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Introduction

Catalysts operating effectively at room temperature are a challenging class of materials covering applications as varied as the cold start of engines to indoor air quality. Room temperature activity is most often reported for CO or formaldehyde oxidation. [1][2][3][4] Most non-noble metal systems, such as Hopcalites (copper manganese oxides) 5,6 or Co3O4 7 lack stability with time and/or in presence of moisture. More stable systems are often based on platinum nanoparticles deposited on reducible supports, 2,3,8 demonstrating the importance of tuning both, the metallic phase and the support material.

In general, the catalytic performance of an active phase can be strongly influenced by interaction with the support material. As early as the seventies, Tauster reported on the so-called SMSI (strong metal-support interaction) for noble metals supported onto TiO2, 9 however, this important effect is observed at higher temperatures. Recently, attention has focused on the local environment between the active species and the support [10][11][12][13] , e.g. on the interactions of support atoms in close contact to the active phase. The group of Illas reported on platinum-cerium oxide interactions on the nanoscale. 14,15 The authors observe two main characteristics of this catalyst: an electron transfer from platinum to ceria and an oxygen transfer from ceria to platinum at the interface between nanosized ceria and platinum nanoparticles.

The application of ceria in catalysis has been recently reviewed by Montini et al. 16 Among the vast literature on ceria, nanosized ceria plays an important role as catalyst support due to the increased amount of surface oxygen defects as compared to microcrystalline ceria. [17][18][19] The role of ceria supports and in peculiar oxygen ion vacancies has been described for numerous reactions, such as CO oxidation, 4,[20][21][22] water-gas shift reaction, 17,[23][24][START_REF] Fu | Flytzani-stephanopoulos[END_REF][26] NOx abatement 27,28 preferential oxidation of CO (PROX). 29,30 Next to the acknowledged effect of oxygen ion vacancies on the catalytic performance, also the presence of noble metals can change the ceria surface properties. It has been shown more than thirty years ago that the Ce-O bond is weakened by the presence of metals and thus renders the surface more reducible. 31 This concept usually lowers the reaction temperature. However, while the effect is wellestablished, the behavior of this system at low temperature (close to room temperature) has rarely been studied using operando characterization techniques. One recent example is the work of Ke et al. on PtOx clusters deposited onto CeO2 nanowires. 22 In their work, the authors show strong interaction between the PtOx clusters and the ceria (110) surface using in-situ spectroscopic techniques coupled with DFT calculation. The catalytic performance of the PtOx clusters is strongly influenced by oxygen coordination around platinum: a too high coordination and thus stabilization of the Pt inactivates the nanoclusters. The present study focusses on platinum nanoparticles deposited on nanosized ceria active at room temperature. Insights into the working principles of these Pt/CeO2 catalysts during low temperature CO oxidation are reported using HAADF-STEM analysis and operando XAFS measurements combined with simulation.

Results and Discussion

Figure 1 shows CO oxidation light-off curves for as-prepared and in-situ reduced 2.5 wt-%Pt/CeO2 samples. While oxidation takes place only at relatively high temperature for the as-prepared samples, in-situ reduced samples are already active at room temperature (10 % conversion of CO, e.g. 600 ppm). Upon cycling, room temperature conversion of CO diminishes, but the catalyst remains active and stabilizes after the third cycle. In comparison to recent advances in Pt-based CO catalysts, the present catalyst works at lower platinum loading (2.5 wt-% as compared to 12 wt-% loading) 3 and converts more CO (600 ppm at room temperature compared to 100 ppm for a Pt/TiO2 system). 32 This result is somewhat surprising considering the simplicity of the system: we use pure cerium oxide without additional dopants, often introduced to improve the catalytic activity due to the creation of oxygen ion vacancies.

The Brunauer-Emmett-Teller surface area decreases from 97 m 2 /g (CeO2 support) to 82 m 2 /g upon impregnation (see Table S1). After hydrogen treatment, the specific surface area remains stable (81 m 2 /g), thus showing that the catalytic performance is related to structural changes of Pt and not the surface area. The X-ray diffraction (XRD) patterns contain solely diffraction peaks of the fluorite phase CeO2, no other phases from platinum metal or platinum oxide are visible. The coherent scattering domain size of CeO2 as derived from Rietveld analysis is 9 nm for all samples (see Table S1). The structure of the catalyst can be best described by imaging the catalysts with electron microscopic techniques such as HRTEM and/or high angle annular darkfield -scanning TEM (HAADF-STEM). The corresponding micrographs of the Pt/CeO2 catalysts after reductive activation in hydrogen and after CO oxidation are shown in Figure 2. The HRTEM image of Figure 2a displays a highly crystalline ceria support, which is terminated by stepped surfaces. No amorphous layer was observed at the ceria surface. In combination with the HAADF-STEM image presented in Figure 2b, these images indicate that the Pt nanoparticles are well-dispersed over the ceria support and exhibit a particle size of around 1 nm. After reductive activation in hydrogen some of the ill-defined Pt nanoparticles (Figure 2c) spread along the ceria surface, after stimulation by the electron beam within the first 37 s (see supporting information movie M1). In addition, an increased lattice spacing (3.37 Å) of the (111) planes of ceria is observed. During the prevailing time of the catalytic reaction the (111) lattice spacing is reduced to 3.21 Å, which is within the error range of the expected (111) lattice spacing (3.18 Å) for ceria. After CO oxidation, some of the Pt nanoparticles are slightly increased, as seen by the HAADF-STEM images in Figure 2e and 2f. In addition, some atomic Pt clusters are observed. No spreading of the Pt nanoparticles along the surface of CeO2 was found even after the exposure to the electron beam for 302 s (Figure 2f, see supporting information movie M2). The different behavior under the electron beam of the reduced and spend samples suggests a structural modification of the platinum species during the catalytic test reaction. After hydrogen treatment and the catalytic testing, the Pt species are not covered by CeO2. However, the spreading of the reduced Pt nanoparticles on the ceria surface suggests the presence of the so called two dimensional strong metal support interaction as introduced by van Delft et al. 33 Mobility and spreading of noble metal nanoparticles on ceria due to strong particle-surface interaction has been described in the literature, [34][35][36] but to the best of our knowledge has not been described in the form of spreading under the electron beam. Further investigations under in-situ conditions will be needed to understand the role of the spreadable particles on the catalytic reactions, which is beyond the scope of the current work. However, since the spend catalyst does not spread, the initially present very small particles seem to be less stable. The structural changes observed might also explain the decrease in catalytic activity after the first cycle. In order to draw a more detailed picture of the electronic and structural properties of the platinum and cerium spe-cies during reduction and CO oxidation, we used operando XAFS coupled with mass spectrometry (MS). Details on the experimental setup (Figure S2), Pt L3 and Ce L3 XAFS measurements, in-situ treatment conditions, CO activity profiles (Figure S3) and data analysis procedures are summarized in the supporting information. The main observation from Ce L3 edge data (Figure S4) is that the amount of Ce 3+ increases from 15% to 28% during hydrogen treatment. The sample reoxidizes immediately under CO oxidation conditions, being in agreement with HRTEM observations. Presumably, the catalytic performance is not determined by the overall Ce 3+ concentration, but by Ce 3+ located in vicinity to the noble metal, which is coherent with recent publication on the role of Ce 3+ in CO oxidation. 22,37,38 These active Ce 3+ -species are short lived. 38 Therefore, the concentration and its role cannot be observed using our technique and is beyond the scope of this work. Significant changes during reduction and CO oxidation are observed in the Pt L3 EXAFS spectra. Figure 3 shows the amplitude of the Fourier Transformation (FT) EXAFS spectra of the as-prepared and in-situ reduced samples together with the best fit and the contributions from Pt-O and Pt-Pt. S2, S3) shows that the local environment of Pt in the as-prepared sample is very similar to that in platinum oxide (only oxygen nearest neighbors), with a Pt-O bond distance of 2.01 ± 0.01 Å (PtO2: 2.00 ± 0.01 Å). The main difference between our sample and PtO2 is in the coordination number, which is 2.9± 0.4 instead of 4.8± 0.6 for PtO2, This lower coordination number indicates a higher dispersion of platinum particles on the surface of the cerium oxide support. After insitu reduction, the local environment of platinum is composed of both oxygen and platinum atoms (Figure 3b and Table S3). The Pt-O bond distance is considerably longer than the Pt-O bond distance in PtO2 (2.10 ± 0.05 Å compared to 2.00 ± 0.01 Å in PtO2), while the Pt-Pt bond distance is shorter than the Pt-Pt bond in Pt metal (2.72 ± 0.01 Å compared to 2.76 ± 0.002 Å in Pt metal). This shorter Pt-Pt bond distance compared to the metal can be explained by rehybridization of the spd orbitals in metal nanoparticles, 39 which leads to an increase in the local electron density between two adjacent metal atoms and consequently to a smaller bond distance. [40][41][42] The effect is more pronounced for smaller particles. Upon increasing the reaction temperature, the Pt-Pt metal bond distance changes slightly to 2.72 ± 0.01 Å (50°C), 2.70 ± 0.04 Å (100°C) and 2.69 ± 0.03 Å (150°C). The elongated Pt-O bond distance of 2.10 Å after in-situ reduction remains stable during CO oxidation at 50 °C. At higher reaction temperatures, the Pt-O bond distance shifts again to lower values that are comparable to those in platinum oxide: 2.03 ± 0.03 Å at 100 °C and 2.01 ± 0.04 Å at 150 °C. The contraction of this bond with temperature is consistent with Pt L3 XANES spectral shapes (Figure S5), which also resemble more those of the oxide phase (increasing white line) with increasing temperature, indicating reoxidation of the platinum species on the surface under reaction conditions at higher temperature.

EXAFS analysis (Table

In order to interpret the anomalously large Pt-O bond distance of 2.10 Å in the in-situ reduced sample at ambient temperature, we performed full multiple scattering ab initio simulations of the Pt L3 XANES spectra corresponding to different local atomic configurations around Pt (see supporting information for details). We choose interaction of the platinum species with the {111} facet, since this orientation is most dominant in ceria nanoparticles. 43 Best results were obtained for the atomic configuration shown in Figure 4 depicting a Pt4 cluster lying on top of the CeO2(111) surface, with the three base Pt atoms bonded to oxygen atoms at a distance of 2.10 Å. The PtO model was used to simulate the spectrum relative to the as-prepared sample, where Pt-O distance is 2.01 Å. Figure 4 compares the experimental and simulated XANES spectra of the as-prepared, the in-situ reduced 2.5 wt-%Pt/CeO2 catalysts and the PtO2 reference. The simulations reproduce well the main features of the spectra. This is a strong indication that the local atomic configuration around Pt is close to that of the chosen models. Vaarkamp et.al observed such elongated Pt-O bonds, as noticed in present in-situ reduced sample, in a Pt/H-LTL zeolite catalyst after treatment at 500 °C in H2. 44 The authors propose this distance as a characteristic of zero valent Pt in contact with oxygen from the support. Concerning the Pt/CeO2 system, interaction between platinum metal and ceriumoxide via the formation of Pt-O-Ce bonds has been discussed in the literature as favorable for the catalytic activity, 45,46 but to the best of our knowledge, has not been reported under operando conditions using EXAFS. In this context, our direct observation also sheds light on the oxidation state of platinum on cerium oxide. It has been observed that oxidized noble metal species can indeed be more active than the completely reduced particle. [START_REF] Fu | Flytzani-stephanopoulos[END_REF]46 In the case of strong interaction with the support via oxygen bonds, the noble metal species is naturally in an oxidized state. DFT calculations show that the oxygen between a cerium atom and platinum is situated in a rather unusual configuration: the energy to withdraw this oxygen is strongly reduced, which might allow the participation of this oxygen in the reaction and thus encounter for the low temperature activity. 45,46 Tang et al. propose this mechanism for the oxidation of methane. 46 The calculated Pt-O bond distance in Ce-O-Pt linkage using DFT is 2.12 Å, i.e. quite similar to the bond distance of 2.10 ± 0.05 Å that we observe. Our catalyst might be in a similar favorable situation as described by DFT calculations, namely with easily removable oxygen shared by ceria and platinum.

Conclusion

We have shown that room temperature activity of Pt/CeO2 catalysts can be achieved by a hydrogen pretreatment of nanosized platinum species. HAADF-STEM analysis clearly show the presence of well-dispersed nanoparticles that are not covered by ceria after hydrogen treatment, as it would be the case in a classic SMSI situation. The reduced platinum particles spread under the electron beam, suggesting strong interaction with the support. After the first catalytic cycle, no spreading is observed, which in in coherence with loss in catalytic activity after the first cycle. In-situ EXAFS show that the platinum particles are not fully reduced in the active state. The active catalyst is characterized by an elongated Pt-O bond distance of 2.10 ± 0.05 Å. Combination of EXAFS analyses and FEFF simulation suggests that the low temperature catalytic activity can be related to platinum species-ceria interaction via these elongated Pt-O bonds. Elongated Pt-O-Ce bond distances between platinum particles and ceria have been discussed in the literature. To the best of our knowledge, this is the first time that the bond distance of 2.10 Å has been observed in-situ. The present study contributes thus to the general understanding of support-catalyst interaction at low temperature, which opens the field for optimizing catalysts active in this temperature regime.
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Figure 1 .

 1 Figure 1. Light-off curves for CO oxidation of the as-prepared, in-situ reduced and cycled 2.5 wt-%Pt/CeO2 catalysts.

Figure 2 .

 2 Figure 2. (S)TEM images of Pt/CeO2 catalysts. a) HRTEM image of Pt nanoparticles supported on ceria. The arrow in a) points to a Pt nanoparticle spread on the surface of ceria. The inset shows the power spectrum of the ceria support. b) to d) HAADF-STEM images of Pt/CeO2 catalyst after reductive activation in H2 at different magnifications. c) Atomic resolution HAADF-STEM image and (d) corresponding HAADF-STEM image after exposure to the electron beam for 37 s. e) HAADF-STEM image after CO oxidation and f) HAADF-STEM image of the same position after exposure to the electron beam for 302 s. The ceria support is highlighted in blue, whereas the Pt nanoparticles are depicted in red. The original images are given in the supporting information, Figure S2.

Figure 3 .

 3 Figure 3. FT of EXAFS spectra of a) as-prepared and b) in-situ reduced 2.5 wt-% Pt/CeO2 catalysts together with the best fits and the ccontributions of Pt-O, Pt-Pt.

Figure 4 .

 4 Figure 4. Experimental PtL3-edge XANES patterns of the as-prepared as well as in-situ reduced 2.5wt-%/CeO2 (left side) and the simulated ones with FEFF9 code (right side) along with the proposed model structures (middle panel).
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