.23 532.15 — — 1.90 71.25

Note: BE stands for binding energy; At% is the atomic percentage.
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other signals detected at B531.2 and B532.3 eV were ascribed
to the hydroxyl (OH�) and carbonyl groups weakly bonded at
the surface of the metal oxide, respectively.46 As for Cu0.75Fe0.25-
Co2O4, for which the peaks of OAds. were most intense than that
of OLat., a completely different profile was shown. The propor-
tions of surface oxygenated species and their ratio (OLat./OAds.)
were estimated, and the results are summarized in Table 2.
The highest OAds./OLat. ratio of B1.90 was obtained for the
Cu0.75Fe0.25Co2O4 catalyst, while those of Co3O4 (B0.55), CuO
(B0.45) and Fe3O4 (B0.36) were remarkably lower. Obviously,
Cu0.75Fe0.25Co2O4 exhibits the largest content of OAds. It is well
known that the OAds./OLat. ratio on the metal oxide catalyst
surface attests to the presence of more active Ov species.47 OAds.

and OLat. are reported to be strongly reactive sites that can
attack VOCs in the neighborhood of the maximum electron
density and thereby oxidize the carbon framework.48 The
presence of superabundant oxygen species and O2

2� or O� is
well known to be beneficial for the catalytic oxidation of CO
and C7H8.49 In this regard, it will be rational to deduce that
the C7H8 catalytic oxidation process over Cu0.75Fe0.25Co2O4 can
occur on OAds. and/or on OLat.in the present investigation.

2.6. Optical energy band gap analysis

Further characterization of the single (CuO, Fe3O4, and Co3O4)
and ternary (Cu0.75Fe0.25Co2O4) oxides was achieved by UV-Vis
absorption spectroscopy, and typical spectra are shown in
Fig. 6. In Fig. 6a, c, e and g, the characteristic bands of each
sample were observed, with the absorption spectra decreasing
as the wavelength increased in the visible region. These obser-
vations are in good agreement with the literature.50 The
obtained absorption spectra were used to estimate the bandgap
energies from Tauc’s equation, and corresponding Tauc plot

obtained from (ahu)2 vs. hu is presented in Fig. 6b, d, f and h.
The targeted sample Cu0.75Fe0.25Co2O4 exhibits two optical
energy bandgap (EOpt

g ) at 1.2 and 1.55 � 0.05 eV, values
that are much smaller than that of CuO (B2.65 eV), Fe3O4

(B2.75 eV), and Co3O4 (B1.85 and 3.4 eV), respectively. The
occurrence of three transition metals with different oxidation
states may have provoked microstructural modification as well
as an interruption of the band structure, causing the shift of
Cu0.75Fe0.25Co2O4 EOpt

g towards a lower value. Additionally, it is
well established that the particle size of metals in addition
oxides can be used to monitor EOpt

g , and metal oxides catalysts
with small particles size generally exhibits narrow EOpt

g .51 From
a physical point of view, two fundamental reasons in relation to
the presence of oxygen vacancies (Ov) and several metals in the
matrix of mixed oxides can explain the decrease in EOpt

g of
mixed metal oxide. Firstly, doping can induce an increase of the
Ov population in both surface and bulk of the mixed oxides,
which, in turn, promotes delocalization of the defect states near
the valence band edge. This leads to a decrease in EOpt

g due to
the overlap with the valence band edge, causing the top of the
valence band to shift to the forbidden gap.52 Second, metal
excess (nonstoichiometric Ov) or deficiency (oxygen excess) in
the matrix of mixed oxide induces n-type conductivity and
p-type conductivity respectively.53 Therefore, as the Ov concen-
tration gradually increases upon doping, a considerable
increase in the electron mass in the conduction band occurs,
forcing edge band conduction into the bandgap that, in turn,
becomes narrower.54 It is therefore suggested that the observed
reduction in the bandgap of Cu0.75Fe0.25Co2O4 nanocrystals can
be correlated with Ov created due to the Cu and Fe co-doping,55

as well as with the narrowest particle size displayed by the
ternary oxide, as evidenced by XPS, XRD, and SEM analyses.
Kouotou et al.11 have previously reported a close correlation
between EOpt

g and the metal oxide catalytic behavior in the
oxidation processes. The lowest EOpt

g obtained for Cu0.75Fe0.25-
Co2O4 in the present work could facilitate electron mobility in
the matrix of the trimetallic oxide and thus enhanced its
catalytic performance.56

2.7. Temperature-programmed reduction under H2 flow
analysis (H2-TPR)

Temperature-programmed reduction under H2 flow (H2-TPR) is
a well-established and suitable approach to study the reduci-
bility potential of catalysts. In this work, H2-TPR was performed
at a temperature ranging from 100 to 700 1C, as depicted
in Fig. 7. The Fe3O4 spectrum shows two reduction peaks, at
B330 and B580 1C, which were ascribed to the reduction of
Fe3+ to Fe2+ and of Fe2+ to Fe0 respectively. The characteristic
peaks of Co3O4 sample located at B290 and B385 1C were
assigned to the reduction of Co3+ to Co2+ and Co2+ to Co0,
respectively.10,19 As far as the H2-TPR profile of CuO is con-
cerned, a single reduction peak at B254 1C was observed,
which could be attributed to the reduction of Cu2+ to Cu0.
Furthermore, three distinct and prominent reduction peaks at
180, 210 and B249 1C, which could be ascribed to Cu2+ to Cu0,
Co3+ to Co0 and Fe3+ to Fe0 respectively were identified for the

Fig. 5 XPS spectra of O 1s of CuO, Co3O4, Fe3O4 and Cu0.75Fe0.25Co2O4.
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Cu0.75Fe0.25Co2O4 spinel, which is in good agreement with
previous reported studies.57 According to the detailed quanti-
tative results from Table 3, the relative peak area ratio of peak I
and peak II was equal to B3.15 for the Co3O4 catalyst, which
was slightly superior to the theoretical ratio of 3, which prob-
ably revealed an incomplete reduction of Co3+ to Co2+ during
the first reduction peak. Compared to pure Co3O4, the
reduction processes over Cu0.75Fe0.25Co2O4 shifted to much
lower temperatures, with the first peak moving to 180 1C and
the second peak to 249 1C. The left-shift of the reduction

temperature was a typical signal for better reducibility.
In addition, the relative area ratio between peak I and peak II
decreased to 1.70, which was lower than the theoretical value of
Co3O4 and could be due to the co-doping of Co3O4 with both Cu
and Fe, which have generated more active surface oxygen
species (see XPS results) over Cu0.75Fe0.25Co2O4, which coupled
with H2 at a relatively low-temperature. We can therefore
conclude that the synergistic interaction between dopants
(Cu and Fe) and Co3O4 caused facile and complete reduction
of Cu0.75Fe0.25Co2O4 at lower temperatures, which have easily

Fig. 6 UV-Vis spectrum (a, c, e and g) and (b, d, f and h) (ahn)2 vs. hn for (a and b) Fe3O4, (c and d) Co3O4, (e and f) CuO, and (g and h) Cu0.75Fe0.25Co2O4.
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improved the extraction of OLat. species and weakened the Cu0.75-
Fe0.25Co2O4 bond. It can be thus proposed that the relocation of
OLat. from the bulk to the surface of the Cu0.75Fe0.25Co2O4 catalyst
occurred at a relatively low reduction temperature on account of
its easy reduction ability, that is favorable for the improvement of
the catalytic performance compared to that of individual single
oxide.10,58

3. Catalytic performance analysis

To assess the catalytic efficiency of each synthesized sample,
C7H8 oxidation was measured in the temperature range of
100–300 1C, and the result is displayed in Fig. 8. With regard

to all samples shown in Fig. 8, the C7H8 conversion is
temperature-dependent and increases as the reaction tempera-
ture rises. Under 120 1C, there is no readily apparent variation
in the performances of the catalysts. However, there is a
significant variation in the temperature at which the final total
oxidation is achieved. Then, C7H8 was gradually, easily and
rapidly degraded as the reaction temperature was increased
and the following performance order was obtained: Cu0.75Fe0.25-
Co2O4 4 CuO 4 Co3O4 4 Fe3O4. When compared to single-metal
oxides (CuO, Co3O4, and Fe3O4), the spinel Cu0.75Fe0.25Co2O4

sample exhibits a higher catalytic performance, reaching 50, 90,
and 100% conversion into CO2 and H2O at 190, 210, and 220 1C,
respectively. Co3O4 and Fe3O4 exhibit the least effective perfor-
mance of the tested catalysts, with only a 20% conversion at
around 205 1C. Furthermore, the performance of a single CuO at
T100 = 230 1C is of about 10 1C, which is slightly lower than that of
Cu0.75Fe0.25Co2O4 (T100 = 220 1C), while there is a significant shift
in T50 in the direction of the low reaction temperature compared
to Co3O4 and Fe3O4. It is clear from the catalytic activity tests that
the Cu0.75Fe0.25Co2O4 sample performs better in the deep oxida-
tion of C7H8 due to the substitution of Co by Cu and Fe species in
the matrix of Co3O4, which is responsible for the cooling of the
reaction temperatures. The results clearly indicated that the
performance of the Cu0.75Fe0.25Co2O4 catalyst can be significantly
and remarkably improved by the co-presence of Cu and Fe
species.

The active samples (CuO, Co3O4, Fe3O4, and Cu0.75Fe0.25-
Co2O4) in this study were compared with other catalysts from
earlier published works in order to more accurately assess their
performances. The results are shown in Table 4. According to
an analysis of the data in this table, under what at first glance
appear to be the same test conditions, CuO, Co3O4, Fe3O4, and
Cu0.75Fe0.25Co2O4 all demonstrate significantly outstanding
catalytic performance.

Two distinct reaction mechanisms involved in the oxidation
of C7H8 over spinel-type mixed oxides were studied and
reported by Hertl and Farrauto.14,79 Generally, the decomposi-
tion of the carbonyl group at the surface of the catalyst is
beneficial for the total oxidation of C7H8 at a temperature

Fig. 7 H2-TPR profiles of spinel CuO, Co3O4, Fe3O4 and Cu0.75Fe0.25Co2O4.

Table 3 The quantitative results of H2-TPR for Co3O4 and Cu0.75Fe0.25-

Co2O4 catalysts (see complete results in Table SXX, ESI)

Catalysts

Deconvoluted peaks
Peak area
ratio II/IPeak no. Center (1C) Area

Co3O4 I 278.4 1.01 3.15
259.2 1.05
250.3 1.15

II 378.1 3.87
352.3 4.10
325.7 2.17

Cu0.75Fe0.25Co2O4 I 171.9 2.20 1.70
162.8 2.31
149.9 2.10

II 271.3 3.7
245.4 3.95
231.1 3.5
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ranging from 80 to 200 1C. According to Hertl et al., metal oxide
surface lattice oxygen generally reacts with C7H8 molecules at

low temperatures (80–200 1C), while carbonate groups from
adsorbed oxygen participate in C7H8 total oxidation above

Fig. 8 (a) Light-off curves and (b) apparent activation energy (Eg) of C7H8 reaction rates over spinel CuO, Co3O4, Fe3O4, and Cu0.75Fe0.25Co2O4.

Table 4 Comparison of the co-precipitation-produced TMOs (CuO, Co3O4, Fe3O4, and Cu0.75Fe0.25Co2O4) catalytic efficiency (T50, T90) to that of the
chosen catalysts from the literature

Material Weight (mg) Gas composition WHSV (mL g�1 h�1) T50 (1C) T90 (1C) Ref.

Singles oxides
CuO 60 5% C7H8/20% O2 in Ar 20 000 237 271 TW
Co3O4 60 5% C7H8/20% O2 in Ar 20 000 215 224 TW
Fe3O4 60 5% C7H8/20% O2 in Ar 20 000 216 230 TW
CuO 300 1% C7H8/21% O2 in N2 36 000 370 — 58
MnO2 100 5% C7H8/20% O2 in Ar 20 000 240 280 59
Co3O4 0.06 500 ppm C7H8/20% O2 in Ar 20 000 289 292 10
Mn2O3 100 1000 ppm C7H8/20% O2 in Ar 60 000 241 275 60
Fe2O3 600 500 ppm C7H8/10% O2 in N2 50 000 312 338 61
Co3O4 nanoclusters 300 1000 ppm C7H8/10% O2 in N2 20 000 264 277 62
CeO2/SBA-15 60 0.2% C7H8/4.6% O2 in He 36 000 319 410 63
Co3O4 50 2.5 C7H8/5% O2 H2O 36 000 275 300 64
MnOx 100 100 ppm C7H8/2.5% H2O 20 000 240 290 65
3D Co3O4 nanoflower 0.1 1000 ppm C7H8/20% O2 in N2 48 000 229 274 66

Mixed oxides
Cu0.75Fe0.25Co2O4 60 5% C7H8/20% O2 in Ar 20 000 189 215 TW
Co2.3Zr0.27O4 50 2.5 C7H8/5% O2 H2O 36 000 250 270 64
MnxCoyCezOn 5 1000 ppm C7H8/20% O2 in N2 100 000 216 249 67
LaFeO 200 1% C7H8/20% O2 in N2 100 000 260 282 68
Co2AlO4 3482 1% C7H8/20% O2 in N2 100 000 300 325 62
MgCo2O4 100 2.5 C7H8/5% O2 H2O 36 000 242 250 10
Co–Zr 600 2.5 C7H8/5% O2 H2O 36 000 251 278 41
MnOx–CeO2 300 1000 ppm C7H8/20% O2 in N2 60 000 212 220 69
Cu0.8Mn2Ce0.2Ox 200 2000 ppm C7H8, air balance 10000 240 275 70
Cu2Mn1O 1000 ppm C7H8/20% O2 in N2 60 000 224 229 71
CuCe0.75Zr0.25/TiO2 300 0.5% C7H8, air balance 60 000 225 234 72

Supported noble metals
Ag/MnO2 60 500 ppm C7H8/10% O2 in N2 36 000 200 210 59
Pt-MOR 300 1000 ppm C7H8/20% O2 in N2 60 000 190 220 73
Pt–pdAl2O3 600 950 ppm C7H8/20% O2 in N2 19 500 188 214 74
Pt–pd-HMS 200 1000 ppm C7H8/20% O2 in N2 26 000 200 235 75
Ag–CeO2/SBA-15 100 0.2% C7H8/4.6% O2 in He 36 000 234 250 63
Ag2O/SBA-15 300 0.2% C7H8/4.6% O2 in He 100 000 255 270 63
Pd/SiO2 60 1% C7H8/20% O2 in N2 100 000 185 218 76
Pd/NiO 0.5 500 ppm C7H8/10% O2 in N2 180 000 200 230 77
Pt/Al2O3(S)–I 100 1% C7H8/20% O2 in N2 24 000 240 265 78
Pt–Pd–Al2O3 600 1% C7H8/20% O2 in N2 1950 190 215 74
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B200 1C and form H2O and CO2.79 Moreover, it is also possible
that an Eley–Rideal (ER) mechanism can be used to complete
the oxidation of C7H8 over Cu0.75Fe0.25Co2O4 nanoparticles,
with an excessive amount of absorbed oxygen species, serving
as active oxygen species. This result shows that co-doping of
Co3O4 with Cu and Fe had a significant impact on the physi-
cochemical characteristics of Cu0.75Fe0.25Co2O4. This is because
the co-doping provides excellent thermal conductivity and
scattering of the charge carrier via agglomeration of copper,
iron, and cobalt, leading to better catalytic performance than
that of single-metal oxides.80

It has been well established that Polaron jumps can cause an
increase in the electrical conductivity of the spinel oxide
between the nearby octahedron cations.81 As a result, anionic
vacancies near octahedral cations may be suitable location to
trap oxygen species. This can increase the electrical resistivity
by increasing the distance between octahedral site anions and
also improve the catalytic performance by allowing for mass
transfer of reactive oxygen species. Numerous characteristics
including crystal size and structure, morphology, chemical
composition, surface metal content, and oxygen species of a
metal oxide catalyst have been reported to have a significant
impact on the low-temperature C7H8 catalytic oxidation.15

Therefore, the fast mobility of reactive oxygen species, high
active surface area, and good porosity, which result in a long
contact time between catalysts and reactants provided by the
ternary oxide, as well as the synergetic effects of (Cu, Fe, and
Co) metal species, could also be beneficial for the catalytic
performance. When ternary oxide (Cu0.75Fe0.25Co2O4) NCs are
used as catalysts for C7H8 oxidation, the additional role of
synergistic effects among Cu2+, Fe3+, and Co3+ is to enhance the
catalytic activity. Additionally, the microstructure analysis
revealed a dome top-like morphology with exposition of active
sites, which could absorb more oxygen and expose more surface
area, leading to the oxidation at relatively low temperatures.
In addition, the apparent activation energies (Eappa), calculated
using the Arrhenius equation based on the light-off curve in the
region where the C7H8 conversion was less than 15%,22 were
used to compare the catalytic activity.22 Fig. 8b shows the
comparison between the achieved Eappa in the current work
and the apparent activation energies reported in the literature.
Compared to the corresponding Eappa values of pure copper

oxide (55.5 kJ mol�1), cobalt oxide (75.5 kJ mol�1), and iron
oxide (83.4 kJ mol�1) in the C7H8 total oxidation reaction,
Eappa of Cu0.75Fe0.25Co2O4 was found to be the smallest
(35.2 kJ mol�1). The Eappa of ternary Cu0.75Fe0.25Co2O4 in its
as-prepared state shows that, the agglomeration of the corres-
ponding oxide leads to a dramatic decrease in the Eappa, while
the Eg

Opt is becoming narrow with the decrease of the particle
size (see Fig. 9) which in turn promotes the catalytic perfor-
mance as mentioned previously.11

3.1. Reaction mechanism study

In order to explore and propose a possible reaction mechanism
involved in the toluene total oxidation over Cu0.75Fe0.25Co2O4,
in situ DRIFTS experiments were performed. The experiment
was performed at several temperatures and for each tempera-
ture, the reaction was maintained for 2 hours. Fig. 10 displays
the typical in situ DRIFTS spectra at a reaction temperature
ranging from 100 to 230 1C. The typical adsorption bands of
toluene can be divided into three wavenumber regions ranging
from 1560 to 1355; 1850 to 1610 and 2360 to 2338 cm�1, which
can be attributed to the acid carboxylic group, the stretching

Fig. 9 Variation in the optical band gap energy (Eg) vs. particle size for the overall samples.

Fig. 10 In situ DRIFTS spectra of toluene total oxidation as a function of
temperature over Cu0.75Fe0.25Co2O4 in a feed gas composed of 500 ppm
toluene + O2 dilute in Ar.
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vibration mode of CQO and adsorbed and/or gaseous carbon
monoxide respectively. The asymmetric u(CQO) stretching
vibration signals detected around 1560 cm�1 indicate the
occurrence of intermediate products during the reaction
process18,82 while the most intense band assigned to carbox-
ylate species (1355–1560 cm�1) makes us believe that benzoate
is the crucial intermediate. The signal located at the neighbour-
hood of 1355 cm�1 is ascribed to the acetate species in agree-
ment with the literature.19 The typical signal of toluene initially
increased and later decreased as the temperature increased
from 120 to 200 1C, attesting that toluene was effectively decom-
posed to maleic anhydride species and gradually agglomerated
onto the surface of Cu0.75Fe0.25Co2O4. Upon further increase in the
reaction temperature to 230 1C, the corresponding benzoate
signals (1560–1355 cm�1) totally vanish. This may be due to the
further conversion of intermediates (benzyl alcohol/benzoate) to
anhydride/acetate, followed by oxidation and complete transfor-
mation into CO2 and H2O. Based on the in situ DRIFTS analysis, a
most plausible mechanism of toluene total oxidation is proposed
as follows: toluene was first adsorbed at the active sites, trans-
formed to a benzyl derivative followed by anhydride and acetate
formation, before complete conversion into CO2 and H2O, as
displayed in Fig. 11. In this process, indeterminate species vacate
from the surface of Cu0.75Fe0.25Co2O4 to create Ov; afterwards, the
catalyst upholds gaseous oxygen in the airflow to replenish Ov.
Herein, it is worth nothing that the rate-determining step in the
toluene deep oxidation is the breakage of the aromatic ring.

3.2. Stability and reproducibility test of Cu0.75Fe0.25Co2O4

The catalyst durability test also known as stability under
prolonged time-on-stream (TOS) was performed at a constant
reaction temperature (T100 = B225 1C). This experiment was
performed in order to evaluate the catalyst ability to remain
stable under prolonged reactions. The catalyst ability to repro-
duce results and the long-term stability are some of the key
criteria required for their industrial applications. Herein, both

experimental tests were performed, and the results are pre-
sented in Fig. 12.

The cycling stability of the Cu0.75Fe0.25Co2O4 catalyst was
performed, and the results are presented in Fig. 12a. The results
show that the Cu0.75Fe0.25Co2O4 catalyst exhibits excellent cycling
stability, after 3 consecutive running steps, indicating a good
potential for industrial application as revealed by the excellent
cycling stability results. Additionally, stability tests for the
Cu0.75Fe0.25Co2O4 sample have been performed over 800 min at
a constant T100 = 225 1C, as shown in Fig. 12b. The results
indicated that Cu0.75Fe0.25Co2O4 catalysts revealed excellent dur-
ability upon continuous toluene conversion, and no significant
deactivation was noticed after 800 min time-on-stream. From the
obtained results, Cu0.75Fe0.25Co2O4 maintained over 96% toluene
conversion and just a negligible decrement in performances of
4% was observed and can be assigned to the coverage of the
surface-active sites on Cu0.75Fe0.25Co2O4 NCs by soot particles
generated during the oxidation process.

4. Experimental
4.1. Catalyst preparation

The NCs of CuO, Fe3O4, Co3O4 and Cu0.75Fe0.25Co2O4 were
prepared by a co-precipitation method and the experimental
procedure is detailed below.

4.1.1. Synthesis of single oxides (CuO, Fe3O4, Co3O4). First,
0.03 mol of hydrate copper sulfate (CuSO4�5H2O), hydrate iron
sulfate (FeSO4�5H2O) and cobalt acetylacetonate (Co(acac)3)
were mixed solely to 10 mL of ethanol and the obtained mixture
was kept at 80 1C under continuous magnetic stirring, after
which a solution of oxalic acid (0.25 mol L�1) was rapidly
added. The obtained solution was then cooled to B60 1C,
and after 30 minutes, a precipitate was obtained that was
directly centrifuged and washed several times with deionized
water and twice with ethanol. The resulting precipitate was

Fig. 11 Proposed reaction mechanism of toluene oxidation over the Cu0.75Fe0.25Co2O4 catalyst.

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:5

9:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00082f


840 |  Energy Adv., 2023, 2, 829–842 © 2023 The Author(s). Published by the Royal Society of Chemistry

dried in an oven at 105 1C for 24 h and finally annealed at
400 1C in air for 3 h.

4.1.2. Synthesis of ternary oxide (CuFeCoO). First, CuSO4�
5H2O, FeSO4�5H2O and Co(acac)3 precursors at appropriate
ratios of Cu/Fe/Co = 0.75/0.25/2 were mixed together with 40
mL of ethanol. The obtained mixture was then subjected to all
the above-mentioned steps for single oxide synthesis.

4.2. Catalyst characterization

Numerous analysis tools were used to analyze the thermally
treated CuO, Fe3O4, Co3O4 and CuFeCoO NPs. The details of the
characterization methods are presented in ESI 1.†

4.3. Catalytic activity analysis

The catalytic behavior of CuO, Fe3O4, Co3O4 and Cu0.75Fe0.25-
Co2O4 was investigated using a tubular fixed-bed reactor system,
and 0.6 g of catalyst was placed in a fixed-bed rector. Complete
details of the catalytic performance tests are given in ESI 2.†

5 Conclusions

In conclusion, single-oxide (CuO, Co3O4, Fe3O4) and ternary
mixed-oxide (Cu0.75Fe0.25Co2O4) catalysts for C7H8 oxidation
have been successfully synthesized via a simple co-precipitation

approach. Analyses were performed on the catalyst’s structure,
morphology, composition, and ionic states as well as its optical
energy band gap properties. In addition, H2-TPR was used to
analyze the reduction characteristics of the prepared oxides. XRD
and FTIR analysis revealed nano-sized crystallites. The results of
the SEM analysis of the surface microstructure revealed a dome
top-like morphology for ternary Cu0.75Fe0.25Co2O4, a homoge-
neous morphology with fine interconnected particles for CuO, a
densely packed morphology for Fe3O4 and a cubic morphology for
Co3O4. Ternary Cu0.75Fe0.25Co2O4 exhibits the lowest bandgap
energy and reducing properties compared to the synthesized
single-metal oxides. The catalytic tests indicated that ternary
Cu0.75Fe0.25Co2O4 was the most active sample compared with
the single oxides CuO, Co3O4, and Fe3O4. The attractive catalytic
performance of ternary Cu0.75Fe0.25Co2O4 was assigned to the
combination of synergistic effects between cation sites (Cu2+,
Fe2+, Fe3+, Co2+, and Co3+) and chemisorbed oxygen species
(O2

2�, and O�), low-temperature reducibility, low Eopt
g , the open

porosity observed on the morphology as well as the greater
number of oxygen species that provided ideal active sites for the
oxidation reaction. Due to the high efficiency, ecological friendli-
ness, and energy-saving qualities of the co-precipitation techni-
que, this work offered a novel method for the development of
effective ternary oxides. Therefore, co-doping of Cu and Fe to
obtain trimetallic oxides with spinel structure is an effective and
useful strategy to enhance the catalytic behavior of single Co3O4

with spinel structure.
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