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Abstract

The effect of the 3DOM structure and the Ni-doping of CeO, on the physicochemical
properties and catalytic activity for the soot combustion was studied. Moreover, the way in
which Ni is introduced to the ceria support was also investigated. For that, CeO, supports
were synthesised with uncontrolled (Ref) and 3DOM structured morphology and their
respective Ni/CeO, catalysts were prepared by impregnation of the previously
synthesised supports or by successive impregnation of both precursors (Ni and Ce) on the
3DOM template. Conclusions reached in this study are: (1) the 3DOM structure increases
the surface area of the catalysts and improves the catalyst-soot contact. (2) The doping of
CeO, with Ni improves the catalytic activity because the NiO participates in the catalytic
oxidation of NO to NO,, and also favours the production of active oxygen and the catalyst
oxygen storage capacity. (3) Ni incorporation method affects its physicochemical and
catalytic properties. By introducing the Ni by successive infiltration in the solid template,
the CeO, crystals size is reduced, Ni dispersion is improved, and the catalyst reducibility
is increased. All these characteristics make the catalyst synthesized by successive
infiltration to have a catalytic activity for the soot combustion higher than the Ni-

impregnated CeO, catalyst.
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1. INTRODUCTION

CeO, i1s widely used as oxidation catalyst owing to its ability to provide highly
reactive active oxygen as a consequence of its ability to undergo rapid redox cycles.!
Consequently, ceria-based catalysts are presented as one essential component of high-
performance three-way catalyst (TWC) for the removal of diesel engines exhaust

pollutants such as NO,, hydrocarbons, and particulate matter.?

Despite the high activity of ceria as oxidation catalyst, a loss of the ceria oxygen
storage capacity is observed at high temperature, with the consequent loss of activity, due
to the sintering of ceria particles and grain growth.?> Therefore, the development of
advanced catalysts with improved thermal resistance to the sintering and higher oxygen
storage capacity is required and widely researched worldwide. The oxygen storage
capacity, the surface reducibility and the thermal stability can be improved by doping

ceria with proper foreign cations.*>

Different heteroatoms have been used to dope ceria in order to modify its chemical
properties and enhance the catalytic activity and thermal stability, such as Zr and rare-
earth metals (La and Pr),°'? transition metals (Cu, Co, Mn, Cr and Fe),%!3-16 alkali and
alkali-earth metals (K, Cs, Na, Ca, Ba and Mg)!”-!8 and noble metals (Ag, Au, Pd, Ru and
Rh)!29 obtaining materials with better oxidative performance. Liu Shuang et al.* have
analysed the catalytic behaviour in the soot combustion of different doped ceria systems
described in the recent literature and they concluded that the soot oxidation activity of

catalysts generally follows the order: alkali metals- > transition metals- > noble metals-
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> Zr and rare-earth metals-doped CeO, in both O, and NO+O, catalytic conditions.
However, alkali metals-modified ceria catalysts are, usually, thermally unstable due to
the volatile nature of the alkali metal species !7 and noble metals-modified ceria catalysts
are cost-prohibitive. Thus, it seems that the transition metals and rare earth metals,
especially Ce,Zr; 1O, are the best option in terms of activity, thermal stability and cost-

efficiency.?!-??
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Nonetheless, in the design of soot combustion catalysts, the contact area between
the catalyst and soot particles determines the catalytic efficiency. Common ceria-based
catalysts present a low surface area and narrow pore size distribution?? and therefore, a
restricted number of active sites due to the limited soot—catalyst points of contact. Thus,
together with the improvement of the generation of active oxygen, the solid-solid contact
must be also taken into account in the design of soot combustion catalyst to ensure the
transfer of that active oxygen. In that sense, three-dimensionally ordered macroporous
(3DOM) materials have acquired great interest in the scientific community.!3?* These
3DOM materials present a homogeneous and wide pore size distribution which consists
of an interconnected structure of pores above 50 nm which favours the diffusion of the
soot particles in the inner pores and facilitates the contact between soot and catalyst
particles.?>26, J. Xiong et al. have demonstrated that the 3DOM structure increases the
amount of supported active sites and enhances the contact efficiency between reactants
(soot, O,, and NO) and catalysts.?!?? In a similar way, J.Wang et al. attributed the high
activity of CuO—CeQO, catalysts to the enlarged contact area between the catalyst and soot
particles and the improved mass transfer caused by the well-defined 3DOM structure and
the enhanced redox capability at low temperatures mainly associated with the highly
dispersed copper species.?’” Thus, 3DOM catalysts greatly improve the catalytic efficiency

for soot combustion.21:22:28.29

With that background, in the present work NiO-CeO, catalysts with 3DOM
structure have been prepared in order to improve the active oxygen generation by
modification with Ni and the transfer of this active oxygen from the catalyst to the soot
particles by the 3DOM structure. Different NiO incorporation method to the 3DOM
structure have been studied in order to analyse the influence of the NiO-ceria contact to

the generation and transfer of such active oxygen.
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2. MATERIALS AND METHODS
2.1. Catalysts preparation

CeO; supports were prepared with uncontrolled (Ref) and three dimensionally
ordered macroporous (3DOM) structures. CeO,-Ref was prepared by calcination of a
dried ethanolic solution of cerium citrate obtained by dissolving Ce(NOs3);-6H,0 (Sigma-
Aldrich) in ethanol and adding citric acid in stoichiometric proportion (Ce/citric acid
molar ratio 1:1). The synthesis of Ce0,-3DOM was described elsewhere.?* Briefly,
polymethylmethacrylate (PMMA) colloidal crystals were synthesized by polymerization
of methylmethacrylate, methacrylic acid and divinylbenzene in boiling aqueous solution.
Then, an ethanolic solution of cerium citrate was infiltrated in the PMMA crystal
template. Finally, the Ref and 3DOM ceria supports were calcined at 600 °C for 6 hours

with a heating rate of 1 °C/min.

Ni catalysts have been prepared by incipient wetness impregnation of the CeO,
supports. The appropriate amount of Ni(NOs),-6H,0 (Sigma-Aldrich) was dissolved in
ethanol and was added to the CeO,-Ref and CeO,-3DOM supports. Finally, the catalysts
were dried at 80 °C overnight and treated at 600 °C in a muftle in static air. These catalysts

are referred to as Ni/CeO,-Ref and Ni/CeO,-3DOM.

A catalyst referred to as (Ni-Ce)-3DOM was prepared by successive
impregnation of nickel and cerium precursors into the PMMA template. The appropriate
amount of nickel nitrate was dissolved in ethanol and the stoichiometric amount of citric
acid to obtain nickel citrate was added (Ni/citric acid molar ratio 1:4). This ethanolic
solution was infiltrated in the PMMA crystal template and dried at 80 °C overnight.
Subsequently, an ethanolic solution of cerium nitrate and citric acid in stoichiometric
proportion was infiltrated in the Ni/PMMA sample, dried at 80 °C overnight and finally

calcinated at 600 °C for 6 hours with a heating rate of 1 °C/min.

6
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The target Ni loading in all catalysts was 8.5 Wt. %.
2.2. Catalysts characterization

The morphology of the samples was analysed by Field Emission Scanning
Electron Microscopy (FESEM) using a Merlin VP Compact microscope from Zeiss,

working at very low voltages (from 0.02 kV to 30 kV) to minimize charging effects.

The textural characterization of catalysts was carried out by N, adsorption at -196
°C (Autosorb-6, Quantachrome) and mercury porosimetry (Poremaster 60 GT,
Quantachrome). To obtain the N, adsorption-desorption isotherms and mercury intrusion
profiles, the catalysts were previously outgassed under vacuum at 150 °C for 2 h and 50

°C for 12 hours, respectively.

The surface chemistry was characterized by X-ray photoelectron spectroscopy
(XPS) in a K-ALPHA Thermo Scientific device, using Al-Ka radiation (1486.6 eV). The
X-ray spot was focussed on the catalysts with a diameter of 400 um, at 3 mA x 12 kV.

The binding energy scale was adjusted by setting the C; transition at 284.6 eV.

Temperature programmed reduction experiments were carried out with H, (H,-
TPR) in a thermobalance (Mettler Toledo, TGA/SDTAS851) coupled to a mass
spectrometer (Pfeiffer Vacuum; Thermostar GSD301T). The catalysts (20 mg) were

heated in 5% H,/Ar (40 ml/min) at 10 °C/min from room temperature until 900 °C.

The composition of the catalysts was determined by X-ray microfluorescence in
an Obis Micro-XRF Analyzer from EDAX. Areas of 300 pm in diameter were analysed
and three different spots were measured and averaged to obtain the composition of each

catalyst.

The crystal structure was studied by X-ray diffraction in a Rigaku Miniflex II

diffractometer. The diffractograms were recorded in a range of 20 from 10° to 90°, with a
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step of 0.025°. The wavelength used was A = 0.155418 nm corresponding to the CuK,,

radiation. The average crystal size (D) was determined using the Scherrer equation.3!-3?
2.3. Catalytic tests.

Catalytic experiments at programmed temperature (25—700 °C at 10 °C/min) were
carried out in a fixed-bed tubular quartz reactor using a mixture of 20 mg of carbon black
(Printex U), 80mg of catalyst and 300 mg SiC, prepared with a spatula in the so-called
loose-contact mode in order to obtain results with practical meaning. The gas mixture
used (500 ml/min; GHSV=30,000 h™!) was composed of 500 ppm NO and 5% O, in N,
balance. The composition of the exhaust gases was controlled by Specific NDIR-UV gas
analyzers for CO, CO,, NO, NO,; and O, (Fisher—Rosemount, models BINOS 100, 1001

and 1004).
3. RESULTS AND DISCUSSION
3.1. Morphological and textural characterization

Scanning electron microscopy (FESEM) images of the catalysts are shown in
Figure 1. A three dimensionally ordered macroporous structure is clearly identified for
3DOM samples (Figure 1 b-d) whereas a smooth and closed surface is observed for the
Ref material (Figure 1a). In the 3DOM samples, voids are also observed in the cerium
walls (which are circled in Figure 1d as an example) generated by the incomplete filling
of the interstitial spaces between the PMMA spheres. Thus, a bimodal pore size
distribution is obtained with sizes ranging between 60-80 nm and 160-180 nm for the
interstitial spaces and macropores generated by the PMMA combustion, respectively

(Figure S1).
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Figure 1. FESEM images of a) Ni/CeO,-Ref, b) Ni/Ce0,-3DOM and ¢) and d) (Ni-Ce)-

3DOM.

The incorporation of nickel to the PMMA template before cerium ((Ni-Ce)-
3DOM catalyst; Figure 1d) improves the definition of the macrostructure with regard to
Ni/Ce0,-3DOM. This fact can be explained taking into account the preparation method
and the stability of the metal salts. To ensure the establishment of a 3DOM skeleton, the
infiltrated and solidified precursor salt must have a higher melting point and a higher
decomposition temperature than the PMMA template.>3> The melting point of cerium
nitrate hexahydrate and nickel nitrate is 96 °C 33 and 57 °C,3 respectively, which is lower
than the glass transition temperature of PMMA template (around 115.9 °C),?’ If an ethanol
solution of cerium or nickel nitrate is used as direct precursor, the precursor nitrate would
be separated from PMMA template due to its easy melting or be decomposed prior to the
PMMA combustion and thus, to prejudice the formation of 3DOM structure. To preserve

the 3DOM skeleton, cerium and nickel citrates are used as precursors. However, the
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stability of these metal citrates is very different. The decomposition of cerium and nickel
citrates occurs in the range of 263-300 °C3¢ and 335-350 °C%7, respectively, whereas the
combustion of PMMA template take place from 240 to 350 °C.3¢ Thus, the decomposition
temperature of the cerium citrate overlaps, in part, the PMMA combustion and
consequently, a slight collapse of the structure can be produced during the PMMA
combustion in CeO,-3DOM sample (Figure 1b). However, the decomposition of the
nickel citrate occurs at higher temperatures in which most of the PMMA template has
been removed. In this way, in (Ni-Ce)-3DOM sample the formation of a first layer of
nickel citrate previous to the infiltration of a layer of cerium citrate make more stable the
3DOM structure and avoids the partial collapse observed for pure CeO,-3DOM sample

(Figure 1c-d).

These morphological differences are traduced to different textural properties. N,
adsorption-desorption isotherms and pore size distributions determined by Hg-intrusion
porosimetry are depicted in Figure 2 and 3, respectively. All samples show Type II -IV
isotherms characteristics of non-porous or macroporous materials, however significant
differences are observed between 3DOM and Ref catalysts. 3DOM samples are more
porous materials than Ref one as denotes the higher N, uptake. Moreover, 3DOM samples
present a well-defined hysteresis loop at high relative pressures characterized by a rapid
increase of the slope at relative pressures close to 1, which suggests the presence of
macropores. This loop is higher for (Ni-Ce)-3DOM sample due to the better-defined
3DOM structure observed by FESEM. A smaller hysteresis loop is observed at lower
relative pressures in Ref samples denoting the presence of lower amount and narrower

pores.

10
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Figure 2. N, adsorption-desorption isotherms at -196°C.

Comparing the textural properties of the supports and the Ni-containing catalysts,
it is observed that the impregnation of Nickel to the CeO,-Ref support produces a
blockage of the microporosity and narrower mesoporosity, whereas no significant
differences in porosity is observed between Ni/CeO,-3DOM and CeO,-3DOM samples
(Table 1). This fact denotes that the surface area of the 3DOM support is high enough to
disperse the nickel oxide particles without blocking the entrance to the pores measured

by N, adsorption.

These observations were also corroborated by mercury intrusion porosimetry
(Figure 3). A bimodal pore size distribution is obtained for all 3DOM catalysts in which
two maxima are observed centred at pore radii of 40 and 90 nm, related to the interstitial
spaces and to the porosity obtained by calcination of PMMA spheres, respectively, which
perfectly match the pore size distribution observed by FESEM (Figure S1). Moreover,
according to N, adsorption-desorption isotherms, the (Ni-Ce)-3DOM catalyst is the one

with the most developed meso and macroporosity (V.50 and Vsg.go0, Table 1).

11
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Figure 3. Pore size distributions determined by mercury intrusion porosimetry.

Table 1. Results of the catalysts characterization by N, adsorption, Hg porosimetry and

XRD.
Muestra S B.E.T. V2_50 nm V50_800 nm Cristallite Cell
(m%*g)  (cm?/g) (cm’/g) size parameter

(nm) (nm)
Ce0,-3DOM 32 0.13 0.34 14 0.5423
Ni/Ce0,-3DOM 31 0.12 0.31 15 0.5415
(Ni-Ce)-3DOM 35 0.15 0.38 8 0.5415

CeO,-Ref 13 0.04 0.09 n.a. n.a.
Ni/CeO,-Ref 8 0.02 0.05 22 0.5423

3.2. Characterization of the crystallinity (XRD)

X-ray diffraction (XRD) was used to study the crystalline structure of the catalysts
and diffractograms of all catalysts are shown in Figure 4. A cubic fluorite type crystal
structure of CeO, phase (JCPDS 00-034-0394) is obtained for all catalysts. Note also that
no insertion of nickel cations in the CeO, lattice is observed since the lattice parameters
(Table 1) are very similar to each other and consistent with the value reported in the

JCPDS database (0.5411 nm). Characteristic peaks of NiO (JCPDS 01-075-0269) are also

12
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observed in the catalysts, and the intensity of those peaks depends on the Ni incorporation
method employed. These peaks become wider and less intense in the case of (Ni-Ce)-
3DOM denoting, as expected, a better dispersion of Ni nanoparticles along the ceria
matrix when the nickel is added during the synthesis. Moreover, it is important to
highlight the effect on the ceria crystallinity of the addition of nickel during the synthesis,
(Ni-Ce)-3DOM, versus the introduction by impregnation after the support preparation,
Ni/Ce0,-3DOM and Ni/CeO,-Ref. The crystal size of ceria particles (Table 1) does not
change if nickel is introduced by impregnation but decreases when the nickel is added
during the synthesis. This suggests a sintering prevention of ceria particles during the
subsequent calcination step which can be a consequence of the NiO-CeO, interaction,
indicating a better and intimate contact in samples prepared by incorporation of Ni prior

to the formation of the CeO, structure.

A (Ni-Ce)-3DOM
A A A A
L ] & y. N ~ A @ A A A i
= .

: Ni/Ce0,-3DOM
i L u_/\ ~ —A_.ﬁ-:} o
0
=
E L | Ni/CeQ,-Ref

o an._.ﬂ J\.
20 40 60 80

26 (°)

Figure 4. X-Ray diffractograms of the catalysts. Labeled peaks belong to CeO, (A) and
NiO (®) phases.

13
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3.3. Characterization of the reducibility (H,-TPR) and chemical surface.

The reducibility of the catalysts was studied by H,-TPR experiments and results
are depicted in Figure 5. Two peaks are observed at 560 °C and 780 °C in the H,-TPR
profile of CeO,-3DOM support that can be attributed to the reduction of Ce*" cations in
the ceria surface and into the bulk, respectively. The reduction of bulk Ce*" is also
observed for CeO,-Ref sample but surface reduction is not detected in this case which
denoted an improved surface reducibility of the 3DOM structured catalysts. This
improved reducibility of 3DOM structured samples is also pointed out in Ni/CeO,
catalysts. Two TPR peaks can be usually observed in NiO/CeO, catalysts: a first weak
TPR peak found around 250°C might be ascribed to the reduction of very small NiO
particles weakly interacting with ceria whereas a second sharp TPR peak observed at
around 350 °C is owing to the reduction of NiO particles and surface ceria.’® Ni/CeO,-
Ref shows, in addition to the bulk Ce** reduction, a symmetrical reduction peak at 350
°C corresponding to the reduction of Ni species. This peak is also observed in the
Ni/Ce0O,-3DOM catalyst, however a shoulder appears at 390 °C toghether with a decrease
of the surface ceria reduccion peak (560 °C). Thus, this shoulder can be attributed to the
Ni-catalized reduction of ceria surface which is favoured by the improved reducibility
observed in 3DOM sample regarding Ref one. This Ni-catalized reduction of the ceria
surface is also improved by the addition of the Ni precursor during the ceria synthesis,
(Ni-Ce)-3DOM. The better dispersion of Ni-species and the improved Ce-Ni contact
increases the Ni-catalized reduction of ceria and decreases the Ni** reduction peak, and
consequently a broader reduction peak is obtained. Note also that the peak at 250 °C
ascribed to small NiO particles weakly interacting with ceria, only appears for Ni/CeO,-

Ref which denotes the lowest Ni-Ce interaction.

14
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Ni** reduction Ni-catalyzed Ce* reduction
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Figure 5. H,-TPR characterization of the catalysts.

Quantitative calculations were performed using the area under the reduction peaks
and a reference CuO sample and assuming the presence of Ni?* in all cases. The
consumption of H, obtained for Ni/CeO, ref is exactly the amount required for the 100 %
reduction of Ni** to Ni®. However, the consumption of H, is slightly higher (113 %) than
the amount required to reduce all nickel on the Ni/CeO, 3DOM catalyst, which evidences
that Ce*" cations are also reduced in this wide double peak. This H, consumption is 143
% for the sample (Ni-Ce)-3DOM corroborating the improved Ni-catalyzed reduction of

surface ceria by the intimate Ni-Ce contact in this case.

These differences in the reducibility of ceria and Ni-Ce contact were also
corroborated by the analysis of the surface chemistry of the catalysts by XPS. Ce3d, Ols
and Ni2p XPS spectral regions are shown in Figure 6. 5 doublets are required to
deconvolve the Ce3d region (Figure 6a). The peaks pairs at 882.0-900.3 eV, 888.2-907.0
eV, 898.0-916.3 are attributed to Ce*" whereas the peaks at 880.3-898.6 ¢V and 884.0-

902.3 eV are assigned to Ce**. The proportion of Ce>" detected by XPS must be related

15

ACS Paragon Plus Environment



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

Environmental Science & Technology

with the reducibility of the surface. As it was pointed out by H,-TPR, the reducibility of
the surface is improved by the 3DOM structure and by the addition of Ni, mainly if this
Ni is incorporated during the synthesis due to the higher dispersion and Ce-Ni contact in
this case. Consequently, it is expected that the amount of Ce** detected by XPS follows
the same trend observed by H,-TPR (Figure 5). Clearly, as it is observed from Figure 6a
and Table 2, the Ce3" contents slightly increases in CeO,-3DOM (22.2 %) regarding
CeO;-Ref (19.9 %) due to the improved surface reducibility. This content is increased by
the addition of Ni, mainly in Ni/CeO,-3DOM and (Ni-Ce)-3DOM due to the Ni-catalyzed

reduction of the CeO, surface observed.

This effect must be also observed in the Ols region. Two peaks are required to
deconvolute the Ols region of all catalysts (Figure 6b); one centered at 529.0 eV,
attributable to the surface lattice oxygen (Oy,) and another one centered at 531.0 eV,
assigned to adsorbed oxygen species (O,gs, €.g2. O, 0% or Oy). The O,y species are
usually present at the oxygen vacancies and thus, a large amount of O,qs species implies
a higher oxygen vacancy population. Consequently, the surface O,45/O1, ratio can be also
indicative of the surface reducibility. O,q/Ols ratios of the prepared catalysts are
collected in Table 2. The trend observed is CeO,-Ref < Ni/CeO,-Ref < Ce0,-3DOM<
Ni/Ce0,-3DOM < (Ni-Ce)-3DOM which perfectly match the trend in the improvement

of reducibility observed by H,-TPR.

Ni2p;), core level spectra as well as the relative contribution of each peak are
depicted in Figure 6c. The Ni2p;,, spectral region shows a main band in the range 851—
859 eV together with a satellite structure at higher BE (859-866 e¢V). The assignment of
Niy, peaks is still a matter of debate, but it has been proposed that the nature of the nickel
species can be inferred from the peaks of greater intensity.?>#® According to literature,

the main peaks centred at 852.3, 853.4 and 856.7 eV can be assigned to metallic Ni, NiO,

16
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and Ni,O;, respectively.’>#1=43 The peak at 856.0 eV can be also attributed to surface
Ni** species associated to the presence of Ni?* vacancies in NiO crystal lattices*! which
is close to the binding energy of Ni,O; and Ni(OH),* The peaks centred at 861.2 eV
corresponds to satellites attributed to Ni in the form of oxide and hydroxide phases.*> In
our case, three peaks are required to deconvolve the Ni2p;/, region at around 853.2, 855.0
and 857.2 eV, which can be assigned to surface Ni*" species in NiO structure (surface
NiO species), Ni?* species in intimate contact with ceria surface (NiO-Ce species)* and
Ni** or Ni(OH), species, respectively. Consequently, the different Ni-Ce interaction can
be analysed considering the relative proportion of each peak (Figure 6¢). It can be
observed that the proportion of each active site depends on the Ni incorporation method.
Catalysts prepared by impregnation (Ni/CeO, 3DOM and Ni/CeO,-Ref) present the
highest proportion of surface NiO species and, therefore, the least amount of NiO in
intimate contact. This percentage of surface NiO species decreases if Ni is incorporated
prior to the 3DOM formation at the expense of an increase of the Ni** species in intimate

contact (NiO-Ce) denoting the greatest contact between ceria and Ni phases.
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Figure 6. XPS results: a) Ce3d, b) Ols and c¢) Ni2ps; of catalysts
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Tabla 2. Surface composition of catalysts determined by XPS and total Ni content

determined by ICP-OES (data in wt. %)

ICP-OES XPS
Catalyst Ni C (0] Ni Ce Ce*" 044/ Onart
CeO,-Ref - 14.0 18.9 0.0 67.1 19.9 0.23
CeO, 3DOM - 9.6 20.7 0.0 69.8 22.2 0.62
Ni/CeO,-Ref 8.8 8.0 22.7 17.4 52.7 20.5 0.32
Ni/CeO,-3DOM 10.4 10.6 20.8 8.8 59.9 23.2 0.81
(Ni-Ce)-3DOM 83 13.6 223 7.9 56.2 37.4 1.50

The Ni dispersion and, indirectly, the Ni-Ce contact is also reflected by the amount
of Ni on the catalysts surface (Table 2). It can be observed that the dispersion obtained
also depends on the Ni-incorporation method. The real percentage of Ni incorporated in
the catalysts (Niycp) is very similar for all catalysts, and very closed to the theoretical
value (around 8.5 %), which allows easy comparison of the catalytic results. However,
Nixps contents are closed to real values (Nijcp) in (Ni-Ce)-3DOM and Ni/CeO,-3DOM
catalysts, which manifests a high dispersion of Ni particles along the ceria matrix, as it
was also confirmed by XRD due to a high distribution of Ni precursor during the synthesis
or the Ni dispersion inside the porosity (macroporosity) of the CeO,-3DOM support.
Nonetheless, Nixps content is higher than the real value (Nijcp) for impregnated Ref
sample (Ni/CeO,-Ref), denoting accumulation of Ni on the external surface of ceria. As
consequence of this better dispersion and Ni-Ce contact, the reducibility of these samples

is improved regarding Ni/CeO,-Ref samples, as it was pointed out above.

3.4. Catalytic oxidation of soot in presence of O, and NO,

In presence of NOy and O,, the catalytic combustion of soot can occur by two
different mechanisms: the active oxygen or the NO,-assisted mechanisms. In the former,
the most effective one, a good solid-solid contact is required for an efficient active oxygen
transfer from the catalyst surface to the soot, whereas in the latter, an improved catalytic
oxidation of NO to NO, is mandatory. In any case, the generation of active oxygen is a
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key factor to improve the catalytic soot combustion activity. Consequently, the improved
reducibility observed by XPS and H,-TPR and the 3DOM structure are expected to

influence the catalytic combustion of soot.

As commented, the Ni incorporation method and the 3DOM structure affect to the
Ni dispersion and Ni-Ce contact which clearly influences the reducibility and the active
oxygen generation (O,qs/O1.y, Table 2). Thus, differences in the catalytic oxidation of NO
to NO, must be observed between all the prepared catalysts. NO, profiles in catalytic NO-
oxidation experiments in absence of soot are depicted in Figure 7. NO, profiles increase
with temperature until a maximum where thermodynamic equilibrium is achieved, and
above that temperature the NO, profiles decrease following thermodynamics. The NO,
production is related with the reducibility and the active oxygen generation (O,4s/O)at)
observed by XPS. CeO,-Ref is the catalysts with the lowest ability to oxidize NO to NO,
due to their limited generation of active oxygen. This active oxygen generation is
improved by the 3DOM structure and by the incorporation of Ni and consequently, an
increase of the NO, generation is observed for Ni-based and 3DOM structured catalysts.
It is also important to highlight, that the incorporation of Ni during the synthesis improved
in a high extent the active oxygen generation due to the improved Ni-Ce contact and thus,

(Ni-Ce)-3DOM is the sample which presents the highest ability to oxidize NO to NO,.
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Figure 7. NO, profiles in catalytic experiments performed without soot
This improved generation of active oxygen and NO, production by the introduction
of Ni and the 3DOM structure affects the soot combustion activity. This is confirmed in
the catalytic soot combustion experiments performed with O,+NO. CO, evolution
profiles and the CO, selectivity values are shown in Figure 8 and Table 3, respectively.
All catalysts decrease the soot combustion temperature and increase the CO, selectivity
regarding the uncatalyzed reaction, however both activity and selectivity depends on both

the catalyst composition and morphology.

As it was previously pointed out, two mechanisms are acting in presence of NO
and O,, and thus two factors must be considered 1) the generation of active oxygen and
NO, generation and ii) the transfer of this active oxygen from the catalysts to the soot. In
3DOM samples both factors are improved and thus, these samples are more active and
selective than Ref ones. In addition, the incorporation of Ni improves the generation of
active oxygen and therefore, Ni-containing catalyst are more active and selective than

pure supports. However, despite Ni/CeO,-Ref generates more NO, than CeO,-3DOM, is
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less active, indicating that the active-oxygen mechanism is the main pathway and the
produced NO,, which is much more oxidising than O, and NO, interacts with the catalyst
to create more active oxygen,*® this is, NO; is a strong oxidising agent and it is postulated
that NO, is able to transfer its oxygen to the catalyst surface.*’ This was also pointed out
analysing the NO, profiles in presence of soot. NO, profiles for impregnated Ref and
3DOM samples (Ni/CeO,-Ref and Ni/CeO,-3DOM) with and without soot are compared
in Figure S2. In both catalysts, the generated NO, directly or indirectly reacts with soot,
however, the amount of NO, reacted using Ni/CeO,-3DOM is higher than using Ni/CeO,-
Ref. This manifest that the NO, reaction with soot is more efficient in 3DOM structured
samples and thus, the most significant pathway is the NO, interaction with the catalyst to
create more active oxygen to be transferred to the soot. Therefore, the 3DOM structure is
very important to really improve the catalytic activity. It is also important to identify the
NOy reduction by soot and thus, the NOy profiles have been included in Figure S2b.

There are not evidences of NOy removal/chemisorption from the gas stream on the

catalysts during the catalytic experiments performed without soot in the 200-700 °C range.

However, in presence of soot, NOj profiles obtained show a minimum which matches the
soot combustion temperature range of each sample and thus must be attributed to NOy
reduction by soot, which occurs together with soot gasification. Similar NOx reduction is
detected for all catalysts (around 8 %) and consequently, a similar interaction of NO, with

soot could be deduced.
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Figure 8. Soot combustion experiments in presence of 500 ppm NO and 5% O, in N,.

Table 3. Selectivity to CO, (Sco,) and Temperature required to achieve the 50% (T50)
and 100% (T100) of conversion in soot combustion experiments

Sample Sco, (%) T50 T100

No Catalysts 33.2 608.0 661.5
CeO,-Ref 68.9 595.3 650.5
CeO,-3DOM 84.2 551.6 634.0
Ni/CeO,-Ref 86.7 587.8 645.8
Ni/CeO»-3DOM 96.6 545.3 624.9
(Ni-Ce)-3DOM 98.2 530.2 632.2

Finally, remark that the combination of an optimal Ni-Ce contact (by the addition
of Ni precursors during the synthesis) with a 3DOM structure is an excellent strategia to

produce catalysts with improved performance for the catalytic combustion of soot.

4. CONCLUSIONS

The effect of Ni-doping of CeO, and the 3DOM structure on the physicochemical
properties and catalytic activity for the soot combustion was studied. Moreover, the Ni-

incorporation method to the ceria support was also investigated. Thus, Ni/CeO, catalysts
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were obtained with uncontrolled (Ref) and 3DOM structured morphology and the Ni
incorporated before or during the synthesis of the CeO, support. The main conclusions

reached are summarized below:

e The 3DOM structure improves the soot combustion since the catalysts have a higher

surface area and an adequate pore size for the catalytic oxidation of soot. This structure
allows to improve the contact between the soot and the catalyst particles. Consequently,
by increasing the contact points, the catalytic performance is improved, and the soot
is oxidized at a lower temperature than using a catalyst without a defined structure.
Doping CeO, with Ni improves the soot combustion catalytic activity. This is because
NiO improves the catalytic oxidation of NO to NO,. From the XPS results it has been
concluded that the doping of CeO, with Ni also improves the production of active
oxygen and the oxygen storage capacity of the catalyst.

It has been shown that the way in which Ni is introduced into the catalyst affects its
physicochemical and catalytic properties. By introducing the Ni by successive
infiltration into the solid template (Ni-Ce 3DOM) the size of the crystals is decreased,
the dispersion of the nickel in the catalyst is improved, and the reducibility is enhanced
regarding the impregnated catalyst (Ni/CeO,-3DOM). As results, the Ni-Ce 3DOM

catalyst is the one that most decreases the soot combustion temperature.

5. ASSOCIATED CONTENT

*Supporting Information
The Supporting Information is available online.

Pore size distribution of (Ni-Ce)-3DOM obtained from the analysis of FESEM images;
NO; and NOy profiles in catalytic experiments performed with and without soot for

impregnated Ref and 3DOM samples.
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