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Abstract 

This work presents a comparative study between the catalytic performance of the 

2%CuO/ceria-zirconia powder catalyst and the same catalyst supported on silicon 

carbide DPF (Diesel Particulate Filter) towards NO oxidation reaction and soot 

combustion reaction.  

The ceria-zirconia catalyst was prepared by the co-precipitation method and 2 

wt% copper was incorporated by the incipient wetness impregnation method. The 

catalyst was incorporated onto the ceramic support using a simple and organic solvent-

free procedure by a simple dipping of the DPF in an aqueous solution of the catalyst. 

The powder catalyst has been characterized using N2 adsorption at -196ºC, XRD and 

Raman Spectroscopy; whereas the catalytic coating morphology has been evaluated by 

SEM and the mechanical stability by an adherence test. Both catalysts configuration 

were tested for NO oxidation to NO2 and for soot combustion under NOx/O2. 

The results revealed that incorporation of very active copper/ceria-zirconia 

catalyst onto a SiC-DPF has been successfully achieved by a simple coating procedure. 

Furthermore, the catalytic coating has shown a suitable mechanical, chemical and 

thermal stability. A satisfactory catalytic performance of the catalytic-coated filter was 

reached towards the NO oxidation reaction. Moreover, it was proved that the catalytic 

coating is stable and the corresponding coated DPF can be reused in several cycles of 

NO oxidation without a significant decrease in its activity.  

Finally, it was verified that the loose-contact mode is a good choice to simulate 

the catalytic performance of this active phase in a real Diesel Particulate Filter.  
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1. Introduction 

The majority of the environmental pollutants released to the atmosphere come 

from fossil fuels’ inefficient combustion
1
. Diesel engines are one of the main sources of 

air pollution in urban areas
2
, since they generate contaminants such as nitrogen oxides 

(NOx) and particulate matter (PM)
3
. Currently, environmental catalysis is especially 

focused on developing improved technologies to control the emissions of these 

pollutants, owing to the ever growing concern related to their harmful effects over both 

environment and human health
4
.  The implement of a more stringent legislation for soot 

emissions has motivated the development of diverse strategies to control the emissions 

released by diesel engines
5
. These strategies can be classified in three groups: (i) 

modifications in the diesel engine designs, (ii) modifications of the fuel formulations 

and (iii) the use of filtering after-treatment devices
6
. Since it is foreseen that in order to 

accomplish the incoming legislation for regulating soot emissions neither the (i) nor the 

(ii) strategies would be enough
7
, several after-treatment technologies have been 

proposed
6
. 

Among the most effective after-treatment technologies developed to reduce the 

amount of soot released to the atmosphere, the use of DPFs (Diesel Particulate Filters) 

is found
8
. It is a wall-flow type monolith

6,9
 which reduces particles emissions into the 

environment, minimizing the environmental hazards caused by diesel engines. The 

characteristic geometry of the DPF consists of half of the channels open at one extreme, 

whereas these open channels in one edge are closed at the opposite extreme. Therefore, 

the arrangement of the edge cross section looks like a checkerboard
10

. These filters 

provide channels into which the gas flows, but blocked ends force the incoming gases to 

pass through porous channel walls before they can exit the filter
11

. The constant 

filtration of the exhaust gases generates a progressive accumulation of soot, being 

required the filter regeneration by combustion of the retained soot
5,12

. The ignition of 

diesel particulate matter usually happens at 600 ºC and the temperature of diesel exhaust 

gases ranges from 250 ºC to 450 ºC under normal working conditions, which is too low 

to begin the soot combustion spontaneously
5,8,12

. An extended regeneration strategy is 

the commercial CRT (Continuously Regeneration Trap) system
13,14

. This one consists of 

a DPF located downstream a Pt-containing DOC (Diesel Oxidation Catalyst). In the 

DOC the NO is oxidized to NO2 and a continuous DPF regeneration takes place by the 

action of the NO2, as NO2 is more oxidant than O2
15

. An alternative and promising way 

Page 2 of 38RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 
 

to carry out the filter regeneration is using particulate filters containing a suitable 

catalyst to promote soot combustion
6,13,16

. Currently, one of the great challenges of the 

environmental catalysis is the development of a noble metal-free catalyst able to reduce 

the onset temperature of soot combustion, being ceria-based materials among the most 

promising active phases
17

. The key to understand the operation of these materials is 

based on their ability to release and store oxygen due to the redox couple Ce
3+

/Ce
4+

. 

Furthermore, the oxygen mobility in its lattice can be enhanced by inclusion of other 

cations, like zirconium or praseodymium, forming substitutional solid solutions, which 

can lead to non-stoichiometric mixed oxides. One of the most commonly used mixed 

oxides is ceria-zirconia (CexZr1-xO2-δ). The importance of these mixed oxides as 

catalysts has raised several studies for application to different oxidation reactions
18-25

. 

An enhancement of the catalytic properties of the cerium-based catalysts is achieved 

with the incorporation or dispersion of copper. Actually, cerium-based catalysts doped 

with copper have shown an exceptional activity, comparable to those exhibited by 

precious metals, towards some relevant reactions from a technological point of view; 

such as CO oxidation at low temperature, CO preferential oxidation in H2-rich streams 

(CO-PROX) or the methanol synthesis from CO and H2
21, 26-31

. Recent studies point out 

an enhancement in terms of activity and selectivity in reactions such as NO oxidation to 

NO2 and soot combustion when copper-doped cerium-based catalysts are used
25,32

.  

The overall aim of this research is double: on the one hand, the feasibility in the 

incorporation of the active phase (2%CuO/Ce0.8Zr0.2O2) to a commercial lab-scale diesel 

particulate filter (SiC-DPF) will be analyzed by using an alternative impregnation 

technique. It consists of achieving a well-adherent deposit of the catalyst directly on the 

ceramic structure (thus avoiding the adoption of intermediary washcoat) by using an 

environmentally-friendly impregnation technique, as it prescinds from surfactants or pH 

regulator agents. On the other hand, the catalytic activity of the catalyst supported onto 

the DPF towards NO oxidation and soot combustion reaction will be evaluated, being 

both key reactions in the framework of diesel decontamination. The reason for the 

addition of copper to the ceria-zirconia support, the choice of the particular formulation 

2%CuO/Ce0.8Zr0.2O2 and its influence both on the soot combustion activities and on the 

mechanism were properly described elsewhere
25,33,34

. 
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2. Experimental 

Powder catalyst synthesis, characterization and testing. 

The 2%CuO/Ce0.8Zr0.2O2 powder catalyst has been synthesized following a 

procedure based on the synthesis of Ce0.8Zr0.2O2 mixed oxide and subsequent addition 

of the proper amount of copper by incipient wetness impregnation. A detailed 

description of the experimental procedure followed is described in the literature by 

Giménez-Mañogil et al.
 25

. The actual copper content on the catalyst was close to the 

nominal value, as verified by XRF technique. 

Ce0.8Zr0.2O2 and Ce0.8Zr0.2O2-supported copper catalysts were then 

characterized. The specific surface areas of the samples were determined by the BET 

method. N2 adsorption-desorption isotherms were obtained at -196 ºC in an automatic 

volumetric system (Autosorb-6B form Quantachrome) after degassing the samples at 

250 ºC for 4 h. The specific pore volume was calculated from the desorption branch of 

the isotherm at P/P0 = 0.98 following the criteria used by Moretti et al.
 35

  

Powder XRD patterns were recorded in a Bruker D8 advance diffractometer, 

using the CuKα radiation (λ=0.15418 nm). Diffractograms were recorded between 10º 

and 60º (2θ) with a step size of 0.05º and measuring for 3 s at each step. Indexation and 

calculation of the unit cell parameter was performed by using the position of line (111) 

and Bragg’s law, considering cubic system for ceria fluorite structure. The average 

crystal size estimation was carried out using Scherrer’s equation. In order to improve 

accuracy, crystal sizes were estimated as an average value from those obtained from 

three representative fluorite reflections ((111), (220) and (311)).  

Raman spectra were performed in a Bruker RFS 100/S Fourier Transform 

Raman Spectrometer with a variable power Nd:YAG laser source (1064 nm), 64 scans 

at 85 mW laser power (70 mW on the sample) were recorded and no heating of the 

sample was observed under these conditions. 

The catalytic tests were performed in a tubular quartz reactor vertically 

positioned and coupled to specific NDIR-UV gas analyzers (Fisher-Rosemount, models 

BINOS 100, 1004, 1001) for CO, CO2, NO, NO2 and O2 monitoring. For the NO 

oxidation tests, 80 mg of catalyst were diluted with 320 mg of SiC to avoid pressure 

drop. The gas mixture used comprised 500 ppm NOx, 5% O2 and balance N2; the gas 

flow was fixed at 500 mL/min  (GHSV = 30,000 h
-1

). The experimental set-up has been 

designed in order to ensure that the proportion of NO2 in the NO+O2 mixture fed to the 
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reactor is negligible, thus being similar to the proportion in the diesel exhaust. Catalytic 

tests consisted of Temperature Programmed Reactions (TPRs), where the temperature 

was increased from room temperature up to 700 ºC at 10 ºC/min under the reactive 

atmosphere, with the purpose of quantifying the NO to NO2 oxidation capacity of the 

catalyst.  

The NO2 production profiles were determined in relation to the total amount of 

NOx as a function of temperature. 

The catalytic activity towards soot combustion was analyzed by means of 

Temperature Programmed Reactions (TPRs), which were carried out under identical 

experimental conditions than those used for the NO oxidation tests (but with soot). 

Additionally, the same gas mixture used for NO oxidation measurements was used for 

soot combustion tests. Soot conversion profiles were determined from the CO and CO2 

evolved. 80 mg of catalyst were mixed with the proper amount of Printex-U soot 

(supplied by Evonik-Degussa). As different soot-catalyst ratios were tested (1:6, 1:5, 

1:4 and 1:3), both components were mixed in order to get both loose contact conditions 

(very gentle mixture of soot and catalyst with a spatula for 2-3 minutes) and tight 

contact conditions (intimate mixture of soot and catalyst in an agate mortar for 5-6 

minutes), and they were diluted with the required amount of SiC to reach a final mass of 

400 mg in the mixture.  

 

Supported catalyst preparation, characterization and testing. 

The 2%CuO/Ce0.8Zr0.2O2 was supported on lab-scale DPFs. The SiC wall-flow 

filters, which were used for this purpose, present the following geometrical 

characteristics: 7.5 cm in length, 2.5 cm of diameter, 300 cpsi, and an average porosity 

of 42%; they were provided by Céramiques Techniques et Industrielles. Before using 

them, the as-received DPFs were washed with water and acetone, dried at 110 ⁰C and 

calcined at 700 ⁰C for 2 h. 

The catalyst incorporation on the surface of the filter channel inner walls was 

done using an easy and organic solvent-free procedure. 

The ceramic support was vertically dipped in a dilute aqueous suspension of the 

as-prepared powder catalyst. The filter-suspension system was placed in an ultrasonic 
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bath during 90 min. It must be noted that, taking into consideration the particular 

geometry of the substrate, the ceramic supports were turned upside down after waving 

the samples for the first 45 min. After the immersion, the samples were dried at 110 ºC 

for 12 h and calcined at 600 ºC for 2 h. The amount of catalyst loaded onto the DPF was 

determined by gravimetric difference.  

One of the main advantages of this technique is that it is much greener than 

some others described in the literature, since water is used as solvent and it is devoid of 

surfactants and pH-regulators agents, which are chemicals that imply environmental 

concerns
36-42

.  

In order to study the morphology of the catalyst anchored to the DPF walls, 

Scanning Electron Microscopy (SEM) was performed in a HITACHI S-3000N 

microscope with a secondary electron detector, a retrodispersed electron detector and X-

ray detector (XFlash 3001 de Bruker) for microanalysis and chemical mapping. 

Previous to SEM characterization, a bare and a coated filter were cut into different 

pieces to examine the inner channel walls and cross sections.  

The adherence of 2%CuO/Ce0.8Zr0.2O2 coating on ceramic filters was evaluated 

by stressing the samples in an ultrasonic bath at ambient temperature. The coated filters 

were immersed in acetone inside a glass vessel, which was placed in an ultrasonic bath 

(Ultrasons P-selecta, 50-60 Hz) for 1 h
40

. After this treatment, the samples were dried 

overnight at 110 ºC. In all cases, the coating adherence was determined by loss weight 

measurement. 

The catalytic tests were performed using the same gas analyzers described for 

the powder catalysts. In this case, the employed reactor was a tubular stain steel reactor, 

3 cm of inner diameter, and it was horizontally placed inside the furnace. The catalytic 

tests consisted of Temperature Programmed Reactions, where the temperature was 

increased from room temperature up to 700 ºC at 10 ºC/min under the reactive 

atmosphere, with the purpose of quantifying the NO to NO2 oxidation capacity of the 

catalyst. In order to study the thermal and chemical stability of the catalytic coating, 

after the first TPR run, the structured catalyst was cooled down in air and its catalytic 

capacity was evaluated again following the same procedure, which was repeated four 

consecutive times for the same coated DPF. 
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The catalyst’s activity towards soot combustion once supported onto the DPF 

was analyzed by means of Temperature Programmed Reactions, which were carried out 

under identical experimental conditions than those used for the NO oxidation tests (but 

with soot).  

Previously, the filters were impregnated with soot by immersion into a soot-

methanol suspension (7000 ppm) under vigorous stirring
39

. It must be noted that 

previous to the soot incorporation, the substrates were wrapped with Teflon to avoid the 

soot deposition onto the outside walls
41

. Finally, samples were dried at room 

temperature for 12 h. The soot loaded was gravimetrically determined. The average soot 

loaded over a coated filter was 0.075 ± 0.015 g, whereas an average of 0.090 ± 0.020 g 

of soot was incorporated over a bare filter. 

 

3. Results and discussion 

Powder catalyst characterization 

Surface area values (SBET) are shown in Table 1.  The area of the copper 

containing catalyst is lower than that of the parent Ce0.8Zr0.2O2 support. This lower 

value is in accordance with previous works related to samples prepared with the same 

procedure
25,43

.  

The specific pore volume (Vs), calculated from the isotherms as described for 

this kind of materials, diminishes when copper is added
35

. These results indicate a 

certain ceria-zirconia’s pores blocking upon copper incorporation on its surface. 

Figure 1 displays the X-ray diffractograms of the catalysts. Diffraction peaks 

attributable to cubic fluorite phase of ceria are observed in both samples. The diffraction 

peaks, characteristic of CuO phase (tenorite), were not detected, indicating that bulk 

CuO crystallites are not formed on this catalyst. 

The symmetrical peaks of Ce0.8Zr0.2O2 suggested formation of single ceria-

zirconia solid solution (peak splitting would be expected if two phases were 

segregated). Table 1 lists lattice constants and average crystal sizes. As collected in 

Table 1, the lattice parameter estimated for the copper-containing catalyst is close to 

that of the support. This suggests that copper remains essentially on the surface, and it is 
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not significantly incorporated into the fluorite structure, as could be promoted by other 

synthesis routes (e.g. micro emulsion-precipitation)
30,35,43

. 

The XRD patterns also showed very broad main peaks, suggesting, a priori, 

small crystal sizes. The determination of the crystal sizes can be approached by means 

of Scherrer’s equation in agreement with Zhang et al
44

.  

The mentioned average crystal sizes are also listed in Table 1, revealing that the 

value obtained for the copper-containing catalyst (6.4 nm) remains close to that of the 

parent ceria-zirconia support (5.5 nm).  

The XRD results are well complemented by the Raman study. Figure 2 shows 

the Raman spectra of the samples, all with a main band at 473.5 cm
-1

 ascribed to the F2g 

vibration mode of the fluorite structure of ceria. The intensity of this band decreases 

with the loading of copper, which could be related to the optical absorption of copper, 

as discussed elsewhere
25

. However, it must be taken into account that the presence of 

copper neither affects the F2g band position at 473.5 cm
-1

 nor the band broadening 

(Table 1). Results reveal that copper is not inserted into the ceria-zirconia lattice or 

there is a small incorporation of copper at surface or subsurface positions of the lattice; 

which might not be detected by Raman spectroscopy for this catalyst. Copper 

incorporation into the lattice would have been detected by red shift and broadening of 

the main F2g mode, as published by Gamarra et al
43

.  

Finally, very low intensity Raman bands have been found  at ≈ 120 cm
-1

 and 292 

cm
-1

 for the ceria-zirconia support, which can be associated to Zr incorporation into the 

ceria lattice with the consequent distortion of the framework symmetry. Additionally, 

the weak and broad band extending between 560 and 650 cm
-1

 can be associated to the 

presence of oxygen vacancies
43, 45-46

. 

 

Incorporation of the active phase to the DPF substrate 

As described previously, the main goal of this research is to study the catalytic 

performance of 2%CuO/Ce0.8Zr0.2O2 once supported on a Diesel Particulate Filter. 

Therefore, a preceding step consisting of incorporating the active phase onto a DPF 

substrate is required. The impregnation procedure carried out must ensure a simple, 

controlled and reproducible incorporation of the as-prepared catalyst. Another 
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parameter to take into consideration is the amount of catalyst incorporated, since it 

should be optimum, thus yielding a satisfactory catalytic activity without blocking the 

porosity of the channel walls.  

The designed procedure to carry out the incorporation of the active phase onto 

the DPF is based on using an aqueous solution as impregnation agent. This 

impregnation procedure was accomplished over nine DPFs.  

The obtained results point out a satisfactory impregnation reproducibility, as the 

gained weight average value over those 9 DPFs is 0.4425 g (approximately 1.4% DPF 

weight), with a standard deviation of 7.2%. It must be noted that this amount of catalyst 

does not block the channel wall pores, as proved by forcing a gas flow of 500 ml/min to 

go through the loaded DPF and checking that this gas flow did not diminish at the DPF 

exit. It can be concluded that pressure drop will not be relevant during the catalytic 

tests. 

 

Supported catalyst characterization 

The Scanning Electron Microscopy technique allows us the study of the active 

phase’s morphology. In order to analyze the distribution of the active phase on the 

channel walls, SEM images of an active phase-coated DPF were compared with those 

obtained from a bare DPF. Previous to SEM characterization, both coated and uncoated 

DPFs were cut into different pieces for two reasons: the whole DPF exceeds the sample 

size that can be analyzed by the available equipment and to obtain images from the 

channel inner walls of the DPF.  

Figure 3 schematizes the different DPF pieces obtained in order to be analyzed 

by SEM. As seen in Figure 3b and c, two consecutive cross sections (1 cm thickness) 

were cut, corresponding to the DPF edge and the immediately adjacent cross section. 

The longitudinal section of the remaining DPF piece was analyzed as well, as 

schematized in Figure 3d. 

Figure 4 shows micrographs of the bare substrate (from the longitudinal section, 

see Figure 3d). The wall surface can be seen in detail in Figure 4a, and the wall cross 

section in Figure 4c. Both images exhibit a globular morphology, leading to a high 

porosity between SiC grains. The comparison between Figures 4a and 4c allows us to 
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observe a higher porosity in the wall cross section regarding the wall surface. As seen in 

Figure 4c the pores are well-connected among them, being observed the characteristic 

flow-pass structure inside the wall, which is required to achieve a high filtration 

efficiency of the diesel exhaust.  

Figure 5 shows micrographs obtained from the most external cross section (see 

Figure 3b) of a coated DPF. As observed, the active phase was incorporated to the DPF 

through the DPF open channel. A more abundant agglomeration of active phase is 

observed at the corners of the channel, as previously observed by other authors
41

. Figure 

5c shows in more detail an accumulation of active phase deposited on the channel walls. 

Figure 6 shows SEM images obtained from the inner cross section of a loaded 

DPF corresponding to the cut showed in Figure 3c. As observed in Figure 6b, all the 

channels are open, as it is the inner cross section. It was assumed that the impregnation 

process of the substrate was governed by action of both capillarity and gravity
37,39

. 

Moreover, as the designed impregnation process is based on the filters’ immersion in an 

aqueous solution, followed by a 180º rotation of the DPF position regarding its 

longitudinal axis and subsequent immersion, it is expectable the presence of active 

phase anchored onto all the DPF’s channels. In this sense, it is reasonable to find a 

lower active phase concentration near the DPF’s closed edges, as in these regions the 

catalyst solution will only arrive by gravity effect. To state that hypothesis, it was 

assumed that the aqueous suspension ascent through the channels by capillarity action is 

more disfavored than the suspension descent by gravity effect. 

The rotation step during the impregnation process was performed to ensure an 

equivalent catalyst loading over the open channels, independently on the DPF extreme, 

and the same in the case of the closed channels. Taking into account the former 

hypothesis, it is expected to obtain a higher concentration of active phase in those 

regions closer to the open channels’ edge. As seen in Figure 6b, there is active phase 

anchored in every channel. As expected, a higher concentration of active phase is 

observed in alternate channels, which correspond to the open channels. On these 

channels the catalyst-containing solution is arriving through two different mechanisms, 

capillarity and gravity. However, for the channels whose edges are closed, the active 

phase will only arrive by gravity action, since the path to be followed by the solution is 

much longer than that followed by capillarity action. In conclusion, the active phase 
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distribution, for the same channel, differs significantly between the open and the closed 

edge, being higher the active phase concentration onto the open edge than that on the 

closed one.  

Figures 7a and 8a show the same micrograph of the channel inner walls of two 

consecutive channels (observed from the longitudinal section, see Figure 3d). Figure 7 

is focused on the left channel (Figure 7a), which shows a higher concentration of active 

phase since this channel is near the open edge of the filter. Figure 8 is focused on the 

right channel (Figure 8a), which shows a lower concentration of active phase since this 

channel is near the closed edge of the filter. It was verified a higher catalyst loading at 

the open channels regarding the closed ones, as a consequence of the particular 

geometry and design of the substrate. As seen, the catalyst is well-spread along the 

channel walls, nevertheless it is not forming a continuous layer, since the incorporated 

catalyst mass is too low to cover all the DPF channels’ surface.  

SEM-chemical mapping shown in Figures 9 and 10 was performed over the 

channel with the highest loading of active phase and the consecutive channel with a 

lower content of active phase, respectively. It is useful to analyze the distribution of the 

different components of the coating after being anchored onto the substrate. Figure 9a 

exhibits a SEM micrograph of the channel on the right side (shown in Figure 7a). 

Additionally, the Ce distribution, which has been selected as representative element of 

the active phase, and the Si distribution, selected as representative element of the silicon 

carbide substrate, are also included in Figure 9c and 9d, respectively. The distribution of 

Si (red), Ce (green) and Zr (blue) were also included in Figure 9b. For comparative 

purposes, Figure 10 shows the same representative images for the channel on the left 

shown in Figure 7a.  

It is observable that there is active phase onto both channels, hence it can be 

concluded that the active phase was incorporated onto all the channels. However, if 

Figures 9 and 10 are compared, a poorer distribution of cerium and zirconium over the 

channel with a lower loading of active phase is observed.  

 

Mechanical stability 
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These coated substrates are proposed to be used in the vehicles’ exhaust pipes; 

consequently, it is essential to have a good mechanical stability. In order to analyze the 

mechanical stability of the catalytic coating, the weight loss was measured after 

stressing the samples 60 min in an ultrasonic bath (which allows simulating engine 

vibrations under operation). This coating adherence test was performed over three 

different coated DPFs. After drying the samples, a weight loss lower than 4% of the 

2%CuO/Ce0.8Zr0.2O2 amount was observed for all the cases.  

The satisfactory coating adherence can be related to the high external porosity 

and roughness of the substrate walls (with an average porosity value of 42.6%), which 

provides many sites for the catalytic coating anchoring
37

.  

 

Catalytic oxidation of NO to NO2 

Figure 11 shows the NO2 production profiles obtained in the catalytic tests 

performed without soot. In order to analyze the catalytic behavior of 2%CuO/Ceria-

zirconia/DPF catalyst in the NO oxidation reaction, the activity of this sample was 

compared with a bare DPF (non-catalyzed reaction) and 2%CuO/ceria-zirconia powder 

catalyst.  

As observed in Figure 11, in presence of catalyst, the NO oxidation to NO2 is 

improved with regard to the non-catalyzed reaction, decreasing the onset reaction 

temperature and shifting the maximum oxidation temperature towards lower values. 

Concerning the catalyzed/SiC-DPF reaction, a maximum value around 40% NO2 was 

found at 400 ºC, while this value was 6 % at 470 ºC for the bare DPF. The results show 

a very high activity of the active phase-loaded DPF towards the NO oxidation reaction, 

pointing out a satisfactory catalytic performance of the catalytic-coated filter, despite 

the non-continuous dispersion of the catalyst along the channel walls. 

The evaluation of the catalytic coating stability was performed by successive NO 

oxidation cycles. Therefore, the catalytic coating capacity for being reused and the 

possible deactivation of catalytic system were studied. As seen in Figure 11, there are 

small differences from the first to the fourth NO2 production cycle, with a slight 

increment in the NO2 production for the second cycle regarding the first one, trend not 

followed by the third and fourth cycles, which are very similar. The general pattern of 
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these NO oxidation profiles is composed of: i) a minor contribution of NO2 desorption 

at low temperatures (in the range of 100-200 ºC) due to oxidation/desorption of 

previous ad-NOx species on solid’s surface at low temperatures and ii) the NO2 

production profile controlled by the thermodynamic equilibrium of NO oxidation (gas 

phase) at high temperatures. 

 A minor detail which should be commented is the irregular profile appearing at 

300 °C in the first cycle (as a “kink”) and becoming much more attenuated for the 

subsequent cycles. A tentative explanation for that could be an accentuated and punctual 

production of NO2 by an abrupt decomposition of nitrites/nitrates
47

 and/or 

decarbonation of the ceria-based solid
48

 followed by fast production and decomposition 

of NO2-forming species. It is important to remember that the amount of catalyst is 

higher for the experiment with the coated DPF than that with the powder catalyst (400 

mg versus 80 mg) and that it is dealing with the fresh catalyst in the first cycle. This last 

idea could tentatively account for the slight increase in NO2 production from the first to 

the second cycle. Minimum drop from the second to the third area could be attributed to 

slight lowering in BET surface area because of the temperature cycles.  

As a brief summary, the TPR results indicate that there is no catalytic 

deactivation during the different cycles. Hence, this catalytic system can be reused in 

several cycles without a significant loss in activity at least up to 700 °C. 

On the other hand, the active phase must fulfill some requirements if this 

catalytic system, consisting of a coated DPF, is meant to be used as an after-treatment 

device in diesel engines. In this regard, the catalytic coating must show a high thermal 

and chemical stability. Some authors have evidenced that the temperature inside the 

DPF can increase up to 1000-1100 ºC during the DPF regeneration, as a consequence of 

the highly exothermal soot combustion process
49

; consequently, a high thermal shock 

resistance should be achieved by this catalytic system. Some authors suggest 

temperature gradients of 100 ºC/cm along both radial and longitudinal directions of the 

DPF
49

. Successive NO oxidation cycles allow us the evaluation of thermal and chemical 

stability and also thermal shock resistance; as the sample is being heated progressively, 

using a high heating rate (10 ºC/min), in the presence of a highly oxidant atmosphere. 

Based on the similitude among the four successive NO2 production cycles, it can be 

concluded that a high thermal and chemical stability characterizes this catalytic system.  
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Even though the NO2 production profile showed by the powder catalyst has been 

included in the same figure, a direct comparison among these profiles is not possible, 

due to the differences between gas space velocities (GHSV) when different catalyst 

configurations are employed, as the catalyst bed volume is not equal in both cases. 

However, the powder catalyst profile is included in Figure 11 to establish a comparison 

between the profiles’ shapes. The absence of significant differences between both 

profiles, independently on the catalyst configuration, points out a satisfactory catalytic 

activity towards NO oxidation reaction of the coated DPF, even when there are dramatic 

differences between both catalytic configurations.  

It is worthwhile to evaluate the NO oxidation capacity of the catalytic coating, 

since this reaction plays a key role in the beginning and continuity of soot combustion 

reaction, as previously reported by some authors
19,50

.  

 

Catalytic soot combustion 

The aims of this section are: firstly, to verify the catalytic performance of the 

supported catalyst onto the DPF towards the soot combustion reaction; secondly, to 

study the contact extent established between soot and catalyst after their incorporation 

onto the DPF. In order to achieve the latter aim, two contact modes between the soot 

and the powder catalyst were employed, loose and tight. Afterwards, the soot 

combustion profile obtained with the supported catalyst will be compared with those 

obtained from both contact modes (powder catalyst-soot).  

It should be noted that there are dramatic differences in the gas space velocities 

(GHSV) between both reactor catalyst configurations, since a real scale-up is not 

possible owing to the own limitations of the experimental set-up. Therefore, in an 

attempt to conduct a proper comparison between the soot combustion profiles, an 

identical soot/catalyst ratio must be established in all the experiments. Consequently, a 

preliminary study of the influence of the soot/catalyst ratio over the soot combustion 

rate was performed.  Hence, soot combustion experiments under TPR conditions were 

carried out with the powder catalyst, using mixtures with different soot/catalyst ratios. 

All the experiments were performed using the same amount of catalyst (80 mg) under 

loose contact conditions.  
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Figure 12 illustrates the soot combustion curves, being included the inset zoom 

at low/medium temperatures and low values of conversion. It is interesting to note that 

the soot/catalyst ratios of 1:6, 1:5 and 1:4 show very close T50 values among each other. 

However, the curve obtained with the 1:3 ratio is shifted to higher temperatures. 

Therefore, the soot/catalyst ratio selected to perform the experiment has an influence 

over the soot combustion curve. This influence is not observed for the whole range of 

soot/catalyst ratios; in fact, the results depicted in Figure 12 show that only for the 

highest soot/catalyst ratio the soot combustion curve shifts towards higher temperatures, 

thus showing a lower catalytic activity. These results are in accordance with those 

previously published in the literature by Peralta et al.
51

. They suggested that not all the 

soot particles are in complete contact with the catalyst particles, so at a certain point of 

soot conversion there is an important loss in the extent of the soot-catalyst contact, 

being more critical at high soot/catalyst ratios and therefore a lower reaction rate is 

observed.  

Taking into consideration the previous results, soot/catalyst ratios higher than 

1:4 should be avoided as they lead to lower catalytic activities. The chosen soot/catalyst 

ratio to carry out all the experiments is 1:5. 

Figure 13 shows the TPR experiments carried out with the catalyst in both 

configurations: powder and supported. The soot conversion profile obtained for the bare 

DPF is plotted in the same figure.  

The soot conversion curve shows a significant shift towards lower temperatures 

when the supported catalyst is used (regarding the non-catalyzed reaction with a bare 

DPF), as depicted in Figure 13. These results revealed a high activity shown by the 

loaded DPF if compared with the unloaded DPF. The in-depth analysis of the soot 

combustion profiles points out that at low temperatures a better soot-catalyst contact 

degree is established in the DPF comparing the powder mixture, as the onset 

temperature is lower when the supported catalyst is used (161 ºC) if compared with the 

powder catalyst (262 ºC), and the same trend is observed at high temperatures. A 

possible hypothesis to explain this behavior is that the catalyst supported onto the DPF 

is well-spread along the DPF channel walls, leading to a more favorable contact 

between catalyst and soot than that established when the powder catalyst is employed. 

Based on these results, it is proved that for carrying out the elimination of soot at low 
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temperature, the supported catalyst configuration is more favorable than the powder 

catalyst configuration.   

On the other hand, the study of the catalytic results gained when the powder 

catalyst is employed, revealed that the temperature at which the profiles appear is 

strongly influenced by the contact degree between catalyst and soot. It can be seen that 

when soot and catalyst are very gently mixed (with a spatula), the soot combustion 

profile is shifted to higher temperatures than when soot and catalyst are mixed 

intimately (in an agate mortar), with a T50 value of 406 ºC in tight contact mode and 532 

ºC when loose contact is employed; being the degree of contact between soot and 

catalyst critical in the context of this reaction.  

In order to shed some light on the contributions of NO2-assisted soot combustion 

and “active oxygen”-assisted soot combustion, Figure 14 depicts the NO2 slip 

percentage in terms of temperature for the configurations compiled in Figure 13. This 

parameter reflects (at least if the NO ↔ NO2 recycling efficiency is not very high) how 

NO2 is specifically used for the soot combustion reaction. As can be observed, the soot-

catalyst degree of contact strongly influences the NO2 slip profiles. Due to the synergy 

between the above-mentioned mechanisms, and as a consequence of the combustion 

progress (soot surface is becoming more and more populated of oxygen surface groups), 

NO2 is used more efficiently for the soot combustion under the tight contact mode 

(complete NO2 removal at 400 °C, when combustion rate is high, and only NO2 

emerges when soot has been practically consumed). Conversely, the other two 

configurations exhibit “parallel” NO2 slip profiles and whatever the reaction 

temperature, NO2 always slips, thus revealing that under these both situations (coated 

DPF and loose-contact) NO2 production is not the rate-limiting step. These results are in 

agreement with those previously published by the authors
19,50,52

 concerning the 

prevalence and synergies of both mechanisms in the soot combustion context. 

It should be remarked that the soot combustion profile obtained with the powder 

catalyst under loose contact conditions is quite similar to that obtained with the loaded 

filter; being verified the good choice of conducting catalytic experiments under loose 

contact conditions when the powder catalyst is used, in order to simulate the 

performance of this type of catalysts in a diesel particulate filter. On the contrary, the 

soot conversion profile obtained under tight contact conditions is very far from those 
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mentioned above, and, consequently, does not simulate the real physical contact 

achieved in a diesel particulate filter. These results are in accordance with those 

previously published by Neyertz et al.
39

.  

 

4. Conclusion 

This research was dedicated to the incorporation of the active phase onto a diesel 

particulate filter following a simple and green procedure, and the study of the catalytic 

activity of 2%CuO/ceria-zirconia catalyst supported onto a DPF. The general 

conclusions that were drawn are the following: 

 The catalyst incorporation onto the diesel particulate filters was successfully 

achieved by using a simple and green procedure. Furthermore, the amount of 

catalyst incorporated is controllable and reproducible.  

 

 An important feature of the synthesized catalyst is its high coating adherence, a 

needed requirement that must be fulfilled if these coated substrates are going to be 

integrated in exhaust pipes. 

 

 The morphology adopted by the supported catalyst onto the DPF is a non-

continuous deposit over the channel inner walls. Therefore, this non-homogeneous 

distribution avoids the channels porosity blocking. In addition, the catalytic coating 

showed a satisfactory activity towards NO oxidation reaction and soot combustion 

reaction. 

 

 The catalytic coating exhibited an excellent thermal and chemical stability towards 

NO oxidation reaction. Consequently, the same coated DPF can be reused in 

several oxidation cycles without a significant loss in its catalytic activity. 

 

 It was checked a satisfactory catalytic activity of the supported catalysts towards 

soot combustion. It was verified that loose-contact mode is a good choice to 

simulate the catalytic performance of this active phase in a Diesel Particulate Filter, 

as well.  
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List of Tables 

Table 1 

Main parameters obtained from the textural and structural characterization. 

Catalyst 
SBET 

(m
2
/g) 

Lattice 

parameter 

(nm) 

Average 

crystal 

size (nm) 

Phases detected 

by XRD 

F2g band 

position       

(cm
-1

) 

FWHM*      

(cm
-1

) 

Ce0.8Zr0.2O2 67 0.5362 5.5 Fluorite 473.5 60 

2%CuO/ 

Ce0.8Zr0.2O2 49 0.5357 6.4 Fluorite 473.5 62 

* Full width at half maximum for the F2g Raman peak. 
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List of Figures 

Fig. 1. XRD patterns for the catalysts (fluorite phase reflections are shown in 

parentheses). 

Fig. 2. Raman spectra of the catalysts (inset: zoom for 2%CuO/Ce0.8Zr0.2O2 sample 

spectrum). 

Fig. 3. Pictures (a) Whole filter, previous to its fragmentation. (b) External cross section 

of the filter. (c) Inner cross section of the filter. (d) Longitudinal cross section of the 

remaining filter. 

Fig. 4. Micrographs of the structured substrate: (a) 250x, (b) 45x and (c) 250x. 

Fig. 5. Micrographs of the external cross section of a loaded DPF: (a) 70x , (b) 250x 

and (c) 2000x. 

Fig. 6. Micrographs of the inner cross section of a loaded DPF: (a) 35x, (b) 90x and (c) 

90x. 

Fig. 7. Morphology of the coated catalyst. View of the channel surface: (a) 45x, (b) 

100x and (c) 1000x. 

Fig. 8. Morphology of the coated catalyst. View of the channel surface: (a) 45x, (b) 

100x and (c) 1000x. 

Fig. 9. SEM-chemical mapping analysis of the left channel showed in Figure 7a and 8a: 

(a) SEM picture, (b) Si (red)-Ce (green)-Zr (blue) analysis, (c) Ce analysis (green) and 

(d) Si analysis (red). 

Fig. 10. SEM-chemical mapping analysis of the right channel showed in Figure 7a and 

8a: (a) SEM picture, (b) Si (red)-Ce (green)-Zr (blue) analysis, (c) Ce analysis (green) 

and (d) Si analysis (red). 

Fig. 11. NO2 production profiles under TPR conditions. Solid lines: successive cycles 

with the same loaded DPF (1
st
 – 4

th
). 

Fig. 12. Soot combustion curves versus temperature for different soot/catalyst ratios 

(inset: the detail at low and medium temperatures). 
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Fig. 13. Soot combustion curves versus temperature under TPR conditions for different 

catalytic configurations (soot/catalyst ratio 1:5). 

Fig. 14. NO2 slip profiles in TPR soot combustion experiments. 
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Figure 2. 
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Figure 3. 
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Figure 11. 
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Figure 12. 
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Figure 13. 
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Figure 14. 
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