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Abstract:

 The effect of the calcination conditions on the catalytic activity for N2O decomposition of 2.5% RhOx/CeO2 catalysts has been investigated. Ramp and flash calcinations have been studied (starting calcinations at 25 or 250/350 °C, respectively) both for cerium nitrate and ceria-impregnated rhodium nitrate decomposition. The cerium nitrate calcination ramp has neither an effect on the physico-chemical properties of ceria, observed by XRD, Raman spectroscopy and N2 adsorption, nor an effect on the catalysts performance for N2O decomposition. On the contrary, flash calcination of rhodium nitrate improved the catalytic activity for N2O decomposition. This is attributed to the smaller size of RhOx nanoparticles obtained (smaller than 1 nm) which allow a higher rhodium oxide-ceria interface, favoring the reducibility of the ceria surface and stabilizing the RhOx species under reaction conditions.
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1. Introduction

Cerium dioxide powders have potential applications in polishing powders, coatings for high-temperature optical and ceramic materials, gas sensors, catalysts for environmental processes like Three Way Catalyst (TWC), wet catalytic oxidation of organic pollutants (removal of organics from wastewaters), water gas shift (WGS) reaction, CO oxidation, combustion processes or in solid oxide fuel cell technology [1,2]. The interest of ceria-based materials is related to their structural and chemical properties, low temperature reducibility, oxygen storage capacity, and oxygen release properties among others.

In catalytic applications, ceria is used either as metal support or as catalyst itself [1,3]. The use of ceria as noble metal support has attracted intense interest due to their vast applications in heterogeneous catalysis. Many factors, including the size and distribution of the noble metal particles, the surface morphology and defects on the oxides, affect the performance of noble metal/ceria catalysts. Indeed, effectively controlling the size of noble metal particles is crucial for maintaining high catalytic activity. The behavior of the metal-oxide interface, which can be quite dynamic, as exemplified by the well-known strong metal-support interaction (SMSI), is of critical importance in this regard [1,2,3,4,5].

The promoting effect of CeO2-based materials in the catalytic activity of rhodium, and other platinum group metals (PGM), is very well known for several chemical reactions [3,4,5,6,7,8,9,10,11,12,13,14,15,16], like in three-way catalysts (TWC) where NOx, hydrocarbons and CO are simultaneously depleted [16].

N2O decomposition on ceria-supported noble metal catalysts was investigated in a previous work, where noble metals (Rh, Pd and Pt) were supported on γ-Al2O3, pure CeO2 and La- and Pr-doped CeO2 [17]. Rh was the best noble metal, and the support strongly affected the activity, ceria-based supports being better as rhodium support than alumina. In a further study [18], the Rh/Ce0.9Pr0.1O2 active phase was supported on a cordierite monolith, and one of the conclusions reported was that the calcination procedure affects the Rh-Ce-Pr interactions and the homogeneous distribution of the active phases on the substrate. It was observed that catalysts prepared by flash calcinations, consisting of introducing the monolith impregnated with metal precursor salts in a previously heated furnace, are more active for N2O decomposition than the counterpart catalysts calcined by a conventional ramp heating. Flash calcination improved the homogeneous distribution of the active phase on the substrate and smaller rhodium particles were obtained by this procedure, improving the reduction of surface Rh-Ce-Pr entities at low temperature. However, it was not possible to analyze the effect of the calcination rate on the active phase properties due to the low mass of active phase with regard to the mass of cordierite support. The improved activity of RhOx/Ceria catalysts prepared by flash calcination was also demonstrated for the CO oxidation reaction [19]. Nevertheless, a detailed study of the effect of the calcination rate both of the ceria support and of the rhodium nitrate, starting calcination at different temperatures, has never been reported for N2O decomposition RhOx/ceria catalysts.

The goal of this study is to get further insights into the effect of the calcination conditions on the metal-support interaction and catalytic activity for N2O decomposition of RhOx/CeO2 catalysts. For this purpose, powder catalysts have been prepared following different ramp and flash calcination conditions, analyzing the effect on the physico-chemical properties and catalytic activity for N2O decomposition of the resulting model RhOx/CeO2 catalysts.



2. Experimental Section


2.1. Catalyst Preparation

Four RhOx/CeO2 catalysts were prepared, referred to as Rh25Ce25, Rh250Ce25, Rh350Ce25 and Rh350Ce250. The number after each metal symbol corresponds to the starting temperature for calcinations. Powder CeO2 was prepared by Ce(NO3)3·6H2O (Alfa-Aesar, Karlsruhe, Baden-Wurtemberg, Germany, 99.5%) calcination in two different ways:

Ramp calcination: Consisted of heating the cerium precursor in a muffle furnace (static air) from 25 to 600 °C at 10 °C/min, maintaining the maximum temperature for 90 min. This ceria support is referred to as Ce25.

Flash calcination: Consisted of heating the muffle furnace at 250 °C. Then, the cerium precursor was introduced and the temperature was raised at 10 °C/min up to 600 °C, maintaining the maximum temperature for 90 min. This ceria support is referred to as Ce250.

Rhodium was loaded on both ceria powders by incipient wetness impregnation with an aqueous solution of Rh(NO3)3·xH2O (Sigma-Aldrich, Tres Cantos, Madrid, Spain, ~36 wt.% as Rh) of the appropriate concentration to obtain 2.5 wt.% of Rhodium over CeO2. The impregnated cerias were placed in the furnace immediately after impregnation. The rhodium precursor decomposition was also performed using different calcination conditions (ramp and flash). The furnace temperature was stabilized at 25 °C (ramp calcination) or at 250 or 350 °C (flash calcinations) before the sample is introduced (denoted by Rh25, Rh250 and Rh350, respectively). In all cases, the heating rate was 10 °C/min and the final temperature was 500 °C, maintaining this temperature for 30 min.



2.2. Catalysts Characterization

Ten mg of either Ce(NO3)3·6H2O or rhodium nitrate impregnated on Ce25 (Rh(NO3)3/Ce25) were decomposed in a thermobalance TG-DTA (METTLER TOLEDO model TGA/SDTA851e/LF/1600, L’Hospitalet de Llobregat, Barcelona, Spain) coupled to a mass spectrometer (PFEIFFER VACUUM model THERMOSTAR GSD301T, Alcobendas, Madrid, Spain) under 100 mL/min flow of synthetic air, with a heating rate of 50 °C/min.

A Bruker D8-advance device (Rivas Vaciamadrid, Madrid, Spain) was used to obtain diffractograms between 10° and 80° (2θ), with steps of 0.02° and a step time of 3 s. CuKα radiation (λ = 1.540598 Å) was used. The average crystal size (D) was determined using the Scherrer and Williamson-Hall equations [20].

Raman spectra were recorded in a Jobin Yvon Horiba Raman dispersive spectrometer with a variable-power He-Ne laser source (632.8 nm) and using a confocal microscope with a 50× objective of long focal length (Horiba Scientific, Tres Cantos, Madrid, Spain). The spectrum of each sample was obtained as the average signal of 12 individual spectra of different areas of the sample. The acquisition time for each individual spectrum was 10 s.

Physical adsorption and desorption isotherms of N2 were obtained at −196 °C in an automatic volumetric system (Autosorb-6, Quantachrome GmbH & Co. KG, Odelzhausen, Upper Bavaria, Germany). Samples were outgassed at 150 °C for 4 h under vacuum before the N2 adsorption measurements. The BET surface areas were determined from the N2 adsorption isotherms.

Experiments of temperature programmed reduction with H2 (H2-TPR) were carried out in a Micromeritics Pulse ChemiSorb 2705 device, (Micromeritics Germany GmbH, Aachen, North Rhine-Westphalia Germany), consisting of a tubular quartz reactor (inner diameter 5 mm) coupled to a TCD analyzer. A cold trap consisting of a mixture of isopropyl alcohol and liquid nitrogen at −89 °C was placed before the TCD. 20 mg of fresh catalyst were pre-treated in situ at 500 °C for 1 h in a 50 mL/min flow of 5% O2 in He. After cooling to room temperature, the flow gas was switched to 40 mL/min of 5 vol% H2 in Ar and the temperature was increased at 10 °C/min up to 1050 °C.

TEM characterization was performed using a JEOL (JEM-2010) microscope, equipped with an EDS analyzer (OXFORD, model INCA Energy TEM100, Wiesbaden, Hesse, Germany). The samples were dispersed on ethanol and placed on a cupper grid with lacey carbon film. The Rh particle size distribution was estimated on a selected catalyst from the TEM pictures. For this estimation, the size of around 100 rhodium particles was measured with the software analiSYS.

XPS characterization of selected catalysts was carried out in a VG-Microtech Multilab electron spectrometer using a MgKα (1253.6 eV) radiation source. To obtain the XPS spectra, the pressure of the analysis chamber was maintained at 5 × 10−10 mbar. The binding energy (BE) and the kinetic energy (KE) scales were adjusted by setting the C1s transition at 284.6 eV, and BE and KE values were determined with the Peak-fit software of the spectrometer. XPS spectra were recorded with selected fresh catalysts and with the same catalysts pre-treated in situ under N2O at 225 °C for different periods of time. The in situ pre-treatments were carried out in an auxiliary reaction chamber, where the sample was heated to 225 °C and the gas mixture (1000 ppm N2O/He, 1 atm total pressure) was fed. After the pre-treatment, the sample was introduced into the XPS chamber, avoiding exposure to air. The oxidation states of rhodium and cerium have been determined with similar assignations to those reported elsewhere [21,22].



2.3. N2O Decomposition Tests

N2O 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 = 42,000 h−1) of 1000 ppm N2O in He, using 100 mg of powder catalyst.

The experiments consisted of point-by-point isothermal reactions from 175 °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 N2O, and Molecular Sieve 13X, for O2 and N2).




3. Results and Discussion


3.1. TG-MS Study of Metal Precursors Decomposition

Ce(NO3)3·6H2O and Rh(NO3)3/Ce25 decomposition was studied by TG-MS. The results obtained are plotted in Figure 1. In both experiments, most water molecules (m/z 18) evolved below 250 °C with the corresponding weight loss. During Ce(NO3)3·6H2O decomposition (Figure 1a), three well-defined m/z 18 peaks were observed assigned to coordination water release. In the Rh(NO3)3/Ce25 decomposition experiment (Figure 1b) a broad m/z 18 band with two maxima appeared. It must be outlined the difference in the Y-axis scales due to the low Rh(NO3)3 percentage of the sample.

Figure 1. Metal precursors decomposition followed by TG-MS. (a) Ce(NO3)3·6H2O and (b) Rh(NO3)3/Ce25.
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Cerium nitrate (Figure 1a) decomposed in a relatively narrow range of temperature (240–320 °C) with NO (m/z 30), NO2 (m/z 46) and O2 (m/z 32, which is not shown for clarity) release. This result lead us to select 25 and 250 °C for the preparation of the ceria supports in ramp (slow water evolution) and flash (rapid water evolution) calcination conditions, respectively.



Rhodium nitrate impregnated on ceria (Figure 1b) decomposed in the range 200–550 °C, and decomposition in such wide range of temperature is an evidence of the interaction of the noble metal species (nitrate and/or oxide) with the ceria support (otherwise a narrower range of decomposition temperatures would be expected). Taking the results of Figure 1b into account, three temperatures were selected to start the calcination treatments for catalysts preparation: 25, 250 and 350 °C. In the calcination from 25 °C, water release will be slow and the impregnated rhodium salt will be allowed to move on the ceria particles surface forced by the concentration gradients created during drying. Once dry, rhodium nitrate is expected to be distributed on the ceria surface more heterogeneously than if water is released very rapidly (as in calcinations starting at 250 or 350 °C), and this heterogeneity is expected to affect the final rhodium particle size, as it will be demonstrated afterwards. In the calcination starting at 250 °C, most of the water release will be very rapid but not the rhodium nitrate decomposition, while starting at 350 °C both water release and rhodium nitrate decomposition will be fast.



3.2. X-ray Diffraction, Raman Spectroscopy and N2 Adsorption at −196 °C Characterization

All catalysts were characterized by XRD (Figure 2) and Raman spectroscopy (Figure 3), and both techniques provide complementary information about the structure of the ceria supports. X-ray radiation penetrates more than 1 µm into the solid giving information about the bulk structure, in particular about the cations’ sublattice. On the contrary, Raman spectroscopy usually gives information of 10–100 µm deep, and in the case of cerium oxides, is useful to analyze the oxygen anions’ sublattice.

Figure 2. XRD patterns of fresh catalysts.
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Figure 3. Raman spectra of fresh catalysts.
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All X-Ray diffractograms (Figure 2) show fluorite structure characteristic reflections, corresponding to the planes (111), (200), (220), and (311). No other peaks but those of fluorite were observed in the diffractograms [23] indicating that rhodium species should be highly dispersed. The average crystallite sizes of the ceria particles were determined with the Scherrer and Williamson-Hall equations. The values obtained are included in Table 1 together with the BET surface areas. Similar crystallite sizes of around 13 nm and BET surface areas of 66 ± 2 m2/g have been found for all catalysts.

Table 1. XRD and N2 adsorption characterization results.


	Sample
	Lattice Parameter (nm)
	Crystal Size by Scherrer (nm)
	Crystal Size by Williamson-Hall (nm)
	BET Surface Area (m2/g)





	Rh25/Ce25
	0.5401
	12
	14
	64



	Rh250/Ce25
	0.5412
	12
	13
	66



	Rh350/Ce25
	0.5401
	12
	13
	66



	Rh350/Ce250
	0.5424
	12
	13
	69










Raman spectra included in Figure 3 are also similar for all catalysts. All of them show the main band at about 460 cm−1 assigned to the F2g mode of the fluorite-type structure of cerium oxides, based on the face-centered cubic cell [24,25], and a small peak at 230 cm−1 assigned to RhOx species [25,26,27,28,29].

In conclusion, the XRD, Raman spectroscopy and N2 adsorption characterization reveal that all the ceria supports seems to be very similar, that is, the heating conditions used in the calcinations steps do not affect ceria properties.



3.3. Catalytic Tests

N2O decomposition experiments were performed with a 1000 ppm N2O/He stream and the steady-state N2O decomposition rates and conversions obtained are plotted in Figure 4.

Figure 4. Steady-state N2O decomposition rates and conversions as a function of temperature.



[image: Applsci 04 00468 g004 1024]







According to these results, and in agreement with previous XRD, Raman spectroscopy and N2 adsorption characterization, the decomposition conditions of cerium nitrate has no effect on the catalytic performance (profiles for Rh350Ce25 and Rh350Ce250 are almost equal) while rhodium nitrate decomposition affects the activity. The catalyst where rhodium nitrate was decomposed in ramp (starting heating at 25 °C (Rh25Ce25)), which is the most conventional calcination procedure, presents lower activity than catalysts calcined by a flash procedure (Rh250Ce25 and Rh350Ce25 catalysts). As postulated in a previous publication [18], this can be tentatively attributed to the improved interaction between rhodium and ceria particles obtained by flash calcinations and this interaction is studied in detail in the coming sections.

Additional information about the catalyst performance is obtained from the N2O decomposition profiles as a function of time for the different temperatures, that is, from the behavior of the N2O decomposition profiles before the steady-state is achieved. The steady state was reached after 20–30 min of reaction for all temperatures and catalysts, except for experiments performed at 225 °C, where longer times were required to reach a constant N2O decomposition level. These curves are included in Figure 5 for selected catalysts (Rh25Ce25 and Rh250Ce25; rhodium decomposed by ramp and flash calcinations, respectively).

Figure 5. N2O decomposition at 225 °C as a function of time.
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From a qualitative point of view, both profiles are similar, with a first step of 35–40 min where the N2O decomposition level increased until a pseudo steady-state was reached. The conversions then increased again for 20–25 additional minutes before the real steady-state level was stabilized. Despite both profiles on Figure 5 being qualitatively similar, the sample Rh250Ce25 needed more time to reach the final steady-state than Rh25Ce25, the former also being more active than the latter. The transformations suffered by these two catalysts before the steady state was achieved at 225 °C were studied by XPS.



3.4. Characterization by XPS of Fresh Catalysts and after in Situ Pre-Treatments with N2O at 225 °C

XPS spectra were recorded with the fresh Rh250Ce25 and Rh25Ce25 catalysts and with these catalysts pre-treated in situ with 1000 ppm N2O/He at 225 °C for different periods of time. The profiles obtained for the Rh 3d and Ce 3d transitions were qualitatively similar to those previously obtained with some other rhodium/ceria catalysts [21,22,29]. The percentages of Rh (0) (with regard to total rhodium) and Ce (III) (with regard to total cerium) were calculated similarly to that reported elsewhere [21,22,29]. Figure 6 compiles these Rh (0) and Ce (III) percentages.

Figure 6. (a) Rh (0) and (b) Ce (III) percentages determined by XPS after in situ thermal treatments with 1000 ppm N2O at 225 °C for different times.
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Rhodium appeared fully oxidized on both fresh catalysts (t = 0 min), which was expected since the catalysts were calcined at 500 °C, and the Ce (III) percentages (38%–40%) were in accordance with values typically obtained with these materials [21,22,29].

During the N2O pre-treatments, the catalysts were first reduced and re-oxidised afterwards. As observed in Figure 6, rhodium was progressively reduced and only Rh (0) was identified in both catalysts after the 15 min pretreatment, while after 60 min both Rh (III) and Rh (0) were observed again. The behavior of the cerium oxidation state (Figure 6) was qualitatively similar to that of rhodium, Ce (IV) being first slightly reduced to Ce (III) and reoxidised afterwards. It has to be mentioned that only the trend of the cerium oxidation state must be considered, but not the absolute values, since the reducing environment of the XPS measurements (high vacuum and an electron beam) could affect such absolute oxidation state values.



These XPS results (Figure 6), together with the N2O conversion profiles included in Figure 5, evidence that the RhOx/CeO2 catalysts suffer an activation process at 225 °C. The reduction of Rh (III) to Rh (0) after 15 min suggests that the interaction between RhOx with ceria is poor on fresh catalysts, otherwise it would be expected that rhodium remains partially oxidized due to the rhodium-ceria interaction [29]. Only after some time the real steady state is achieved, and both rhodium and cerium appear partially reoxidised evidencing that some surface transformations have occurred. The reoxidation of the catalysts (both of rhodium and cerium) is stronger for the most active catalyst (Rh250Ce25; see Figure 6 for time =60 min), suggesting a deeper transformation during the activation period. The easier reduction of Rhodium on the ramp calcination catalyst could be related to a worst stabilizing effect of the ceria support.



3.5. H2-TPR Characterization

Additional information about the redox properties of the catalysts was obtained by H2-TPR. The TCD profiles obtained in H2-TPR experiments are included in Figure 7. Three peaks are observed for all catalysts. The H2 consumed above 700 °C is assigned to bulk ceria reduction, that is, to the reduction of Ce (IV) cations placed within the oxide particles. The lowest-temperature peak at around 100 °C is attributed to both rhodium oxide reduction and noble metal-catalyzed surface reduction of ceria [30]. The TCD signal appearing between 200 and 400 °C can be attributed to different events: the reduction of surface ceria which is not in close contact with rhodium, the decomposition of surface carbonates (occluded within the CeO2 structure) and/or the reduction of hydroxyl and peroxide/superoxide surface groups [8,31,32,33].

Figure 7. H2-TPR profiles of fresh catalysts after an in situ pretreatment with 5% O2/He at 500 °C.
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A detailed analysis of the lowest temperature reduction peak shows a slightly lower reducibility of the catalyst with the lowest activity (Rh25Ce25, see lowest area in the Figure 7) in comparison to the remaining catalysts. This observation is in agreement with the conclusions of previous studies, where a relationship between surface reducibility and N2O decomposition capacity was obtained for a set of RhOx/CeO2 catalysts prepared with different ceria carriers (either pure and doped with La or Pr) [17]. Moreover, the rate limiting step of the RhOx/CeO2 catalyzed N2O decomposition mechanism was reported to be the reduction of the catalysts sites by N2O. The redox properties of the support play an important role in the stabilization of cationic rhodium species under reaction conditions, and best Rh/Ceria catalysts where those with a highly reducible CeO2 surface. The current results suggest that flash calcination of rhodium nitrate (starting heating either at 250 or 350 °C) allows obtaining a much better noble metal-support interaction than the conventional ramp calcinations (starting heating at 25 °C) [18,29], which was confirmed by TEM analysis.



3.6. TEM Characterization

Catalysts Rh25Ce25 and Rh250Ce25 were selected for TEM microscopy characterization. Figure 8 shows, as an example, a representative micrograph of each catalyst and the particle size distribution of rhodium for Rh25Ce25.

Figure 8. TEM pictures of catalysts (a) Rh25Ce25; (b) Rh250Ce25 and (c) particle size distribution of rhodium for Rh25Ce25.
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In the catalyst prepared by conventional ramp calcination (Rh25Ce25), RhOx particles smaller than 3 nm are distinguished. In this case, the number of RhOx particles which are clearly distinguished from the ceria support is enough to make a rhodium particle size distribution. This distribution shows that most rhodium oxide nanoparticles present a size of 0.5–1 nm.

In the catalyst prepared by flash calcination of rhodium nitrate (Rh250Ce25; Figure 8b), RhOx particles have been hardly observed, assuming that most of them are much smaller than 1 nm, and evidencing a better dispersion of rhodium on this catalyst.

As a summary, smaller RhOx particles are supported on ceria by flash calcinations of impregnated rhodium nitrate in comparison to conventional ramp calcinations. Catalysts prepared by this procedure are more active than the counterpart prepared in ramp, since the RhOx-ceria interaction is improved.




4. Conclusions

The conclusions of this study can be summarized as follows:

Ramp or flash calcination of cerium nitrate to obtain the ceria support has no effect neither on the ceria properties (those observed by XRD, Raman spectroscopy and N2 adsorption) nor on the catalyst performance for N2O decomposition of RhOx/CeO2 catalysts.

Flash calcination of rhodium nitrate impregnated on ceria improves the catalytic activity for N2O decomposition of RhOx/CeO2 catalysts in comparison to that of similar catalysts calcined in ramp.

The improved N2O decomposition capacity of catalysts where rhodium nitrate was decomposed by flash calcinations is attributed to the smaller size of RhOx nanoparticles (which are smaller than 1 nm) allowing a better metal-support interaction.
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