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Abstract
A set of cerium–manganese–copper oxide catalysts with various foreign metal contents was prepared via the solution
combustion synthesis (SCS). The catalysts were characterized by complementary techniques such as N
 2 physisorption at
− 196 °C, X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), H
 2-temperature-programmed
reduction (H2-TPR), O2-temperature-programmed desorption (O2-TPD) and X-ray photoelectron spectroscopy (XPS). Their
catalytic activity was tested towards the VOC oxidation using ethylene and propylene as probe molecules. As a whole, it
has been observed that the Ce55Mn45 sample (Mn 45 at.%), containing MnOx clusters interacting with the ceria phase, was
the most active catalyst for propylene oxidation, exhibiting a complete conversion at 250 °C. On the other hand, the ternary
oxide catalyst (Ce55Mn22.5Cu22.5 with Mn = 22.5 at.% and Cu = 22.5 at.%) has exhibited the best results for the oxidation of
ethylene. These findings suggest that the co-presence of different active phases on the catalytic surface may have a beneficial
(multiplicative) role on the whole reactivity. Finally, the most active powder catalysts were wash-coated in a SiC monolith and
tested in a bench-scale reactor. As a whole, the catalyzed monoliths performed the complete oxidation of either ethylene or
propylene at lower temperatures (550 and 450 °C, respectively) than those required to thermally decompose these molecules.
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1 Introduction
Volatile organic compounds (VOCs) include any organic
substance having a boiling point equal or lower than 250 °C
at standard pressure (i.e. 101.3 kPa). In EU as well as in
several other countries in the world, there are already regulations and control of substances effectively classified as
VOCs and their production at industrial level [1, 2]. These
substances may derive from two different sources: biogenic,
if they are produced in several processes occurring between
the Earth’s crust and the atmosphere, or anthropogenic,
if they result from human-related activities [3]. A virtually inevitable production of VOCs comes from household
activities (e.g. cleaning, painting) or from various industrial
activities where chemical and/or physical processes are performed, such as automotive, petrochemical, waste management and food processing [3]. When humans are exposed to
VOCs, these compounds have demonstrated to represent a
toxic, carcinogenic, mutagenic or teratogenic risk [4], which
motivated further observations on airborne chemical contact
in indoor environments [5, 6].
In this context, several abatement techniques have been
developed to diminish the emissions of VOCs such as thermal or catalytic oxidation, adsorption, absorption and condensation [7]. Catalytic oxidation has demonstrated to be a
suitable technique to perform an effective abatement of pollutants in gaseous streams containing variable flow rates and
concentrations [8]. Some examples of the abated pollutants
could be different hydrocarbons and diesel soot [9–11]. The
latter can be oxidized through different mechanisms or kinetics depending on different factors (e.g. operating conditions,
catalyst, reactants, etc.). The kinetic models that describe
the VOCs oxidation over oxide catalysts typically involve
the Langmuir–Hinshelwood and/or the Mars–van Krevelentype mechanisms [9]. Different materials have shown promising performances in the catalytic oxidation of VOCs under
various reaction conditions. Such materials can be supported
noble metals (e.g. Pd, Pt, Ag and Au), which have shown
to be active at low temperatures [9, 12]. Non-noble metal
oxides like oxides of manganese, copper and cerium have
also been widely studied. They are cheaper and more resistant to chemical poisoning than the noble metals as well as
they can be active at relatively high temperatures [9, 12].
Mixed oxides have also shown to be active in the oxidation
of several VOCs, due to possible synergies among the oxide
phases in the catalyst [13–16].
Cerium (IV) oxide has demonstrated its efficacy in catalysis due to its redox properties and oxygen storage capacity, as well as it is able to endorse Mars–Van Krevelen
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(MvK)-type mechanisms [9, 16, 17]. Since the MvK mechanism occurs through oxygen species from the solid, the
“redox-flexibility” of the material becomes a key factor for
the catalytic oxidation reaction. Thus, both the electronic
and structural changes caused by the introduction of foreign
metals in the ceria lattice seem to be beneficial toward the
VOC oxidation reactions.
It appears that doping leads to improvements in terms
of structural stability, oxygen storage capacity and mobility. Moreover, the surface reducibility of ceria-based catalysts can be improved via the presence of two or more oxide
phases (e.g. C
 eO2 with MnOx, CuOx) interacting with each
other thus inducing the formation of oxygen vacancies
[17–22].
In the present work, three sets of mixed oxide catalysts,
two binary oxides (Ce–Mn and Ce–Cu) and one ternary
oxide (Ce–Mn–Cu), with various foreign metal loadings
were synthesized via solution combustion synthesis (SCS).
The catalysts were characterized by the N2 physisorption
at − 196 °C, X-ray diffraction analysis, X-ray photoelectron
spectroscopy, H2 temperature-programmed reduction, O2
temperature-programmed desorption and field emission
scanning electronic microscopy. Their catalytic activity was
tested towards VOC oxidation reactions, using ethylene and
propylene as probe molecules. Indeed, the two hydrocarbons
are representative of a wide group of VOCs and therefore
possible precursors of carbonaceous matter.
The most active powder catalysts were then deposited on
a silicon carbide (SiC)-based monolith via a novel in-situ
SCS. The catalyzed monoliths were finally tested for the
VOC oxidation in a bench-scale reactor.

2 Experimental
2.1 Catalysts Preparation
Pure cerium, manganese and copper oxides, as well as binary
(Ce–Mn, Ce–Cu) and ternary oxide catalysts (Ce–Mn–Cu)
were prepared through the solution combustion synthesis
(SCS) [13, 19, 23–25]. The mixed oxide catalysts were prepared with different foreign metal contents: 5, 15 and 45
at.%. The notation is: Ce100−xMx, where M represents either
Mn or Cu for the binary oxides, and C
 e100−xMnx/2Cux/2 for
the ternary oxides. Therefore, the list of powder catalysts
prepared in the current work is: CeO2, Ce95Mn5, Ce85Mn15,
Ce55Mn45, Mn2O3, Ce95Cu5, Ce85Cu15, Ce55Cu45, CuO,
Ce95Mn2.5Cu2.5, Ce85Mn7.5Cu7.5, Ce55Mn22.5Cu22.5. During
a typical synthesis, proper amounts of metal precursors,
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namely Ce(NO3)3·6H2O (Alfa Aesar); Mn(NO3)2·4H2O;
Cu(NO3)2·3H2O (Sigma-Aldrich), were dissolved in 100 ml
of deionized water along with a “fuel” (urea), whose amount
was made in excess (200% of the stoichiometric amount).
The amounts of precursors were defined to have nominal
metal-to-cerium ratios.
The mixture was stirred vigorously at r.t. for 5 min. Then,
the homogeneous aqueous solution was heated in oven at
650 °C for 30 min.
The most catalytically active powder samples (namely,
Ce55Mn22.5Cu22.5 and Ce55Mn45) were washcoated in silicon carbide (SiC) monoliths [Céramiques Techniques et
Industrielles s.a.s., 290 cpsi (cells per square inch), 3 cm
in length and 2.54 cm in diameter], through an in-situ SCS
with the same precursor mixtures used for the preparation
of powder catalysts. The deposition was carried out by carefully injecting the precursor solution to the inner channels of
the SiC monolith. Then, the monolith was placed in a preheated oven at a calcination temperature of 650 °C for 5 min.
After a fast synthesis/calcination, the monolith was cooled
down till r.t. and subsequently blown with compressed air
to remove the undeposited powder from the channels. This
procedure was repeated several times till the catalyst loading
was equivalent to 15 wt%. The two monoliths are denoted as
Ce55Mn45–SiC and Ce55Mn22.5Cu22.5–SiC.

2.2 Catalyst Characterization
The X-ray diffraction (XRD) patterns were measured on
a X’Pert Philips PW3040 diffractometer using a Cu Kα
radiation (2θ range 20° to 80°, step = 0.05° 2θ, time per
step = 0.2 s). Such patterns were analyzed using the Powder Data File Database (PDF 2000, International Centre
of Diffraction Data, Pennsylvania). The average size of the
crystallites was determined through the use of the Scherrer
formula, D = 0.9λ/(b cos θ), where λ is the wavelength of
the Cu Kα radiation, b is the full width at half maximum
(in radians), 0.9 is the shape factor considered for spherical
particles and θ is the angle of the diffraction peaks.
The specific surface area ( SBET), total pore volume ( VP)
and the average pore diameter ( DP) were determined through
the N2 physisorption analysis at − 196 °C (Micromeritics
Tristar II 3020) on powders previously outgassed at 200 °C
for 2 h to remove moisture/adsorbed water and atmospheric
pollutants. The S
 BET was determined according to the
Brunauer, Emmett and Teller (BET) method.
The catalyst morphology was studied through a field
emission scanning electronic microscope (FESEM) Zeiss
Merlin, Gemini-II column, using an extra high tension
(EHT) of 3 kV, a working distance (WD) of 2.8 mm and
a probe intensity of 120 pA. Additionally, the chemical
composition of the catalysts was determined through EDS
analysis (Oxford X-ACT) on two different areas/zones on
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the sample with a size/diameter of 5–25 µm. To analyze
the distribution of different elements on the surface of the
samples, EDS color coded mapping was also performed for
the most active catalysts.
Temperature-programmed reduction/desorption analysis
was realized in a ThermoQuest TPD/R/O 1100 analyzer,
equipped with a thermal conductivity detector (TCD). The
reducibility of the powder catalysts was studied by H
 2-TPR,
in which a pretreatment was carried out before the analysis
by treating 50 mg of the sample with helium (40 ml min−1)
at 550 °C for 1 h. In the H
 2-TPR analysis, the catalyst was
placed in a quartz tubular reactor and exposed to a reducing gas flow of 5 vol.% H2 in Ar (20 ml min−1). The analysis was conducted under a programmed heating from 50 to
800 °C with a ramp of 5 °C min−1 and the final temperature
hold for 10 min. In the O2-TPD analysis, 50 mg of sample
was initially pretreated under a pure O
 2 flow (40 ml min−1)
at 550 °C for 30 min and then cooled down to 50 °C still
under the O
 2 flow. Then, the TPD measurement was performed by heating the sample until 950 °C under a He flow
(20 ml min−1) at a constant heating rate (5 °C min−1). For
comparison purposes, three commercial M
 nOx samples
(MnO2, Mn2O3 and MnO, from Sigma-Aldrich) were investigated under the same operating conditions.
XPS (X-ray photoelectron spectroscopy) measurements
were performed on an XPS PHI 5000 Versa probe apparatus using the following conditions: band-pass energy of
187.85 eV, a 45° take off angle and a 100.0 μm diameter
X-ray spot size. The curve-fitting was performed by means
of Multipack 9.0 software.

2.3 Catalytic Activity Tests
Catalytic activity tests of powder samples were performed
in a classical temperature-programmed oxidation setup,
comprising a fixed-bed quartz U-tube reactor (ID = 4 mm)
to host the catalyst powder. The reactor was heated by a
PID-controlled furnace and the reactor bed temperature was
measured by a K-type thermocouple.
Before the test, 0.1 g of powder catalyst was pretreated
to remove the adsorbed species. During the pretreatment,
He was fed (flow rate = 15 ml min−1) for 1 h, maintaining
a constant temperature of 150 °C. The catalytic test started
with feeding to the reactor a gaseous reactive mixture containing 500 ppm of VOC (either ethylene or propylene) and
10 vol.% of O2 (with N2 to balance).
During the test, a gas hourly space velocity (GHSV)
of 20,000 h −1 and a catalyst weight-to-volumetric flow
rate ratio (W/F) of 0.065 g h l −1 was maintained. The
temperature was raised in the range of 50–350 °C, and an
isothermal step was performed every 50 °C. The outlet
gas composition was measured by using non-dispersive
infrared (NDIR) analyzers (ABB Uras 14). To confirm
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the reproducibility of the catalytic tests, three consecutive
catalytic tests were performed, keeping the same operative conditions. In order to perform the catalytic tests
under wet conditions (RH 100%), the reactant gas flow
was saturated by bubbling it inside a vessel containing
water at 20 °C before flowing it to the U-tube reactor.
To test the activity of the catalytic monoliths
( Ce55Mn 45–SiC and C
 e55Mn 22.5Cu 22.5–SiC), a stainlesssteel reactor and a horizontal furnace (60 cm-long)
were used. To optimize the gas flow distribution in the
monolith, the prepared monolith was fixed in a hollowed cordierite monolith (3.5 cm in diameter). The
temperatures (inlet and outlet) of the catalyzed monolith were measured by two K-type thermocouples. Before
the tests, the monolith was outgassed with He (flowrate = 300 ml min−1) at 150 °C for 1 h. Then, a gas mixture containing 500 ppm of VOC (either ethylene or propylene) and 10 vol.% of O
 2 (with N
 2 to balance), was fed
to the reactor by mass-flow controllers. GHSV = 9000 h−1
and W/F = 0.031 g h l−1 were maintained during the tests;
the temperature was raised from 100 to 620 °C at a heating rate of 5 °C min −1. The outlet gas composition was
then measured by the NDIR. Each test was repeated twice
to evaluate the reproducibility. Additionally, time on
stream (TOS) tests were performed to study the stability
of the catalyzed monolith.
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3 Results and Discussion
3.1 Material Textural Properties
In Fig. 1, the XRD patterns of the synthesized catalysts are
shown. For pure ceria, the diffraction peaks correspond to
the fluorite structure of cerium (IV) oxide (reference code
01-081-0792), with a face-centered-cubic-structure containing octahedral and hexahedral holes filled with oxygen ions
[17]. It can be seen that for the binary (Ce–Mn; Ce–Cu) and
ternary (Ce–Mn–Cu) oxide catalysts, the most intense peaks
corresponding to ceria fluorite structure are still observed
for the samples even with a high content of manganese and/
or copper. However, in the diffractograms of the binary and
ternary oxides with 45% metal content were observed the
peaks corresponding to pure oxides of copper or manganese
(CuO ref. code 00-045-0937; M
 n2O3 ref. code 01-078-0390)
and mixed copper-manganese oxide ( Cu1.5Mn1.5O4 ref. code
01-070-0260), thus suggesting the presence of extra-framework species (metal oxides) from the lattice. It can also
be seen that the XRD peak broadens as the metal content
increases. This behavior seems related to the fact that the
content of small and defect-rich crystallites in the samples
is increased [26]. The latter condition, indeed, could favor
the formation of smaller crystallites, with an average size of
12 nm (estimated via the Scherrer’s formula). This means
that elevated percentages of foreign metals in the solids lead
to smaller crystallites, as shown the Fig. S1. On the other
hand, strain effects along with structural defects could occur

Fig. 1  XRD patterns for sets of samples: Ce–Mn (a), Ce–Cu (b) and Ce–Mn–Cu (c). Crystalline phases: CeO2 = square; Cu1.5Mn1.5O4 = circle;
CuO = triangle
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when foreign metals (= different radii) are introduced into
the ceria framework.
Table 1 summarizes the various textural properties of the
samples as derived from both XRD and N
 2 physisorption
analysis. As a whole, The BET surface areas were observed
to have values in the range of 8–48 m2 g−1. Specifically, at
lower foreign metal contents, the specific surface areas for
mixed oxide samples increase with the Mn/Cu-loadings. On
the other hand, at higher foreign metal contents worse textural properties can be observed. An exception to this trend
occurs for the Ce95Mn2.5Cu2.5 sample, exhibiting a smaller
BET surface area (8 m2 g−1), probably due to the formation
of big crystallites (Table 1; Fig. S1). Conversely, comparable
pore volumes (VP = 0.02–0.12 cm3 g−1) and pore diameters
(DP = 11–24 nm) can be observed for the prepared samples.
Figure 2 shows the morphological properties of the samples. Most of them exhibit a globular/sponge-like morphology, which is the feature of the parent oxide ( CeO2). In the
case of Ce–Mn oxides, the size of such agglomerates seems
to increase until the Mn content reaches 15 at.%. At higher
Mn contents, the agglomerate size decreases. The previous behavior of the superficial features seems to follow the
trend of the specific surface area reported in Table 1. The
diameter of the globular agglomerates that constitute the
Ce–Cu samples ( Ce95Cu5 and Ce85Cu15) seems comparable, while C
 e55Cu45 exhibits smaller spherical structures.
Both the Ce95Mn2.5Cu2.5 and Ce85Mn7.5Cu7.5 samples show
small agglomerates and compact structures with visible
grain boundaries. Their predominantly non-porous structures confirm the low specific surface areas observed for the
Table 1  Textural properties of the samples as derived from the XRD
and N2 physisorption at − 96 °C
Catalyst

Crystallite
sizea (nm)

SBET (m2 Vp (cm3 g−1)c
g−1) b

Dp (nm)d

CeO2
Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5
Mn2O3
CuO

23
12
7
4
14
10
9
37
10
6
44
27

32
39
41
21
48
26
16
8
38
18
15
1

15
11
15
17
14
22
17
13
17
24
28
18

a
b
c
d

0.09
0.07
0.12
0.11
0.09
0.08
0.06
0.02
0.10
0.10
0.11
0.01

Calculated through the Scherrer formula
Specific surface area calculated through the BET method
Total pore volume
Pore diameter calculated according to the BJH method
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ternary oxide samples. The pure copper oxide sample (CuO)
exhibits a compact structure with low porosity, while the
pure manganese oxide ( Mn2O3) demonstrates small pores
distributed internally and externally on the surface. The EDS
element maps of the catalysts containing 45% foreign metals
are shown in Fig. S3. The analysis performed on some planar
zones on the samples showed a uniform distribution of the
elements on the catalytic surface. The atomic percentages
obtained by the EDS analysis are shown in Table 2. The
results show that the measured atomic percentages of the
elements present in the sample are in fair agreement with
the nominal percentages.

3.2 H2‑TPR and O2‑TPD Analysis
The H2-TPR profiles of the synthesized catalysts are shown
in Fig. 3. The reduction of C
 eO2 started below 100 °C and
was characterized by two main peaks: the one with a lower
intensity at 194 °C and the one with a more remarkable
intensity at 517 °C. According to the literature, the peak centered at higher temperature can be ascribed to the reduction
of Ce species, while the peak appeared at lower temperatures
corresponds to the reduction of surface oxygen species [19,
27]. Additionally, the signal occurring at higher temperature
(above 600 °C) can be attributed to the reduction of cerium
species in the bulk phase.
The reduction of copper oxide particles was characterized by one sharp peak centered at 266 °C, consistent with
the literature [21, 28]. The reduction of M
 n2O3 was characterized by two overlapping reduction peaks. The first one
appeared at 325 °C and was attributed to the reduction step
of Mn2O3 → Mn3O4, and the second one was centered at
444 °C. The deconvolution of these two peaks revealed a
total H2 uptake of about 9.22 mmol g−1, which is higher than
the theoretical H
 2 uptake of pure M
 n2O3 (6.33 mmol g−1).
Such value is lower than the corresponding theoretical
uptake when all the manganese is present in the Mn4+ form
(11.50 mmol g−1). This means that the aforementioned peaks
correspond to the reduction of both Mn4+ and Mn3+ species,
as evidenced by the XPS analysis. Therefore, the reduction
pathway for the Mn2O3 sample, as reported in the literature,
is MnO2 → Mn2O3 → Mn3O4 → MnO [13, 29].
The H2-TPR profiles of the binary Ce–Mn samples, as
seen in Fig. 3a, show a multitude of overlapping reduction
peaks at lower temperatures. In general, the H
 2 uptake and
catalyst reducibility increases with Mn-contents. The reduction profiles of the C
 e95Mn5 and C
 e85Mn15 catalysts show
that the insertion of manganese into ceria lattice enhances
the reducibility at lower temperatures, thus shifting the main
reduction peak from 517 to 185 °C. In the case of C
 e55Mn45,
the reduction profile and the H2 uptake change markedly and
this can be due to the presence of manganese oxide species
interacting with ceria.
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Fig. 2  FESEM representative images of the fresh powder catalysts

Table 2  Chemical composition of the prepared samples (at.%)
obtained from the EDS analysis
Sample

O (at.%)

Ce (at.%)

Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5

67.00
72.50
69.80
66.50
62.00
57.30
62.50
53.00
57.40

31.20
23.90
18.10
31.50
31.50
22.00
33.90
41.30
22.60

13

Cu (at.%)

–

–
–

2.10
6.50
20.70
2.60
2.70
11.30

Mn (at.%)
1.80
3.70
12.10
–
–
–
1.00
3.00
8.70

The reduction profiles of the Ce–Cu group of samples are
shown in Fig. 3b. It can be noticed that the presence of Cu in
the samples promotes the reducibility at lower temperatures.
The Ce95Cu5 and Ce85Cu15 samples are characterized by two
peaks, one appeared at 150 °C and another one at 169 °C
(182 °C for the samples with higher copper contents). The
peak at the lower temperature was attributed to Cu species
in the lattice interacting with cerium (Ce–O–Cu), while the
peak at the higher temperature can be assigned to highly
dispersed CuOx clusters interacting with ceria [19, 27, 28,
30]. For the C
 e55Cu45 sample an additional peak appears at
higher temperature, in which segregation of copper oxides
and therefore further formation of crystalline CuO had

Cerium–Copper–Manganese Oxides Synthesized via Solution Combustion Synthesis (SCS) for Total…
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Fig. 3  H2-TPR profiles of the
Ce–Mn (a), Ce–Cu (b) and Ce–
Mn–Cu (c) samples. Trends of
the low-temperature reduction
peaks for the prepared samples
(d)

presumably occurred during the synthesis (as demonstrated
by the XRD analysis). Therefore, the peak of C
 e55Cu45
occurring at 209 °C is due to the reduction of CuO clusters dispersed on ceria [19, 27, 28, 30]. Finally, the surface
reducibility of the Ce–Cu systems increases as a function of
the Cu content, as follows: C
 e95Cu5 < Ce85Cu15 < Ce55Cu45.
As seen in Fig. 3c, the reduction behavior of the
Ce–Mn–Cu samples is similar to that of binary Ce–Cu samples, which generally exhibit two reduction peaks at about
150 °C and 180 °C. This means that the copper species gives
the major contribution to the overall catalyst reducibility.
However, the presence of manganese species in the ternary
oxide samples seems to induce a slight shift of the reduction

peaks attributed to the copper species [31, 32]. The two
reduction peaks of C e 95Mn 2.5Cu 2.5 and C e 85Mn 7.5Cu 7.5
were attributed to the reduction of isolated copper species
interacting with cerium and manganese in the lattice (149
and 154 °C), and to the reduction of finely dispersed CuOx
clusters interacting with the mixed oxide (177 and 182 °C).
The H2-TPR profile of the Ce55Mn22.5Cu22.5 catalyst consists of several overlapping peaks, which in turn render
more difficult the analysis of the reduction behavior. The
peak at ca. 157 °C was attributed to the reduction of isolated
copper species, which may be enhanced by the presence of
manganese species. On the other hand, the signal at about
207 °C can be assigned to the combined reduction of the
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Cu1.5Mn1.5O4 spinel and the C
 uOx clusters, both interacting
with ceria. Finally, the peak centered at 232 °C was ascribed
to the reduction of CuO species.
The trends of the low-temperature reduction peaks
(Fig. 3d) show a possible role of the foreign metals in the
ceria-based samples. It is evident that the presence of Mn/
Cu species into the ceria shifts the reduction peaks at lower
temperatures compared to pure ceria (= easier surface reducibility). Interestingly, for both the 5 and 15 at.% doped samples, the reduction peaks take place at the lowest temperature
Table 3  Hydrogen uptakes of the catalysts achieved during the
H2-TPR analysis and percentages of reduced C
 e4+ species
Sample

H2 uptake (mmol
gcat−1)

Red. Ce4+ (%)

CeO2
Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5
Mn2O3
CuO

0.61
0.62
1.14
3.09
0.73
1.70
5.79
0.61
1.19
3.96
9.22
17.34

20.9
16.9a
28.3a
77.2a
12.9b
22.9b
98.6b
4.7c
24.1c
56.6c
–
–

a
b
c

% of Ce4+ reduced if the initial oxidation state of Mn is + 3
% of Ce4+ reduced if the initial oxidation state of Cu is + 2

% of Ce4+ reduced if the initial oxidation state of Mn is + 3 and for
Cu is + 2

(about 150 °C). This finding can be observed also in terms of
H2-uptake and may be related to the insertion of the metals
in ceria’s lattice with the formation of solid solutions. On
the other hand, at higher metal contents the surface reduction occurs at higher temperatures, due to the presence of
segregated Mn and Cu oxides as evidenced by the XRD data.
Finally, the deconvolution of the H
 2-TPR profiles revealed
the involvement of ceria during the reduction. Table 3
reports the total H2 uptake of all the prepared catalysts and
the percentage of C
 e4+ species reduced during the analysis,
on the assumption that the Mn and Cu species were initially
present in the sample in the + 3 and + 2 oxidation states,
respectively, and that they were reduced to Mn2+ and Cu0.
It can be seen that the overall H
 2 uptake of the catalysts
is generally higher than the stoichiometric uptake by the
reduction of the manganese and/or copper species in the
catalysts. In addition, the reduction of the Ce4+ species,
which represents the participation of ceria in the reduction,
seems to increase with foreign metal loading. This indicates
a positive impact of both Mn and Cu as the foreign metals
on improving the reducibility of ceria, possibly through the
interactions among the oxides in the catalyst.
Figure 4 summarizes the results obtained from the
O2-TPD analysis. The O2-TPD profiles of the binary Ce–Mn
oxide samples are shown in Fig. 4a. The TPD profile of
Mn2O3 shows one intense peak appeared at 826 °C. The
estimated quantity of oxygen desorbed during the analysis,
which corresponds to the peak integral area (1.09 mmol g−1),
matches the theoretical quantity of oxygen released in the
reduction step Mn2O3 → Mn3O4 (1.06 mmol g−1). Similar value has also been reported elsewhere [13, 15]. The
pure ceria sample (CeO2) did not show any relevant oxygen

Fig. 4  O2-TPD profiles of the Ce–Mn (a), Ce–Cu (b) and Ce–Mn–Cu (c) catalysts
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desorption under the same analysis condition. To better
analyze the oxygen desorption characteristics for the pure
ceria sample, an additional analysis was performed under
the conditions reported in the literature [33] and results
are shown in Fig. S4. The peak appeared at approximately
850 °C, which corresponds to the desorption of superficial
oxygen species. The presence of manganese in the Ce–Mn
samples generally endorses an improvement in the catalyst
oxygen storage capacity. According to the literature, the
presence of Ce species in the solid promotes the higher oxidation state of Mn species at moderate temperatures [34].
The TPD profiles for the Ce–Mn–Ox samples show complex
patterns (Fig. 4a). As a whole, the oxygen desorption at low
temperatures (< 400 °C) can be attributed to the release of
chemisorbed (Oα-type) species (magnification in Fig. S5),
whereas the peaks at higher temperatures can be ascribed
to lattice oxygen (Oβ-type species) [35]. Specifically, the
Ce55Mn45 sample demonstrates an intense peak centred at
638 °C, readily assigned to the reduction of Mn4+ species.
On the other hand, different profiles can be observed for
both Ce85Mn15 and Ce95Mn5 samples. For the latter samples,
indeed, additional signals appear above 800 °C, thus suggesting the presence of reduced Mn3+/Mn2+ species, along
with Mn4+ cations. These results are in fair agreement with
the XPS data (vide infra).
At lower temperature, the presence of multiple peaks
suggests the presence of an abundant population of chemisorbed oxygen. These TPD results are in fair agreement
with those derived from a set of commercial manganese
oxides (MnO2, Mn2O3 and MnO) included in Fig. S6: For
the MnO2 sample the reduction of Mn4+ to Mn3+ occurs at
about 580 °C with an oxygen release of 2.63 mmol g−1 (step
MnO2 → Mn2O3). This value is in fair agreement with the
theoretical (calculated) oxygen release (2.87 mmol g−1); the
signal at higher temperature (ca. 811 °C) corresponds to the
reduction of Mn3+ species to Mn2+. The integral area of the
latter peaks evidenced an oxygen release of 1.13 mmol g−1
(step Mn2O3 → Mn3O4). The theoretical oxygen release
for this step is about 1.06 mmol g−1. Similar results occur
with the reduction of Mn2O3 (peak at ca. 806 °C, oxygen
release = 1.13 mmol g−1) thus confirming that Mn3+ species
can be reduced at about 800 °C. On the other hand, for the
MnO sample there are not peaks in the TPD pattern, suggesting that M
 n2+ species do not change their oxidation state
during the analysis. Figure 4b also shows the O
 2 desorption
profiles for the CuO sample and the Ce–Cu catalysts. The
reduction profile of CuO shows a single peak at 927 °C.
The estimated quantity of oxygen desorbed during the analysis (3.13 mmol g−1) is in accordance with the theoretical
quantity of oxygen released in the reduction of C
 u2+ to C
 u+
−1
(3.14 mmol g ).
The TPD profiles for the Ce–Cu systems showed an
enhancement of the O
 α species when the percentage of
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copper was increased. Thus, the presence of Cu species
improves the abundancy of chemisorbed oxygen species
on CeO2-based samples. Similarly, the O
 β desorption rate
seems to increase with the Cu content. The desorption peak
of Ce55Cu45 is similar to that of pure CuO, although it is
lower in intensity and centered at a lower temperature (ca.
887 °C). Such a similarity has led us to suggest that the desorption is probably related to the release of lattice oxygen
of the CuOx phases (i.e. C
 u2+ → Cu+). Meanwhile, in the
case of C
 e85Cu15 and C
 e95Cu5, the main desorption peaks
are centered at slightly lower temperatures and are lower in
intensity, most likely due to the decreasing amount of Cu2+
species. In addition, the wide peaks occurring between 400
and 700 °C were assigned to O
 β released from the mixed
Ce–O–Cu lattice.
Figure 4c shows that the co-presence of manganese and
copper oxides in the ternary oxide samples enhances significantly the release of O
 α-type species. The peaks centered at
around 750 °C and 823 °C were ascribed to the release of O
 β
species. However, such ascription was not limited to weaker
metal–oxygen bonds, since according to the O
 2-TPD analysis
of CeO2 and Mn2O3, the peak ascribed to the weakening of
Ce–O and Mn–O bonds was centered at a similar position.
Moreover, as evidenced by the TPD profiles of the Ce–Cu
samples, the desorption of Ce–O–Cu lattice oxygen may
take place at a similar temperature.

3.3 X‑ray Photoelectron Spectroscopy
Figure 5a shows the deconvoluted XPS spectra of the prepared samples in the O 1s core level. Three peaks that refer
to various oxygen species were identified for most samples. The peak appeared in the binding energy (BE) range
of 529.0–529.5 eV was attributed to the lattice-like oxygen
species (Oβ-species), which are bonded to Ce [36], while
that appeared at 529.8 eV was attributed to the lattice-like
oxygen species bonded to manganese or to copper [37, 38].
The peak between 531.1 eV and 531.5 eV was attributed to
surface oxygen species ( Oα-species) like O
 −, or O
 2− and OH
groups [39, 40]. The low-intensity peak appeared at higher
BE range (between 533.2 and 534.3 eV) and it was observed
in the spectra of the mixed oxide samples. This peak was
attributed to the presence of more electrophilic O
 α species
like weakly adsorbed oxygen species [15, 41, 42]. As seen
in Table 4, the Oα/Oβ ratio for the Ce–Mn catalysts increases
with Mn content, while that for copper-containing samples
(i.e. Ce–Cu and Ce–Mn–Cu) seems to reach a minimum at
the foreign metal content of 15 at%. For the mixed oxide
samples, the abundance of Oα species is higher than that of
CeO2 but lower than those of M
 n2O3 and CuO. The trend
of the relative abundances of O
 α among the mixed oxide
catalysts observed via XPS analysis corroborates that of
the oxygen release observed through the O2-TPD analysis,
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Fig. 5  XPS spectra of powder
catalysts in the O (1s), Ce (3d),
Mn (2p) and Cu (2p) core level
regions

especially at low temperatures (< 400 °C), as shown in Fig.
S5.
Figure 5b shows the Ce 3d XP spectra of all the ceria
mixed oxides. Generally, the spectra are composed of a
series of spin–orbit doublets “V” and “u”, related to/located
in the 3d5/2 and 3d3/2 regions, respectively. The common
BE positions of such peaks, according to the current analysis, are as follows: V0 at 882.0 eV; V1 at 884.6 eV; V2 at
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888.4 eV; V3 at 898.0 eV; and u 0 at 900.6 eV; u1 at 902.0 eV;
u2 at 907.1 eV and u 3 at 916.3 eV. These peaks are related
to cerium species with various oxidation states and were
used to calculate the abundances of Ce4+ and Ce3+ on the
surface. The doublets (V0, u0), (V2, u2) and (V3, u3) were
assigned to Ce4+, while the doublet (V1, u1) was assigned to
Ce3+ [39, 43]. The relative abundances of these two species
in the samples are summarized in Table 5. It can be seen that
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Table 4  Oxygen species and
their relative abundances (at.%)
derived from the deconvolution
of O 1s XPS spectra

Sample

Oα, OH BE (eV)

Oα (at.%)

Oβ BE (eV)

Oβ (at.%)

Oα/Oβ

CeO2
Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5
Mn2O3
CuO

531.1; 533.6
531.4; 533.8
531.3; 533.5
531.3
531.2; 533.8
531.3; 534.3
531.3; 533.2
531.3; 533.7
531.3; 533.4
531.4; 533.7
531.1
531.5

26.2
30.9
33.0
39.4
39.5
30.0
33.6
29.3
28.0
33.0
44.2
47.2

529.2
529.1
529.1
529.5
529
529.2
529.4
529.1
529.1
529.4
529.8
529.8

73.8
69.1
66.0
60.6
60.5
70.0
66.4
70.7
72.0
67.0
55.8
52.8

0.35
0.45
0.50
0.65
0.65
0.43
0.51
0.41
0.39
0.49
0.79
0.90

Table 5  Relative abundances (at.%) of cerium species derived from
the deconvolution of Ce 3d XPS spectra
Sample

Ce4+ (at.%)

Ce3+ (at.%)

Ce4+/Ce3+

CeO2
Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5

85.03
71.96
79.18
78.78
72.13
74.08
74.80
76.33
78.12
77.65

14.97
28.04
20.82
21.22
27.87
25.92
25.20
23.67
21.88
22.35

5.68
2.57
3.80
3.71
2.59
2.86
2.97
3.22
3.57
3.47

the atomic percentage of C
 e3+ observed for the mixed oxide
samples is higher than that of CeO2. This indicates that the
insertion of Mn and/or Cu in the ceria can produce a distortion in the fluorite framework. This leads to an increase in
the abundancy of defects and therefore to the formation of
new Ce3+ sites [39, 44, 45].
Figure 5c shows the Mn 2p XP spectra of the Mncontaining catalysts. The spin orbit peaks appeared in the
range of 647.5–657.5 eV correspond to the 2p 1/2 level,
while those appeared between 638.5 and 647.5 eV correspond to the 2p3/2 level. The deconvolution of the 2p3/2
spectra has been used in many investigations to estimate
the relative abundances of the Mn4+, Mn3+ and Mn2+ species in the sample [13, 37]. The presence of these Mn
species was observed for the M n 2O 3 sample ( Mn 3+ are
the most abundant ones). The relative amounts of Mn
ions derived from the Mn 2p spectra deconvolution are
summarized in Table S1. As a whole, it can be seen that
the abundances of Mn species depend on the Mn content. In fact, the C
 e55Mn45 sample has the highest amount
of M n 4+ species among the samples, whereas for both

the binary ( Ce 95Mn 5 and C e 85Mn 15) and ternary oxides
(Ce95Mn2.5Cu2.5 and C
 e85Mn7.5Cu7.5), the abundancy of
Mn2+ species is significantly higher.
Figure 5d finally shows the Cu 2p XP spectra of the
copper-containing samples. The spin orbit peaks appeared
in the range of 930.0–940.0 eV belong to the 2p3/2 level,
whereas those in the range of 950.0–960.0 eV belong to the
2p1/2 level. The deconvolution of the latter is normally used
to identify the copper species in the sample as well as the
shake-ups related to those species [38, 46, 47]. In the case
of the CuO, Cu2+ strong satellites at 942.5 and 962.5 eV
were identified. Therefore, the major peak of 2p1/2 region
was unarguably ascribed to Cu2+ and can be deconvoluted to
two peak components: one centered at 933.6 eV and attributed to Cu species bonded to lattice oxygen (Cu–O), and
another one centered at 935.2 eV and attributed to the copper hydroxide and/or copper carbonate species [38, 46]. The
results for the deconvolution of the Cu 2p spectra are shown
in Table S2. It can be observed that, in the case of Ce55Cu45
and Ce55Mn22.5Cu22.5, the predominant oxidation state of Cu
was + 2, most likely in the form of copper species bonded to
lattice oxygen as well as to hydroxides/carbonates. The rest
of the copper containing catalysts demonstrates a shift of
the major 2p1/2 peak to a lower binding energy (932.5 eV),
thus indicating the presence of Cu+ species. Such a reduced
species most likely originates from a reduction induced by
an interaction among the metal cations [19, 38].
Finally, Table 6 shows the atomic percentages of the elements in the prepared samples. As a whole, it appears that
XPS results are in fair agreement with EDS data (Table 2),
thus suggesting a good dispersion of the foreign metals
for both the surface and bulk phases. As shown in the new
Table S3 (Supporting Information), the differences (in terms
of ∆Cu and ∆Mn) between the two techniques are low and
so it is not possible to argue any whole enrichment or diminution of the foreign metals on the sample surfaces with
respect to the bulk compositions.
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Table 6  Chemical composition of surface catalysts as analyzed by the
XPS
Sample

O (at.%)

Ce (at.%)

Cu (at.%)

Mn (at.%)

Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5

76.8
80.7
73.3
75.2
75.4
73.8
77.6
75.5
69.2

20.9
15.6
14.1
19.4
17.0
11.2
13.4
19.5
11.3

–
–
–
5.4
7.6
15.0
5.3
2.0
12.4

2.3
3.6
12.6
–
–
–
3.7
3.1
7.0

3.4 Catalytic Activity of Powder Catalysts
3.4.1 Propylene Oxidation
As a whole, Fig. 6 shows the conversion of propylene (sections a, c and e) and ethylene (sections b, d and f) as a function of temperature for the prepared samples. The light-off

temperature for the non-catalytic oxidation of propylene was
observed at ca. 300 °C and the reaction reached a conversion
of approximately 4% at 350 °C. In the presence of catalyst,
the propylene oxidation reaction occurred at much lower
temperatures and reached a complete conversion over several
catalysts below 350 °C.
Table 7 summarizes the catalytic performances in terms
of temperatures at which 10%, 50% and 90% propylene con 90%, respecversion to C
 O2 are obtained ( T10%, T50% and T
tively) as well as the reaction rates. Observing the T
 10%,
T50% and T90% values, the performances for pure oxides follow this trend: CeO2 (worst activity) < CuO < Mn2O3. The
presence of foreign metals in the mixed oxides improves
the performances in propylene oxidation, thus indicating
possible interactions between Ce, Mn and/or Cu species or
among different oxide phases on the surfaces (as revealed
in the XRD analysis).
The substitution of Ce species with Mn/Cu atoms may
enhance the oxygen defects in the samples, thus improving
the mobility of lattice oxygen and consequently improving
the reducibility of the samples, as evidenced by the TPR
analysis. For each catalyst group, it was observed that both

Fig. 6  Conversions (%) of propylene (a, c, e) and ethylene (b, d, f) over the prepared catalysts
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Table 7  Catalytic performances
of the prepared catalysts

Catalyst

Propylene oxidation

Ethylene oxidation
a

T10% (°C) T50% (°C) T90% (°C) r (μmol T10% (°C) T50% (°C) T90% (°C) rb (μmol
h−1 m−2)
h−1 m−2)
CeO2
Ce95Mn5
Ce85Mn15
Ce55Mn45
Ce95Cu5
Ce85Cu15
Ce55Cu45
Ce95Mn2.5Cu2.5
Ce85Mn7.5Cu7.5
Ce55Mn22.5Cu22.5
Mn2O3
CuO
a
b

261
193
153
130
240
186
199
203
178
153
161
212

322
237
204
168
288
243
229
264
222
181
210
257

–
283
240
194
342
295
270
329
262
223
248
290

0.00
0.11
0.76
3.54
0.06
0.34
0.30
0.73
0.12
1.55
1.26
3.04

310
210
192
163
260
227
210
227
208
156
190
227

–
270
239
216
334
283
256
290
270
183
233
276

–
313
286
252
–
337
295
344
340
225
283
330

0.50
0.32
0.31
1.21
0.20
0.26
0.30
1.19
0.29
2.75
1.09
1.10

Reaction rates calculated at 150 °C
Reaction rates calculated at 160 °C

catalytic performance and catalyst reducibility increased
with metal loading, thus confirming the beneficial effect of
metal cation substitution. On the other hand, the crystallite
size, as evidenced by XRD analysis, decreased with metal
loading. Interestingly, there is a good correlation between
the performances of the mixed oxide catalysts and their
crystal size: the lower the crystal sizes the better the performances (Fig. S7).
In terms of reaction rates (measured at 150 °C), mixed
oxide catalysts generally exhibited better activities than
CeO2 and, in some cases, than Mn2O3 or CuO. The Ce55Mn45
sample, is the most intrinsically active catalysts and a complete propylene conversion over this catalyst can be achieved
at 250 °C. Such a high performance is most likely derived
from an interaction between MnOx and C
 eOx phases that
further contributes to the improvement of redox properties
of the catalyst. Then, a performance trend for the prepared
systems can be drawn: Ce–Cu < Ce–Mn–Cu < Ce–Mn.
For the first time to our knowledge, these results confirm that the presence of Mn species into ceria-based catalysts prepared by SCS may promote the total oxidation of
propylene.
Concerning the oxidation mechanism of propylene over
metal oxide catalysts, many researchers argued that VOC
molecules can be first adsorbed on the catalytic surface and
then a symmetric allylic intermediate is formed as a consequence of the H-abstraction. Subsequently, the oxidation
occurs on the catalyst surface by the release of lattice oxide
(O2−) and its consequent insertion in the chemical structure
of the intermediate, thus forming an allyl alkoxide. Further
H-abstraction takes place and the carbonyl bond leads to the
formation of an aldehyde, which is then totally oxidized.
Thus, the VOC oxidation over ceria-based catalysts seems to

occur via a Mars–van Krevelen-type mechanism (Scheme 1)
[19]. However, the presence of catalytic surfaces with abundant weakly-bonded oxygen species is beneficial for the
oxidation process since organic molecules can be adsorbed
and the reaction take place. Similarly, spillover phenomena
may occur on the catalytic surface thus enhancing the whole
reactivity [48–50].
Figure 7 (sections a, c and e) shows the results derived
from the stability tests of the most active catalyst for each set
(i.e. Ce55Cu45, Ce55Mn45 and Ce55Mn22.5Cu22.5) in propylene
oxidation. In all cases, reproducible results were achieved
after three consecutive runs. In the case of C
 e55Cu45, an early
increase of COx at 150 °C can be related to a fast release of
CO2 at low temperature conditions. Moreover, the best catalyst (Ce55Mn45) was tested under the presence of humidity
(RH 100%). Although worse catalytic performances were
observed in the present case (Fig. S8), it appears that stable catalytic results can be observed for consecutive catalytic runs. This suggests that ceria-based catalysts acting in

Scheme 1  Redox cycle of ceria-based systems (M″ and open square
box represent the foreign metal, and the oxygen vacancy, respectively). Adapted from [19]
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Fig. 7  Stability study performed in the oxidation of propylene (a, c, e) and ethylene (b, d, f) over the C
 e55Mn45, Ce55Cu45 and Ce55Mn22.5Cu22.5
catalysts

wet-conditions are less performing. This finding seems due
to different causes, e.g. thermal phenomena localized on the
catalytic particles, lower accessibility of active sites, etc.
Further kinetic experiments for the propylene oxidation
over the C
 e55Mn45 catalyst were performed varying the inlet
VOC concentration (200, 400, 600 and 900 ppm) at 150 °C.
As a whole, it was observed a positive (linear) dependence
of the oxidation reaction rate (μmolVOC h−1) on the VOC
concentration (Fig. S9.A).
3.4.2 Ethylene Oxidation
Figure 6 (sections b, d and f) shows the catalytic tests with
ethylene oxidation. At 350 °C, the non-catalytic reaction
reached < 1% ethylene conversion. In Table 7, it can be seen
that the catalyzed ethylene oxidation also resulted in higher
reaction temperatures than the catalyzed propylene oxidation
and this demonstrates the lower ability of ethylene to be oxidized due to its higher stability. The catalytic performances
for pure oxide samples (CeO2, Mn2O3 and CuO) follow
the same trend of the performances achieved in propylene
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oxidation: CeO2 < CuO < M2O3. The mixed oxide samples
provided better performances than ceria and their catalytic
activities increased with the foreign metal loadings, as well
as for the propylene oxidation. Possible interactions between
Ce, Mn and/or Cu species in the samples or among different
phases are equally beneficial for ethylene oxidation.
As shown in Table 7, the C
 e 55 Mn 22.5 Cu 22.5 sample is the most active catalyst for the ethylene oxidation at 160 °C followed by the C
 e 55 Mn 45 (2.75 and
1.21 μmol h−1 m−2, respectively). Interestingly, the total
conversion of ethylene over the Ce55Mn22.5Cu22.5 sample
was achieved at about 250 °C. These findings are possibly
due to the interaction between the different active phases,
as revealed on the C
 e55Mn22.5Cu22.5 sample (vide supra).
For the first time to our knowledge, these results confirm
that the presence of both Mn and Cu species into ceriabased catalysts prepared by SCS may promote the total
oxidation of ethylene. Like in propylene oxidation and
in many other VOC oxidations, ethylene oxidation may
also be kinetically modelled via a redox-type cycle (i.e.
Mars–van Krevelen reaction mechanism), which involves

1835

Cerium–Copper–Manganese Oxides Synthesized via Solution Combustion Synthesis (SCS) for Total…

the participation of surface oxygen species. Particularly
in the case of ethylene, previous studies have shown that
the oxidation mechanism involves a mild oxidation of
the molecule on the surface of ceria and the formation
of intermediate formate species, which are consequently
oxidized to CO and CO2 [51, 52].
A series of stability tests were equally performed with
ethylene oxidation over the most active catalyst in each
group (i.e. Ce55Cu45, Ce55Mn45 and Ce55Mn22.5Cu22.5) and
the results are shown in Fig. 7 (section b, d and f). After
three consecutive runs, the complete ethylene conversion
was achieved over powder catalysts at 350 °C.
As already mentioned for the propylene oxidation, the
best catalyst ( Ce55Mn22.5Cu22.5) was tested under wet-conditions (Fig. S8). Although worse catalytic performances
were observed at RH 100% rather than in dry conditions,
comparable results were achieved for two consecutive
catalytic runs in the presence of humidity. This further
confirm the findings reported for the oxidation of propylene (vide supra).
Additionally, kinetic studies carried out over the
C e 55 Mn 22.5 Cu 22.5 sample with different inlet ethylene
concentrations (200, 400, 600 and 900 ppm) at 160 °C
confirm that the oxidation rate does not depend on VOC
inlet concentration (Fig. S9.B), thus suggesting a zero
order-type mechanism respect to the ethylene.

3.5 Catalytic Activity of the Catalyzed Monoliths
With the aim of evaluating the applicability of the most
active catalysts studied in this work for industrial purposes,
both the Ce55Mn45 and Ce55Mn22.5Cu22.5 catalysts were
deposited on SiC monoliths via in-situ synthesis. Figure 8
shows various FESEM images of a cross-sectional cut of
an inner Ce55Mn22.5Cu22.5–SiC channel taken at various
magnifications. The images on the right were taken in backscattered electron mode to better discriminate the catalytic
washcoat (lighter color) from the SiC grains (darker color).
The micrograph on the center shows the presence of catalytic washcoat on the inner wall of the monolith channel and
confirms the effectiveness of the in situ synthesis in forming
a thin catalytic layer (thickness of 326 nm in average) in the
channel. Figure S3 (Section D) shows an EDS map that was
performed on a representative zone of the sample. The map
shows an even distribution of the elements over the surface.
Figure 9 (sections a and b) shows the stability tests
with either propylene or ethylene oxidation over the
Ce55Mn45–SiC monolith. In both reactions, the catalytic
monolith is effective for the VOC oxidation. The catalytic
reaction reached a complete propylene and ethylene conversion at around 500 °C and 600 °C, respectively, while
the non-catalytic (thermal) oxidation is achieved at higher
temperatures (ca. 670 °C). The catalyzed monolith also
demonstrated comparable catalytic performances for three

Fig. 8  FESEM images at different magnifications of the Ce55Mn22.5Cu22.5–SiC monolith
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Fig. 9  Conversions (%) of
propylene (a, c) and ethylene
(b, d) over C
 e55Mn45–SiC
and Ce55Mn22.5Cu22.5–SiC
monoliths

catalytic runs, thus confirming a good catalyst stability for
both the oxidation reactions. To further verify the stability of
Ce55Mn45–SiC, several time-on-stream (TOS) measurements
were performed under two different isothermal conditions:
(1) at higher temperature (470 and 590 °C for propylene and
ethylene oxidation, respectively), at which a nearly complete
VOC conversion was achieved and (2) at lower temperature (372 and 471 °C for propylene and ethylene oxidation,
respectively), at which ca. 50% conversion can be achieved.
Similarly, Fig. 9 (sections c and d) shows the stability
tests with either propylene or ethylene oxidation over the
Ce55Mn22.5Cu22.5–SiC monolith. As a whole, it was observed
that the reaction mediated by Ce55Mn22.5Cu22.5–SiC mostly
occurred at lower temperatures than that mediated by
Ce55Mn45–SiC. The catalyst stability was also appreciable
after three consecutive runs.
A study of C
 e55Mn45–SiC and C
 e55Mn22.5Cu22.5–SiC
was carried out under two different isothermal conditions to
investigate the stability at a nearly complete conversion and
at 50% conversion. As shown in Fig. 10, fairly stable propylene/ethylene conversions can be observed over a TOS of 4 h,
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thus suggesting promising structural and catalytic stability of
the monoliths. A long term-stability study under isothermal
conditions with the Ce55Mn22.5Cu22.5–SiC has confirmed a
stable catalytic behaviour for two catalytic runs over a timeon-stream of 12 h (Fig. S10).
In order to investigate the catalytic behavior of the monoliths under different operating conditions, additional experiments were done at various GHSV (namely, 1000, 4335,
9000 and 19,000 h−1) as reported in Fig. 11. As a whole,
a general trend occurs between the GHSV values and the
catalytic performances for both the propylene and ethylene
oxidation: the higher the GHSV the lower the VOC conversion. Specifically, the performances of the monolith-supported catalysts are closer to those of powder samples at
1000 h−1, as a consequence of the higher residence time of
the reactants into the channels. In fact, the worst results of
catalyzed monoliths can be obtained at 19,000 h−1. Finally,
in order to evaluate the catalytic activity of the monoliths
at the same W/F of powder catalysts, further experiments
were conducted at 4335 h−1. In the latter case, however, the
performances of the monoliths are worse than those achieved
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Fig. 10  Conversions (%) of
propylene (a, c) and ethylene
(b, d) over C
 e55Mn45–SiC and
Ce55Mn22.5Cu22.5–SiC monoliths as a function of time-onstream

for powder catalysts (see Fig. 6). This finding suggests that
both the different catalytic set-up and fluid dynamics play a
key role on the whole activity [53, 54]. These findings suggest that it is possible to develop scaled-up catalytic systems
(wash-coated monoliths) via a novel in-situ SCS, taking in
consideration the chemical composition of powder catalysts.

4 Conclusions
In this work, several mixed oxide catalysts were synthesized
via the solution combustion synthesis (SCS): two sets of
binary oxides (Ce–Mn and Ce–Cu) and one set of ternary
oxides (Ce–Mn–Cu), with various metal contents (5, 15 and

45 at.%). The results confirmed that the Ce55Mn45 was the
most performing catalyst for total oxidation of propylene,
thanks to possible interactions between MnOx and CeOx
species. For total oxidation of ethylene, the ternary oxide
Ce55Mn22.5Cu22.5 was the most active catalyst, likely due to
the interactions among C
 eOx, MnCuOx and C
 uOx species.
In both cases, this catalytic improvement can be due to the
enhanced reducibility of the catalysts.
Finally, two catalyzed monoliths (Ce 55 Mn 45 and
Ce55Mn22.5Cu22.5) were prepared through a novel in-situ
SCS and their performances were tested in a bench-scale
reactor. The catalytic results confirmed stable performances
in terms of VOC oxidation of either propylene or ethylene
for a time-on stream of 4 h.
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Fig. 11  Conversions (%) of
propylene (a, c) and ethylene
(b, d) on Ce55Mn45–SiC and
Ce55Mn22.5Cu22.5–SiC monoliths using four different GHSV
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