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Abstract 

Ceria (CeO2) is used in a doped or mixed oxide form in catalytic diesel particulate filters (CDPF) 
as a catalyst for direct soot oxidation process. Soot particles pose a serious threat to human health 
and the environment, so their successful elimination from automobile exhaust gas is of great 
importance. In this work, CeO2-Al2O3, MnOx-CeO2-Al2O3 and CuO-CeO2-Al2O3 mixed oxides were 
prepared by combustion synthesis using glycine as fuel and metal nitrates as oxidants. Samples 
were characterized using X-ray diffraction analysis (XRD), differential thermal and thermo-
gravimetric analysis (DTA-TGA), Fourier transformed infrared spectroscopy (FTIR) and scanning 
electron microscopy (SEM). According to XRD, only the sample CuO-CeO2-Al2O3 was crystalline 
after the synthesis, while the remaining samples were amorphous. FTIR analysis showed the 
presence of residual nitrates in all samples. Consequently, samples were thermally treated at 800 
°C for 2 hours, which resulted in mixed oxides with CeO2 and γ-Al2O3 as dominant phases and 
crystallite sizes in the nano range. The catalytic activity test showed that all three samples exhibit 
good catalytic activity in the soot oxidation process.  

Keywords: Ceria, Mixed oxides, Combustion synthesis, Soot oxidation. 

Sažetak 

Cerijev(IV) oksid (CeO2) koristi se u dopiranom obliku ili u kombinaciji s drugim oksidima u 
katalitički obloženim filterima krutih čestica u dizel motorima kao katalizator u procesu izravne 
oksidacije čađe. Čestice čađe predstavljaju ozbiljnu prijetnju ljudskom zdravlju i okolišu, pa je 
njihovo uspješno uklanjanje iz automobilskih ispušnih plinova od velike važnosti. U ovom radu 
pripravljeni su miješani oksidi CeO2-Al2O3, MnOx-CeO2-Al2O3 i CuO-CeO2-Al2O3 sintezom 
sagorijevanja koristeći glicin kao gorivo te metalne nitrate kao oksidanse. Uzorci su 
karakterizirani pomoću rendgenske difrakcijske analize (XRD), diferencijalne toplinske i termo-
gravimetrijske analize (DTA-TGA), infracrvene spektroskopije s Fourierovom transformacijom 
(FTIR) i pretražne elektronske mikroskopije (SEM). Rezultati XRD analize pokazuju da je samo 
uzorak CuO-CeO2-Al2O3 bio kristaliničan nakon sinteze, dok su preostali uzorci amorfni. FTIR 
analiza pokazala je prisutnost zaostalih nitrata u svim uzorcima. Uzorci su stoga termički 
obrađivani pri 800 °C 2 sata, što je rezultiralo mješavinom oksida s CeO2 i γ-Al2O3 kao 
dominantnim fazama te veličinama kristalita u nano području. Test katalitičke aktivnosti pokazao 
je da sva tri uzorka posjeduju dobru katalitičku aktivnost u procesu oksidacije čađe.  

Ključne riječi: Cerijev(IV) oksid, Miješani oksidi, Sinteza sagorijevanjem, Oksidacija čađe. 
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1. INTRODUCTION 

Cerium(IV) oxide (CeO2) is a significant catalytic material widely used in various 
technological processes primarily due to its ability of a reversible redox reaction between 
Ce4+ and Ce3+ ions within the crystal lattice and high oxygen storage capacity which stems 
from it. [1] From an ecological perspective, ceria has an important role in three-way 
catalytic converters (TWC) for gasoline engines as oxygen storage promotor in reactions 
of elimination of harmful gases like carbon monoxide, hydrocarbons and nitrogen oxides. 
[2-4] Ceria is a part of the TWC component called the washcoat, alongside large surface 
area alumina which serves as support. It is shown that ceria can assist in the stabilization 
of γ-alumina surface area through the formation of cerium aluminate (CeAlO3). [5] In 
diesel engines, an additional environmental issue is particulate matter (PM), which is a 
major source of air pollution, as well as a serious threat to human health closely associated 
with respiratory, cardiovascular and skin diseases. The PM emission standard for Europe 
since 2009 is 0.005 g/km for passenger cars and light commercial vehicles. Particulate 
matter is mostly composed of soot, i.e. carbonaceous particles which are the result of 
incomplete oxidation of the fuel. [3] Soot particles are collected from the exhaust gas and 
then oxidized in a process called regeneration in diesel particulate filters (DPFs). 
Technological progress has enabled the improvement of such filters by addition of 
catalysts, usually transition or rare earth metal oxides, which accelerate the direct soot 
oxidation reaction and lower the temperature necessary for complete oxidation. Such 
filters are called catalysed diesel particulate filters (CDPFs). Ceria is used in CDPFs in a 
doped or mixed oxide form to boost the oxygen storage capacity and direct soot oxidation 
potential. [4] Doped ceria or ceria in a mixed oxide form was shown to have better thermal 
stability and catalytic activity than the pure form. [6] Another important factor for 
catalytic activity is the morphology of the catalyst. Different morphologies enable 
different crystal planes to be exposed, which then influences the chemical and physical 
properties of the catalytic material, as well as activity and selectivity for certain chemical 
reactions. [7]  

The aim of this work was to prepare MOx-CeO2-Al2O3 mixed oxides catalysts with 
good catalytic activity in the soot oxidation process. In order to achieve a porous 
morphology, solution combustion synthesis was chosen as the synthesis method because 
it is simple, affordable, it does not require templates as most methods for preparation of 
porous materials and it is not time consuming. Additionally, our group has already 
successfully employed the combustion method for the preparation of γ-alumina with 
different morphological features by changing the synthesis parameters. [8, 9] The basic 
principle of the method involves heating a saturated aqueous solution of precursors until 
the water evaporates and the resulting viscous mixture ignites. Precursors used for the 
preparation of metal oxides are usually metal nitrates, which serve as oxidants, and urea, 
different aminoacids, citric acid, etc., which are used as fuel, i.e. reducing agent. The 
reaction between fuel and oxidant is highly exothermic, fast and self-sustainable. The 
properties of the final product can be tuned by changing the reaction parameters, with 
the most significant being the fuel to oxidant ratio (F/O). Product properties such as 
crystallite size, surface area, morphology, as well as degree and nature of agglomeration 
are mainly controlled by changing the fuel to oxidant ratio. This ratio also determines the 
influence of gases on the morphology of particles and pore size distribution. The higher 
the fuel content, the larger are the pore sizes of the obtained particles. [10] Since both the 
fuel and oxidant can be composed of reducing and oxidizing elements, fuel to oxidant ratio 
(F/O) is expressed by elemental stoichiometric coefficients as equivalence ratio (φ): 
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𝜑 =
𝑛𝐹 ∑ 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  𝑣𝑎𝑙𝑒𝑛𝑐𝑒

−𝑛𝑂 ∑ 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  𝑣𝑎𝑙𝑒𝑛𝑐𝑒
                                                                  (1) 

 

In equation 1, nF is the molar fraction of the fuel, while nO is the molar fraction of the 
oxidant. The valences of oxidizing elements are regarded as negative and the valences of 
reducing elements as positive. Thus, carbon, hydrogen and metal cations are considered 
as reducing elements, oxygen as oxidizing element and nitrogen as neutral, while the 
valences used in equation 1 are the following: C: +4, H: +1, M: +1, 2, 3…, O: -2, N: 0. When 
φ=1, the mixture is stoichiometric, i.e. the sums of oxidizing and reducing valences in fuel 
and oxidant multiplied by its stoichiometric coefficients are equal and in this case the 
maximal energy is released. When φ<1, the mixture is fuel lean, whilst when φ>1, the 
mixture is fuel rich. [8, 9]  

 In our previous work we optimized the combustion synthesis of γ-alumina by trying 
out different equivalence ratios and different aminoacids as fuels. [9] In this work we 
present the combustion synthesis of MOx-CeO2-Al2O3 mixed oxides using corresponding 
metal nitrates as oxidants and glycine as fuel in a stoichiometric mixture (φ=1). The 
obtained samples are thoroughly characterized using various methods and thermally 
treated at 800 °C for 2 hours. The catalytic activity of thermally treated samples is 
examined on the soot oxidation process.  

 

2. EXPERIMENTAL 

1.1. Synthesis 

The list of chemicals used as precursors is given in Table 1.  

 

Tab. 1: List of precursors 

Chemical 
Chemical 
formula 

Manufacturer Chemical grade M/g mol-1 

Aluminum nitrate 
nonahydrate 

Al(NO)3 x 9 H2O Kemika, Croatia p.a. 375.13 

Cerium(III) 
nitrate 

hexahydrate 

Ce(NO3)3 x 6 H2O Merck, USA p.a. 434.23 

Manganese(II) 
nitrate 

tetrahydrate 

Mn(NO3)2 x 4 
H2O 

Fluka Analytical, 
Germany 

p.a. 251.01 

Copper(II) nitrate 
hemipentahydrate 

Cu(NO3)2 x 2.5 
H2O 

VWR Chemicals, 
USA 

p.a. 241.60 

Glycine 
C2H5NO2 Lachner, Czech 

Republic 
p.a. 75.07 

 

The amounts of precursors needed for the synthesis were calculated based on equation 1 
for φ=1. An example of calculation for aluminum nitrate and glycine as precursors is given 
in equation 2. 

 



 

 

388 

𝜑 =
𝑛𝐹(2𝐶 × 4 + 5𝐻 × 1 − 2𝑂 × 2)

−𝑛𝑂(1𝐴𝑙 × 3 − 9𝑂 × 2)
=

𝑛𝐹9

𝑛𝑂15
                                                                                (2) 

 

All precursor salts are hydrates, but water evaporates before the start of the combustion, 
so it is not taken into account for the calculation of the equivalence ratio. Mixed oxide 
samples with following nominal compositions were prepared: Al2O3-CeO2 (denoted as 
AlCeG) with 80 mol. % of Al2O3 and 20 mol. % of CeO2, MnOx-CeO2-Al2O3 (denoted as 
AlCeMnG) with 80 mol. % of Al2O3, 15 mol. % of CeO2 and 5 mol. % of MnOx, and CuO-
CeO2-Al2O3 (denoted as AlCeCuG) with 80 mol. % of Al2O3, 15 mol. % of CeO2 and 5 mol. % 
of CuO. The appropriate amounts of precursor salts (∑ 0.05 mol) and glycine (0.083 mol) 
were placed in a porcelain bowl along with 10 mL of deionized water. The mixture was 
stirred at 500 rpm and 60 °C on a hot plate magnetic stirrer until the water evaporated 
and the mixture became so viscous that the rotation of the magnet was stopped. The 
magnet was taken out and the mixture was put in a sand bath inside a fume hood. The 
sand bath enables a better and more even heat distribution and the fume hood is 
necessary because harmful gases (NOx) are liberated during the combustion. The mixture 
is then heated inside the sand bath set at maximum temperature (~ 600 °C) until 
combustion reaction occurs. When the temperature of the reaction mixture reached 
100 °C, the change of temperature with time was recorded with an IR thermometer until 
the end of the reaction. The obtained product was a fragile porous material which was left 
to cool down, then grinded into fine powder and stored in a closed container. 

 

2.2. Characterization 

High temperature IR thermometer (Extech Instruments) was used for tracking and 
recording the change of temperature of the reaction mixture in 1 s intervals. 

As-prepared samples were subsequently thermally treated at 800 °C for 2 h in a 
muffle furnace (Nabertherm, Germany). 

In order to determine the phase composition of the samples, X-ray powder 
diffraction (XRD) analysis was performed using Shimadzu XRD 6000 diffractometer with 
CuKα radiation. Data were recorded in a step scan mode with steps of 0.02 ° and retention 
time of 0.6 s per step at accelerating voltage of 40 kV and current of 30 mA. Crystallite 
sizes of ceria, which is the dominant phase in thermally treated samples, were calculated 
using the Scherrer equation [11]: 

 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                           (3) 

 

where D is the crystallite size, k the shape factor which is assumed as 0.94 for spherical 
crystallites with cubic symmetry, λ is the CuKα radiation wavelength (0.15405 nm), β is 
the peak full width at half maximum corrected for instrumental broadening and θ the 
Bragg angle of the (111) ceria diffraction peak. 

Fourier transform infrared spectrometer (FTIR) Bruker Vertex 70 working in 
attenuated total reflectance (ATR) mode was used for recording the IR spectra. The 
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absorbance data were obtained in the range between 400 to 4000 cm-1 with a spectral 
resolution of 1 cm-1 and an average of 16 scans. 

The morphology of the samples was studied using a high-resolution scanning 
electron microscope (FE-SEM) JEOL JSM-7000F at a voltage of 10 kV. Samples were fixed 
on a sample holder using double-sided carbon conductive tape and then gold-coated using 
PECS Gatan 682 sputter coater. 

Differential thermal (DTA) and thermogravimetric analysis (TGA) was performed 
using Netsch STA 409C. Around 5 mg of as-prepared sample was placed in a platinum 
crucible and heated at a heating rate of 10 °C min-1 in synthetic air flow of 30 cm3 min–1. 
Corundum was used as a reference. 

The catalytic activity of prepared samples was tested on the soot oxidation process. 
Mixtures of thermally treated samples and carbon black (NORIT AC, DLC Super 30, A = 
1600 m2 g-1) in a weight ratio of 4:1 were prepared by grinding in a mortar with a small 
amount of absolute ethanol to ensure good homogeneity. The mixture was then placed in 
a dryer until all the ethanol evaporated. 10 mg of the prepared mixture were placed in a 
Pt crucible and DTA-TGA analysis was performed in a synthetic air flow of 100 cm3 min-1. 

 

2. RESULTS AND DISCUSSION 

Figure 1 shows the change of reaction mixture temperature with time since the 
moment the reaction mixture reached 100 °C till the end of the combustion process. It can 
be seen that the ignition time is the longest for the AlCeG sample (~ 9.2 min), and the 
combustion process lasts the longest (~ 1.4 min) with maximum reached temperature of 
420 °C. The combustion reaction for this sample can be described as smouldering rather 
than burning, and the product is a brown powder with a lot of remaining char. Samples 
AlCeMnG and AlCeCuG exhibit a more intense and faster combustion reaction with a 
visible flame (red for AlCeMnG sample and blue-green for AlCeCuG sample). The ignition 
time is lower for the AlCeCuG sample (~ 1.2 min) than the AlCeMnG sample (~ 3.2 min), 
but the duration of the combustion process is similar for both samples (~ 0.6 min). The 
maximum achieved temperature for sample AlCeMnG is 637 °C and for sample AlCeCuG 
914 °C. Both samples are brownish, but this color is mainly due to the Cu and Mn ions 
present in the samples and to a lesser extent the effect of the residual char. 
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Figure 1. Change of reaction mixture temperature with time during the combustion process. 
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Figure 2. XRD patterns of as-prepared samples. 

 
XRD analysis provided information about the phase composition of the samples and 

the results are presented in Figure 2. Samples AlCeG and AlCeMnG are both amorphous, 
indicated by weak and broad diffraction maxima, meaning that the temperature achieved 
during synthesis was not enough for the product crystallization. XRD pattern of sample 
AlCeCuG shows the crystalline nature of the sample, which could be expected because the 
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combustion temperature is significantly higher than for other two samples. The 
diffraction maxima correspond to cerium aluminate (CeAlO3, ICDD-PDF No. 48-51), 
copper (II) oxide (CuO, ICDD-PDF No. 45-937) and γ-alumina (γ-Al2O3, ICDD-PDF No. 10-
425).  

FE-SEM analysis showed that the morphology of the samples is very similar, so only 
a micrograph for the sample AlCeG is presented in Figure 3. A porous flake-like 
morphology can be observed, most likely the result of particles bursting due to gas 
emissions during the combustion process. It is difficult to discern individual particles 
since particles are heavily interlocked. Therefore, particle size could be only roughly 
estimated to be in a range between 1 and 10 µm in two dimensions and less than one µm 
in third.  

 

 

Figure 3. FE-SEM micrograph of the as-prepared AlCeG sample. 

 

FTIR spectra for all samples, shown in Figure 4, can be roughly divided into 3 
regions. The first one, between 2358 and 2340 cm-1, refers to carbon dioxide adsorbed on 
the surface of the samples. It can be seen that the band intensity decreases with the 
increase of combustion reaction temperature. The second region, between 1700 and 1300 
cm-1, indicates the presence of amino acids and nitrates, and the same trend can be 
observed – the higher the synthesis temperature, the fewer remnants of nitrates and 
glycine there is in the samples. The third region below 1000 cm-1 encompasses bands 
characteristic for metal oxides and they are most intense for AlCeCuG, which is the only 
crystalline sample. 
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Figure 4. FTIR spectra of the as-prepared samples. 

 

Since not all samples are crystalline and all of them show traces of organic residue, 
thermal treatment is needed. In order to establish the thermal treatment temperature, as 
well as evaluate the thermal properties of the samples, DTA-TGA analysis was performed. 
Obtained DTA and TGA curves are displayed in Figure 5. Samples AlCeG and AlCeMnG 
show similar behaviour. Two mass loss intervals are visible on the TGA curve, 
accompanied by exhothermic peaks on the DTA curve. The first mass loss between 350 
and 550 °C is most probably due to the redox process between remaining nitrates and 
organics, [9] which is additionally confirmed by the fact that the mass loss is more 
pronounced in the AlCeG and AlCeMnG samples which have more reisude according to 
FTIR analysis. For sample AlCeG the mass remains constant until the second mass loss 
interval, while sample AlCeMnG shows a steady mass gain of ~ 6 %. This mass gain may 
be attributed to the oxidation process of possible intermediate compounds, such as 
CeAlO3. The second mass loss can be triggered with structural changes, e.g. transition 
between alumina polymorphs, and burning of residues that persisted within the particles 
and were liberated due to these changes. [8] The TGA curve of the AlCeCuG sample can 
also be divided into two intervals, but both of them exhibit mass gain. On the DTA curve, 
a very small exhothermic peak observed at 500 °C indicates the burning of organic 
compounds and nitrates from the precursors, which were left in a small amount due to 
the high combustion reaction temperature. The mass loss during this process is negligible 
in comparison to the oxidation process that occurs simultaneously. AlCeCuG sample is 
composed mostly of CeAlO3 phase, which can be oxidized into CeO2 and Al2O3 in the 
presence of air (i.e. oxygen) and high temperature. [12] This is precisely the reaction that 
happens during thermal analysis and this is what causes the significant mass gain. Based 
on the DTA-TGA results and findings of our previous research [9], it was decided that all 
samples will be thermally treated at 800 °C for 2 hours. 
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Figure 5. DTA and TGA curves of as-prepared samples. 

 

XRD patterns of thermally treated samples are shown in Figure 6. Samples AlCeG 
and AlCeMnG exhibit broad ceria diffraction peaks accompanied by a few faint and broad 
γ-alumina peaks. XRD pattern of sample AlCeCuG consists of narrower and more defined 
ceria peaks, along with more pronounced γ-alumina peaks. It is interesting to note that in 
samples AlCeMnG and AlCeCuG there are no peaks for MnOx and CuO, even though as-
prepared AlCeCuG sample shows CuO peaks. Lin et al. [13] hypothesize that diffraction 
maxima for MnOx are not seen because MnOx is well dispersed on the sample. As for CuO, 
it appears that more intense CeO2 and Al2O3 peaks have completely covered the existing 
CuO peaks. The lack of CuO peaks may also be the consequence of high dispersion.  

Crystallite sizes for ceria, which is the dominant phase in all of the samples, were 
calculated using the Scherrer equation. The obtained values are 8.3 ± 0.1 nm for AlCeG, 
9.8 ± 0.2 nm for AlCeMnG and 22.9 ± 0.4 nm for AlCeCuG sample, respectively. As can be 
seen, all crystallite sizes are in the nano range and considering these are thermally treated 
samples, this is a very satisfactory result, since small crysitallite sizes indicate high surface 
area and possibly good catalytic properties of prepared catalysts. 
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Figure 6. XRD patterns of thermally treated samples. 

 

FE-SEM micrograph of thermally treated AlCeG sample is displayed on Figure 7. The 
observed morphology is very similar to the as-prepared sample, which means that the 
thermal treatment does not have a negative effect on the porous flake-like structure. This 
is an extremely favourable result because porous structure implies a high specific surface 
area and more active sites available for the catalytic reaction. 
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Figure 7. FE-SEM micrograph of thermally treated AlCeG sample. 

 

Finally, thermally treated samples were tested for catalytic activity in the soot 
oxidation process. The results expressed as mass loss versus temperature for soot 
without catalyst and soot mixed with catalysts in a weight ratio of 4:1 are presented in 
Figure 8. It may be observed that all of the investigated catalysts significantly enhance the 
oxidation of soot. The temperature of complete oxidation is 890 °C for pure soot, 655 °C 
for soot mixed with AlCeG, 650 °C with AlCeMnG and 625 °C with added AlCeCuG catalyst. 
Samples AlCeG and AlCeMnG show almost the same results, which is the consequence of 
their very similar properties described so far, while sample AlCeCuG shows the best 
catalytic activity, although not drastically different from the other two catalyst samples. 
The results match our expectations and are consistent with similar literature findings. [3] 
It must be noted that Al2O3 mainly serves as support and stabilizer of ceria based catalysts 
and it does not participate in the catalytic process. The active phases are MOx and CeO2, 
so to further increase the catalytic activity, the ratio of these phases, especially the ceria 
phase should be increased, which will be covered in our future research. This work shows 
that the addition of copper notably increases the combustion synthesis temperature, 
which results in a crystalline sample with less organic residue, and it enhances the 
catalytic activity of the prepared catalyst. On the other hand, the addition of manganese 
did not induce any significant changes in the system in comparison to solely CeO2-Al2O3 

mixture. 
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Figure 8. Normalized mass loss of samples as a function of temperature for pure soot and soot 

samples with added catalysts. 

 

3. CONCLUSION 

MOx-CeO2-Al2O3 (M = Cu or Mn) catalysts were successfully prepared by combustion 
synthesis. The XRD analysis showed that only the sample with Cu was crystalline after the 
synthesis with the least amount of organic residue according to FTIR analysis, which is 
the consequence of the highest achieved combustion temperature. XRD pattern of as-
prepared CuO-CeO2-Al2O3 (AlCeCuG) sample consists mainly of CeAlO3 phase which is 
oxidized into CeO2 and Al2O3 during thermal treatment at 800 °C for 2 hours in air. AlCeG 
and AlCeMnG sample show very similar properties, which implies that the addition of 
manganese does not have a notable influence on the CeO2-Al2O3 system prepared by this 
method. All samples exhibit flake-like porous morphology which does not change even 
after the thermal treatment. Thermally treated MOx-CeO2-Al2O3 catalysts exhibit good 
catalytic activity in the soot oxidation process, with AlCeCuG being the best, although not 
drastically different from the other two catalyst samples. Our further research will be 
focused on CuO-CeO2-Al2O3 mixed oxide catalysts with an increased share of ceria and 
variable amounts of copper. 
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