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Preparation of RhOx/Ce,Pr,.,,0, N,O decomposition
catalysts by rhodium nitrate impregnation with different
solvents.

V. Rico-Pérez, C. Salinas-Martinez de Lecea, A. Bueno-Lépez .

Inorganic Chemistry Department. University of Alicante. Ap. 99 E03080.
Alicante (Spain)

Abstract

The effect of the solvent (water, ethanol or acetone) used to impregnate CePri.
yO2 (y = 1, 0.9 or 0.5) supports with rhodium nitrate, in order to prepare N,O
decomposition catalysts, has been studied. RhOx/Ce,Pr.,O, catalysts were
prepared and characterized by N, adsorption at -196 °C, XRD, Raman
spectroscopy, TEM, XPS and H,-TPR. The activity for NO decomposition of
the catalysts studied was related with the RhOx-support interaction, and both
the nature of the ceria support and of the solvent used for rhodium impregnation
affected such interaction. Ceria doping with 10 % praseodymium had a positive
effect in the RhOx-support interaction, but the benefit on the catalytic activity
was only obtained for water impregnation because the temperature peaks
created during calcination of ethanol and acetone-impregnated catalysts
promoted Ce9Pro10, and RhOx sintering. The interaction between RhOx and
Ceos5Pros0, was not as good as that with CeqoPrp10,. The best catalyst was
obtained by impregnating CeooPro10, with a water solution of rhodium.
However, if acetone or ethanol must be used for any reason the pure ceria
support is more suitable (under the calcination conditions of this study; 250 to
500 °C at 10 °C/min) because do not sinters during solvents combustion.

Key words: Ceria catalyst; Rhodium catalyst; N,O decomposition; metal-
support interaction
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1. Introduction.

Ceria-based materials are of interest in catalysis because of their oxygen
storage capacity (OSC) and lattice oxygen mobility [1-3]. These properties are
dependent of the crystal size and defects, and can be modified by ceria doping.
Ceria-based oxides also affect the catalytic behavior of supported metals [4]. In
this sense, RhOx supported on praseodymium-doped ceria has showed
enhanced N,O decomposition activity with regard to RhOx catalyst with pure
ceria support [5]. Praseodymium doping modifies the properties of the ceria
lattice oxygen, lowers metal-oxygen binding energy in the Rh-mixed oxide

interface and increases the number of defects (oxygen vacancies) [6].

In previous studies [7, 8], the calcination conditions were modified in
order to improve the distribution of rhodium and to enlarge the rhodium-ceria
interface of RhO,/CeO, catalysts. Improved catalytic activity for N>O
decomposition and CO oxidation was obtained by flash calcination, which
consisted of introducing the ceria support-impregnated rhodium precursor in a
furnace which was pre-heated at 250 °C. The solvent used for rhodium
precursor impregnation was water, as usually, and the speed at which water
evaporates from the ceria-based support seemed very important for the catalyst
properties, because it affected the size of the RhOy particles on the final catalyst
[7, 8]. This lead us to look for different procedures to accelerate the evaporation
of the rhodium precursor solvent, and one of the options was to change water

by some other more volatile solvent.
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In addition, the features of the solvent used in the impregnation step not
only potentially affects the distribution of the impregnated metal precursor, due
to the evaporation rate, but could also had some other important roles. The
optimum conditions for a successful infiltration of the support pores mainly
depend on the surface polarity, the density and polarity of the solvent, and the
solubility of the precursor in the solvent. For a surface with a high density of
polar functional groups a polar solvent will be suitable to obtain proper
wettability and suitable diffusion through the pores [9]. The density and polarity
of the solvent must be also taken into account in the impregnation of
honeycomb monoliths, because the solution must enter into the channels [10,

11].

As far as we know, the effect of the solvent used to impregnate
praseodymium doped ceria supports with a rhodium salt on the properties of the
obtained catalysts has not been reported, and the goal of the current study is to

compare three solvents (water, ethanol and acetone) for such purpose.

2. Experimental

2.1. Catalyst preparation

Nine catalysts, labeled as RhOy(solvent)/CeyPr,.,0,, were prepared. The
solvent could be water, ethanol or acetone and y takes values of 1, 0.9 or 0.5.
Cerium and praseodymium nitrate precursors (Ce(NO3)3-6H,O (Aldrich, 99.99
wt.%) and (Pr(NO3)3-6H,0 (Aldrich, 99.9 wt.%)) were mixed in an agate mortar

to obtain CeO, Ceq9Pro.10, and CeqsPros0, after calcination at 600 °C for 90
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min (heating rate 10 °C/min). Rhodium was loaded on these oxides by incipient
wetness impregnation with the proper amount of Rh(NOj3)3;-xH,O (Sigma-
Aldrich, ~36 wt.% as Rh) dissolved in water, ethanol or acetone in order to
obtain 1 wt.% rhodium in the final catalysts. The catalysts were calcined in
flash conditions, that is, the impregnated supports were introduced in a muffle
furnace that was pre-heated at 250 °C, and then the temperature was increased
at 10 °C/min up to 500 °C (the maximum temperature was maintained for 30

min).

Additionally, three portions of pure ceria were impregnated with rhodium
nitrate solutions using water, ethanol and acetone, respectively, and were
placed in test tubes with a thermocouple located inside the solids. The tubes
were introduced in a vertical furnace that was previously heated at 250 °C, and

the temperature was registered as a function of time.
2.2. Catalysts characterization

X-ray diffractograms were recorded in a Bruker D8-advance
diffractometer, using CuKa radiation (A =1.540598 A). Diffractograms were
recorded between 10° and 80° (26) with steps of 0.02° and a step time of 3 sec.
The average crystal size (D) was determined using the Williamson-Hall’'s

equation.

Raman spectra were recorded in a Jobin Yvon Horiba Raman dispersive
spectrometer with a variable-power He-Ne laser source (632.8 nm), 0.9 mW of
power, a confocal microscope with a 10x objective of long focal length and a

diffraction grating of 600 lines/mm. The spectrum of each sample was obtained
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using 2 scans with an acquisition time for each individual spectrum of 200

seconds.

X-ray photoelectron spectroscopy (XPS, K-ALPHA, Thermo Scientific)
was used to analyze the catalysts surface. The powder catalysts were
supported on a double-sided carbon tape and were analyzed without previous
pretreatment. The spectra were collected using Al-Ka radiation (1486.6 eV),
monochromatized by a twin crystal monochromator, yielding a focused X-ray
spot with a diameter of 400 um, at 3 mA x 12 kV. The alpha hemispherical
analyzer was operated in the constant energy mode and pass energy of 50 eV.
Charge compensation was achieved with the system flood gun that provides
low energy electrons and low energy argon ions from a single source. Carbon
concentration on the catalysts surface amounts to 30-40 % in all cases, and the
binding energy (BE) and kinetic energy (KE) scales were adjusted by setting the

C1s transition at 284.6 eV.

Experiments of temperature programmed reduction with Hy (H2-TPR)
were carried out in a Micromeritics Pulse ChemiSorb 2705 device, consisting of
a tubular quartz reactor (inner diameter 5 mm) coupled to a TCD analyzer. A
cold trap was placed before the TCD, consisting of a mixture of isopropyl
alcohol and liquid nitrogen (temperature -89 °C). The experiments were
conducted with 20 mg of fresh catalyst at a ramp rate of 10 °C/min from room

temperature to 1050 °C in 40 ml/min flow of 5 vol % H, in Ar.

Physical adsorption and desorption N, isotherms were obtained at -196
°C in an automatic volumetric system (Autosorb-6, Quantachrome). Samples

were outgassed at 150 °C for 4 h under vacuum before the N, adsorption
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measurements. The BET surface areas were determined from the N

adsorption isotherms.

TEM characterization was performed using a JEOL (JEM-2010)
microscope, equipped with an EDS analyzer (OXFORD, model INCA Energy
TEM100). A few droplets of an ultrasonically dispersed suspension of the
catalyst in ethanol were placed in a copper grid with lacey carbon film and dried

at ambient conditions.

2.3. N,O decomposition tests

N.O decomposition tests were performed in a U-shaped fix-bed quartz
reactor, located in a vertical furnace at atmospheric pressure, with a 100
mL/min flow (GHSV = 42000 h™") of 1000 ppm N,O in He, using 100 mg of
catalyst. The experiments consisted of point-by-point isothermal reactions in the
range of 200 — 425 °C, increasing the temperature in intervals of 25 °C, which
were extended until the steady state was reached. The gas composition was
analyzed by a HP 6890 gas chromatograph equipped with a TCD and two

columns (Porapak Q, for N,O, and Molecular Sieve 13X, for O, and Ny).

3. Results and discussion.
3.1. Catalysts temperature during rhodium nitrate thermal decomposition.

The effect of the solvent used for rhodium precursor impregnation on the

temperature profile during the further calcination step was studied as described
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in section 2.1. The same experiment was performed with an empty test tube.

The temperature profiles registered are plotted in Figure 1.

The temperature profile of the empty test tube shows a sharp increase
during approximately 5 minutes followed by a smooth increase that reaches a
constant value of 220 °C (slightly lower than the set-point temperature; 250 °C)
after 10 minutes. The temperature profiles of the impregnated ceria samples are
different. The temperature of the sample impregnated with the water solution
increased until 100 °C, and reached a plateau at this temperature that can be
attributed to water evaporation. A second increase of temperature occurs
afterwards, reaching the same temperature than the empty tube in 15 min. The
samples impregnated with the ethanol or acetone solutions also exhibit solvent
evaporation (boiling temperature = 78 °C and 56 °C for ethanol and acetone,
respectively) but this period is much shorter than in water impregnation,
because a sharp increase of temperature is observed. The peak temperatures
reached are considerably higher than the furnace temperature. This behavior is
attributed to the exothermal combustion of the solvent. As it will be appealed for
several times throughout this article, the temperature increase occurred during
the thermal treatment affects the final features of the catalysts impregnated with

acetone or ethanol rhodium solutions.

3.2. No,O decomposition tests.

N,O decomposition tests were performed with the nine catalysts

prepared, and the conversion curves obtained are compiled in Figure 2.

The nature of the ceria-based support and the solvent used for rhodium

precursor impregnation affect the final activity of the catalysts. For pure ceria,
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the type of solvent has no effect on the catalysts behavior (Figure 2.a). The
three RhOy(solvent)/CeO, catalysts decompose N,O from 200 °C approximately
and achieve total decomposition at 375 °C following the same decomposition
profile. On the contrary, the solvent used for rhodium precursor impregnation
strongly modifies the behavior of catalysts prepared with doped ceria supports
(Figures 2.b and 2.c). Regardless the molar fraction of praseodymium in doped
ceria, the best results were obtained with catalysts impregnated with the water
solution of rhodium nitrate. Both ethanol and acetone impregnations lead to a
significant decrease of the catalytic activity with regard to the counterpart
catalysts impregnated with water. The N,O decomposition curves obtained for
praseodymium-containing catalysts impregnated with acetone or ethanol
rhodium solution were delayed by 50 - 75 °C with regard to the curves of the
catalysts impregnated with water. The effect of the solvent on the
physicochemical properties of the catalysts, and at the end on their catalytic

performance, is analyzed in detail in the coming sections.

The temperatures required to decompose 50 % of N,O (Tsp) in these

catalytic tests have been compiled in Table 1.

Comparing the Tsg values, it can be concluded that the impregnation with
ethanol or acetone rhodium solutions has a negative effect on catalysts
supported on doped ceria with regard to catalysts supported on pure ceria.
However, using water as the solvent, superior performance of
RhO,(H20)/Ceq oPro.10, is observed with regard to catalysts with pure and 50 %
praseodymium doped ceria supports. The positive effect of 10 % ceria doping

with praseodymium is in agreement with previous publications [6]. The N,O
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decomposition capacity of catalysts prepared by water impregnation of rhodium

follows the trend:
RhO,/Ceq gPry 10, > RhO,/CeO, = RhO,/Ceq 5Pry 505

According to this trend, ceria doping with 10 % praseodymium has a
positive effect on the catalytic activity, as already observed [6], while 50 %
praseodymium doping has no effect. As it will be discussed afterwards, the
amount of praseodymium not only affects ceria properties but also the RhO-
ceria interaction and this can explain the observed trend. For a future work, it
will be desirable to perform an optimization study of the praseodymium amount
on the RhO,/CeyPri.,O, catalysts (by using water impregnation of rhodium

precursor), but this is out of the scope of the current study.

3.3. Catalysts characterization by N, adsorption at -196 °C, XRD and Raman

spectroscopy.

N, adsorption at -196 °C, XRD and Raman spectroscopy techniques
were used to analyze the physicochemical properties of the materials prepared.
These techniques provide (not only but mainly) information about the properties
of the ceria-based supports. The characterization results obtained are
presented in Table 2, including the BET surface area of the supports and
catalysts and the ceria supports crystal size and lattice parameters determined

by XRD.

The BET surface areas of all catalysts prepared with the un-doped ceria
support are almost equal (56-60 m?/g), regardless the solvent used for rhodium

impregnation, and are also similar to that of the ceria support (61 m?%g). In



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

accordance with the BET values, the ceria crystal sizes and ceria lattice
parameters corresponding to these three catalysts are also similar to each
other. These results allow concluding that the nature of the solvent used for
rhodium impregnation do not affect the particle size/area of the pure ceria
support (both parameters are related to each other in this type of oxides [12]),
which is in agreement with the same catalytic activity obtained with the three

praseodymium-free catalysts (see Figure 2a).

The BET surface area of the CeggPry10, support is 50 m2/g, which is
slightly lower than that of the pure ceria. The catalysts with Ceg 9Pro.102 support
impregnated with ethanol or acetone solutions present a considerably lower
BET area (31-33 m?/g) than the support, while the catalyst impregnated with the
water solution of rhodium (RhOx(H.0)/Ceq9Prp102) keeps the same BET area
than the support (50 m?%g). These results must be related to the N,O
decomposition results obtained with these three CeggPro.102-supported
catalysts (see Figure 2.b), that is, the highest activity was obtained with the
water-impregnated catalyst (also with the highest BET surface area among
catalysts of this series) and the worse catalytic results were obtained with
ethanol/acetone-impregnated catalysts. As it was previously demonstrated (see
Figure 1), temperature gradients are created during the calcination of catalysts
impregnated with ethanol or acetone rhodium solutions while not with water.
These gradients created due to the exothermic combustion of the solvents favor
CeogPro.10; sintering and decrease the activity of the resulting catalysts. The
BET surface area of a CepgPro10, sample impregnated with acetone (but

without rhodium) and calcined under the same conditions than the catalysts was

10
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50 m?/g (the same than that of fresh CegoPro105). This evidences that rhodium

catalyzes the solvents combustion.

Finally, the BET area is low and very similar for all CeqsPros0,-containg
catalysts (17-20 m?%g), being also similar to that of the CeqsPros0. support.
This means that rhodium impregnation and further calcination do not affects the
area of this CegsPros0, support, which is already much lower to that of CeO,
synthesized in equal conditions (61 m?/g). In this case, a relationship between
catalytic activity and catalyst sintering during calcination is not found, since the
BET areas of all CegsPros0,-containg catalysts are similar while important
differences on activity were observed (see Figure 2c). As it will be demonstrated
by XPS, TEM and H,-TPR characterization afterwards, the RhO4-CeyPr1.,0;
interaction also plays a key role on the activity of these catalysts, and the nature

of the solvent used for rhodium impregnation affects such interaction.

It is important to note that, among all catalysts prepared in this study, the
highest specific activity (calculated as N,O decomposition rate per m? of
catalyst; these plots are not shown for the sake of brevity) corresponds to
RhOy(H20)/Ceq 5Pro50,. This suggests that it would be desirable to focus future

research to the preparation CegsPrys0, supports with higher surface area.

As a summary, the BET surface area of CeO, (61 m?%g) and CeosPro50-
(18 m?g) does not change significantly upon rhodium impregnation and
calcination, regardless the solvent used, while the area of Ceg gPro.10, (50 m%/q)
drops (to 31-33 m?g) upon rhodium impregnation with ethanol or acetone
solutions and further calcination. On the contrary, there is no effect of rhodium

impregnation with the water solution on the surface area of CeggPro10..

11
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Additional information about the features of the ceria-based supports was
obtained from XRD (Figure 3) and Raman spectroscopy (Figure 4). The X-ray
diffractograms only contain the main reflections of a fluorite-structured material
with a face centered cubic unit cell, corresponding to the (111), (200), (220),
(311), (222) and (400) planes. Evidences of segregated phases are not obvious
in Figure 3. However, the presence of segregated PrOy species is difficult to be
detected by XRD, because the XRD patterns of such PrOy species are quite
similar to that of ceria [13]. Asymmetric XRD peaks could suggest the presence
of segregated CeO,-rich and PrOy-rich phases, but this is not the case of the

diffractograms in Figure 3.

The position and shape of the diffraction peaks is quite similar for all
catalysts. See, for instance, the zoom of the (111) peaks inset in Figure 3. As a
result, the lattice parameter of the ceria-based supports is also quite similar for
all catalysts (see data in Table 2). The expansion and contraction of the crystal
lattice is expected to occur due to ceria doping with large or small cations,
respectively [14]. However, the sizes of the Ce*""** cations (0.114 nm/0.097 nm)
are quite similar to those of the Pr**** cations (0.113 nm/0.096 nm), and
therefore, the partial substitution of cerium by praseodymium cations has a
minor effect in the lattice constant of doped ceria. Slightly higher lattice
constant values were obtained with some doped ceria catalysts with regard to
values of catalysts with pure ceria. This must be attributed to the presence of
more +3 cations, which are larger than +4 cations, mainly Pr®* because Pr*" is
reduced more easily than Ce** [15, 16]. With regards to crystal sizes the data
are consistent with the changes observed in BET surface areas, as expected

[12].

12
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Raman spectroscopy characterization is consistent with XRD conclusions
and this technique also provides evidences of praseodymium incorporation into
the ceria framework. As a general behavior, four Raman bands are detected on
the spectra included in Figure 4, but all these four bands are not seen in all

spectra.

The band at 444-463 cm™ is ascribed to the Raman active F,y mode of
fluorite ceria [17, 18]. This can be viewed as a symmetric breathing mode of the
oxide anions surrounding each cation. The intensity of this peak is highest for
catalysts with the pure ceria support (Figure 4a). A slight deformation of ceria
structure can be elucidated due to the introduction of praseodymium into the
ceria structure (in agreement with the lattice parameter calculated by XRD,
Table 2). The presence of Pr** cations, which are bigger than Ce**, affects the
oxygen breathing mode and the F,, signal intensity. In addition, the
fluorescence produced by praseodymium also diminishes the intensity of the
main peak. The position of F,y peak shifts towards lower Raman shifts by
increasing the praseodymium content, and this is also an evidence of

praseodymium introduction within the fluorite lattice of ceria (Figure 4).

The weak peak at 1170 cm™, which is not observed in all catalysts, has
been related to surface oxygen groups [19] and several interpretations have
been proposed for peaks around 200 cm™ and 570 cm™ [6, 14, 15, 19-22].
Some authors have assigned peaks at ca. 195 and 570 cm™ to RhO, species
[20-22] and others attributed these bands to the formation of Ce,Pr;,O, solid
solutions, because a physical mixture of the pure cerium and praseodymium

oxides did not show these features [19]. Going into more detail, these bands at

13
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195 and 570 cm™ have been assigned to oxygen vacancies, which affect the

asymmetric vibration of the oxide anions [14, 19].

The relative intensity of the 570 cm™ band increases with regard to the
intensity of the main F,g mode at 444-463 cm™" by increasing the praseodymium
content (see Figure 4b and 4c), and the creation of vacant sites on ceria by

praseodymium doping is an evidence of solid solution formation [19].
3.4. Catalysts characterization TEM, XPS and H,-TPR.

The results obtained by TEM, XPS and H,-TPR, presented and
discussed in this section, provide (not only but mainly for the purposes of the
current study) information about the RhOy particles and their interaction with the

ceria-based supports.

TEM images of selected catalysts are included in Figure 5. All the
micrographs show ceria crystals and the crystalline planes are even identified in
some of them. The size of the ceria-based crystals seems to be consistent with
the BET areas of the catalysts included in Table 2, that is, the size of the ceria-
based crystals observed by TEM for RhOy(H,0)/CeO, and
RhOL(H»0)/Ceq.sPro.10- (60 and 50 m?/g, respectively) are smaller than those of
RhO(H20)/Ceq 5Pro 502, RhOy(acetone)/Ceg gPro.102 and
RhO,(acetone)/CeosPros0, (20, 33 and 18 m?%g, respectively). The ceria
particles size observed by TEM also correlates with the crystal sizes obtained

by XRD (see Table 2).

Small dark spots (marked with red circles) corresponding to RhOy

nanoparticles are observed in all TEM images as well. The size of these RhOy

14
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particles is smaller than 2 nm in most cases. However, a deeper TEM analysis
of these catalysts, and of some others of similar composition previously studied
[8], confirmed the presence of very small RhOy particles (even smaller than 1
nm) that can be hardly observed with the magnification used to take the images

in Figure 5.

The EDS local analysis of the area of the TEM images and the global
analysis of the catalysts by FRX confirmed that the amount of rhodium is similar
in all catalysts, and therefore, the amount of RhOy particles of ca. 2 nm
observed in the TEM images of Figure 5 can be related with RhOy dispersion. If
RhOy is highly dispersed only few RhOy particles are observed in the TEM
images, because most RhOy particles are below the detection limit of the
technique. On the contrary, a lot of RhOy spots are observed in a TEM image

when RhOy is less dispersed.

Comparing the three TEM images (Figure 5) of catalysts prepared by
water impregnation of rhodium nitrate, it is observed that there are much more
RhOy particles on the catalyst with CegsPros0O, support than on those with
Cep.gPro.10, or CeO,, and this is an evidence of the worst RhOy dispersion over
CeosPros0,. This lower RhOy dispersion on RhOy(H,0)/CeosPros0, is
coincident with the lowest BET area of this catalyst (see data in Table 2). On
the  other  hand, more RhOx  particles are observed on
RhOy(acetone)/Ce gPro.10, than on RhO4(H20)/CeqPro102 , which could be

related with the BET area values (60 and 33 m?/g, respectively).

The conclusion of this TEM characterization is that both the nature of the

ceria-based support and of the solvent used for rhodium impregnation affect
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RhOy dispersion. As a general trend, RhOy dispersion on CeO; and Ceq gPrp 102
is better than on CegsPrps02, and RhOy dispersion is better for water-
impregnated catalysts than for ethanol or acetone-impregnated catalysts. Some

of these conclusions are supported by the XPS characterization.

Figure 6 shows the Rh 3d photoelectron spectra of all catalysts. Two
peaks are observed in all spectra, corresponding to the 3ds, and 3dj»
transitions (around 309 and 313 eV, respectively). Both peaks provide similar
information about the oxidation state of rhodium. The position of the Rh 3ds,
peaks is 309.0-310.0 eV for all catalysts, which corresponds to Rh®" cations. As
reported in the literature, the Rh 3ds, peak appears at 307.0-307.5 eV for Rh°,

at about 308 eV for Rh*, and from 308.3 to 310.5 eV for Rh*" [23-25].

There are subtle differences in the position of the Rh 3d peaks in Figure
6 that deserve a detailed analysis. In RhOy-ceria catalysts, there is a negative
charge density transfer from the noble metal to the ceria support, and the extent

of such transfer affects the position of the Rh 3d peaks.

The position of the 3ds, peak is 309.5 eV for all RhO,/CeO, catalysts
(Figure 6.a), regardless the solvent used for rhodium impregnation, while it is
shifted to slightly higher values for RhO,/Ceq 9Pry.10, catalysts (Figures 6.b) and
to lower values for RhO,/CeqsPro 50, (Figures 6.c). This means that the RhOy-
support interaction strongly depends on the support nature, and ceria doping
with 10 % praseodymium favors the RhOy-support interaction while 50 %
praseodymium doping hinders the interaction. This is consistent with the lowest
BET area of this support (see Table 2). The reason of the positive effect of 10%

praseodymium doping while negative of 50% praseodymium doping seems to
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be that cerium is the main responsible of the charge density transfer from Rh(lll)
to the support while praseodymium modifies the cerium behavior. Both cerium
and praseodymium can adopt the 3+ and 4+ oxidation states, but
praseodymium is more prone to form the +3 cation (see Table 3 and discussion
below). It is expected that the charge density transfer from Rh®" to the support
occurs with (Ce and Pr) 4+ cations rather than with +3 cations, and therefore,
cerium should interact more efficiently with rhodium than praseodymium. Few
praseodymium doping (10%) has a positive effect because promotes the
interaction of Ce*" cations with rhodium, that is, the presence of Pr favors the
formation of vacant sites on the support and improves oxygen mobility, and this
favors the charge density transfer (oxide anions at the end) from rhodium to
ceria. 50% praseodymium doping also has this positive effect, but due to the

high diluting effect there is less cerium available to interact with rhodium.

The cerium and praseodymium oxidation states have been estimated by
XPS, and the values obtained are compiled in Table 3 together with the Ce/Pr
surface ratios. The Ce*" percentage (with regard to total surface cerium) was
estimated following the method proposed elsewhere [6] and the Pr®* percentage
(with regard to total surface praseodymium) by using the semi-quantitative
method proposed by Borchert et al. [26]. The percentage of Ce** is similar for
all catalysts prepared with the pure ceria support (34-37 %) and these
percentages slightly decrease upon praseodymium doping, evidencing the
insertion of the dopant into the ceria lattice. The Pr** percentages are much
higher than those of Ce®" due to the easier reducibility of Pr* with regard to
Ce*. Moreover, the presence of Pr¥* cations partially decreases the reduction

of Ce**.
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Regarding the Ce/Pr ratios, they are well below the expected nominal
ratios deduced from the stoichiometric formula of the mixed oxides (9 for
CeogPro10, and 1 for CeosPros0,). Rodriguez-Luque et al. [27] reported the
rhodium  nanocrystalltes decoration by patches of support in
Rhodium/CeyPr1.,O, catalysts. It was argued that, during rhodium impregnation,
the acid character of the rhodium solution promotes Pr** leaching, and after
catalyst drying and calcination, such species are accumulated on the particles
surface. This would explain the preferential accumulation of praseodymium on

the surface of our catalysts.

As a summary, the XPS analysis suggests that praseodymium is partially
inserted into the ceria lattice for catalysts with doped ceria supports, but with an
enrichment of praseodymium on the particles surface. Such praseodymium
doping affects the RhOy-support interaction, being improved for 10 %

praseodymium doping but hindered for 50 % doping.

The RhOy-support interaction is known to affect the RhO,/ceria catalysts
reducibility, which is closely related to the catalytic activity for N,O
decomposition. In order to study such reducibility, H,-TPR experiments were

performed and the profiles obtained are compiled in Figure 7.

Three peaks are shown in most H,-reduction profiles, as expected [5,
28]. The lowest-temperature peak can be attributed to the reduction of RhOy
and, in some cases, also to the rhodium-catalyzed ceria-based support surface
reduction. The intermediate-temperature peak is attributed by some authors to
surface ceria reduction as well, but not catalyzed by the noble metal, whereas

other authors relate this peak to surface and/or bulk carbonates decomposition
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[29] and/or to surface hydroxyls, peroxides or superoxides reduction. Finally,

the peak at highest temperature is attributed to bulk ceria-support reduction.

Special attention must be paid to the lowest temperature reduction peak
[6], mainly taking into account the symmetry of the peak. The catalysts with high
activity for NoO decomposition, which are those prepared with the pure ceria
support and those impregnated with a water solution of rhodium, regardless the
support (see Figure 2), present a single low-temperature H, reduction peak. On
the contrary, two overlapped peaks are evident in catalysts with lower activity,
which are those impregnated with acetone or ethanol solutions in doped ceria

supports [6, 7].

The presence of double-peaks or pronounced shoulders in the lowest
temperature H, reduction peaks occur because Rh*", Pr** and Ce*" are reduced
sequentially, while symmetric peaks are obtained if such reductions occur
simultaneously [7]. Therefore, the shape of this peak is related with the RhOy-
support interaction and with the formation of doped ceria solid solutions. The
catalysts with good RhOy-support interaction present high catalytic activity [5]. It
has been reported that the most active sites for N,O decomposition are located
at the RhOy-ceria interface [30]. Also, a very effective N,O decomposition has
been demonstrated to occur on RhO,/ceria catalysts, and a synergy between
rhodium and ceria catalytic sites was proposed. This effective mechanism

needs a good RhOy-ceria interaction [17].

The highest temperature peak attributed to bulk reduction disappeared

by increasing the amount of praseodymium. This is due to the improved
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reducibility with regard to pure ceria, which is related to the enhanced oxygen

mobility into the lattice [6].

In conclusion, the activity for N,O decomposition of the catalysts studied
is related with the RhOy-support interaction. Both the nature of the ceria support
and the solvent used for rhodium precursor impregnation affect such interaction.
Ceria doping with 10 % praseodymium has a positive effect on such interaction
(see XPS results; Figure 6) and on the catalytic activity (see Figure 2 and Table
1), but the benefit on the catalytic activity is only obtained using a water solution
for impregnation. On the contrary, when CeggPro10, is impregnated with
ethanol or acetone solutions of rhodium, the temperature gradients created
during calcination (Figure 1) promote the support (see BET areas in Table 2)
and RhOy sintering (see RhOy sizes on TEM images; Figure 5), hindering the
RhO-Ce(.oPrg.10> interaction. The interaction between RhO, and CegsPro50- is
not as good as that with CeqgPro10, (see the XPS binding energies of Rh®*
(Figure 6)), but it seems to be enough to keep a high catalytic activity if the
impregnation is carried out with a water solution. In fact, the H,-TPR peak at low
temperature (Figure 7.c) demonstrates a considerable RhOy-support interaction.
However, acetone or ethanol impregnation also leads to an important decrease
in activity, and this must be attributed to a worst RhOy-support interaction.
Finally, pure CeO; is more stable towards sintering than doped ceria under the
calcination conditions of this study (contrary to the phenomenon observed at
high-temperature calcination).Pure ceria does not sinter regardless the solvent
used for rhodium impregnation, and for this reason all the RhO,/CeO, catalysts

kept the same activity.

20



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

This study suggests that the best catalyst is obtained by impregnating
Cep.gPro.10, with a water solution of rhodium precursor. However, if acetone or
ethanol must be used for any reason (to improve wettability of a honeycomb

monolith channels, for instance) the pure ceria support is more suitable.

4. Conclusions.

The effect of the solvent (water, ethanol or acetone) used to impregnate
CeyPriy0O, (y = 1, 0.9 or 0.5) supports with rhodium nitrate, in order to prepare
N.O decomposition catalysts, have been studied and the following main

conclusions can be summarized:

» Both the nature of the ceria support and the solvent used for rhodium
precursor impregnation affect the RhOy-support interaction and the

activity for N,O decomposition.

» The use of ethanol or acetone as solvent has a very negative effect on
Cep.9Pro.102 and CegsPros0,-containing catalysts, due to the sintering of
both the support and RhOy particles. This affects negatively the RhOy-
support interaction which directly hinders the catalytic activity for N,O
decomposition. This negative effect is due to the rhodium-catalyzed

solvent combustion.

» Ceria doping with 10 % praseodymium has a positive effect on the RhOy-
support interaction (and on the catalytic activity), which is observed as a
negative charge density transfer from the noble metal to the ceria support

(only obtained using water for impregnation).
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505 » The interaction between RhO4 and CeosPros0, is not as good as that

506 with CepgPro.102, but it is enough to keep a high catalytic activity if
507 rhodium is impregnated with a water solution. However, acetone or
508 ethanol impregnation leads to an important decrease in activity, and this
509 must be attributed to the worst interaction of RhOy with the support, as
510 deduced from the shape of the lowest temperature H,-TPR peaks.
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Table 1. Temperature required to decompose 50% of N,O (Tsp) in the catalytic

tests.

Catalyst Tso (°C)
RhOy(H,0)/Ce0; 252
RhOy(ethanol)/CeO, 252
RhOy(acetone)/CeO, 252
RhO4(H20)/Ce.9Pro.102 242
RhO,(ethanol)/Ceg ¢gPro.102 287
RhOy(acetone)/Ceg gPro.10> 301
RhOy(H20)/Ce5Pro502 252
RhOy(ethanol)/Ceg sPro 502 326
RhOy(acetone)/Ceo 5Prp 50, 319

Table 2. Results of the N, adsorption and XRD characterization.

BET Crystal Lattice
Sample surface size  parameter

area

mrg ™ om)

CeO, 61 - -
RhOy(H,0)/Ce0, 60 14 0.5413
RhOy(ethanol)/CeO, 60 14 0.5412
RhOy(acetone)/CeO, 56 15 0.5412
Ce0.9Pr0.102 50 - -
RhO(H20)/Ce gPro.102 50 18 0.5417
RhOy(ethanol)/Ceg gPro.10: 31 21 0.5416
RhOy(acetone)/Ce gPro.10> 33 21 0.5415
Ceo.5Pro.502 18 - -
RhOx(H20)/Ceo sPros0; 20 24 0.5412
RhOy(ethanol)/Cep sPro502 17 21 0.5420
RhOy(acetone)/Ceg sPro502 18 21 0.5420

25



Table 3. Ce®* and Pr®" percentages (with regard to total Ce and Pr surface
contents, respectively) and Ce/Pr atomic ratio determined by XPS.

ce** (%)

Pr¥* (%) CelPr

RhOx(H.0)/CeO,
RhOy(ethanol)/CeO,
RhOy(acetone)/CeO,
RhOx(H20)/Ceg.gPro.10-
RhOy(ethanol)/Ce gPro.10-
RhOy(acetone)/Ce gPrp.10-
RhO(H20)/Ceq 5Pro 50>
RhOy(ethanol)/Ceg sPry 502
RhOy(acetone)/Ceg sPro 502

37
35
34
28
30
28
31
30
30

58
72
66
51
66
50

4.0
3.4
3.7
0.6
0.7
0.7
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Figure captions

Figure 1. Temperature profiles during the thermal treatment of ceria-
impregnated rhodium precursor (using water, ethanol or acetone as solvent) in
test tubes placed in a vertical furnace pre-heated at 250 °C.

Figure 2. N,O decomposition as a function of temperature for catalysts
supported on: (a) CeO,, (b) CeqoPro.10, and (c) CegsPros0..

Figure 3. X-ray diffractograms of catalysts supported on (a) CeO,, (b)
CeogPro10, and (c) CeosPros0,. Diffractograms 1, 4, 7 correspond to samples
impregnated with ethanol solution; 2, 5, 8 to samples impregnated with acetone
solution and 3, 6, 9 to samples impregnate with water solution.

Figure 4. Raman spectra of catalysts with RhOx supported on (a) CeO,, (b)
Cep.9Pro.102 and (c) CegsPro 502 (C).

Figure 5. TEM images of catalysts (a) RhO4(H20)/CeO,, (b)
RhOX(Hzo)/CEO,gProlloz, (C) RhOX(Hzo)/CEO.5PI’o,502, (d)
RhOy(acetone)/CepgPro.102, (e) RhOy(acetone)/CegsPros0,. RhOx particles
have been circled.

Figure 6. Rh 3d XPS spectra of catalysts with RhOx supported on (a) CeO,, (b)
Cep.9Pro.102 and (c) CegsPros0..

Figure 7. H,-TPR profiles of catalysts with RhOx supported on (a) CeO,, (b)
Cep.9Pro.102 and (c) CegsPros0..
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Figure 4.
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Figure 7.
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