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Abstract

:

The concept of very strong metal–support interactions (VSMSI) was defined in regard to the interactions that influence the catalytic properties of catalysts due to the creation of a new phase as a result of a solid-state chemical reaction between the metal and support. In this context, the high catalytic activity of the 1%Pt/Al2O3 catalyst in the CO oxidation reaction at room temperature was explained. The catalyst samples were reduced at different temperatures ranging from 500 °C to 800 °C and characterized using TPR, O2/H2 titration, CO chemisorption, TPD-CO, FTIR-CO, XRD, and TOF-SIMS methods. Based on the obtained results, it was claimed that with very high temperature reduction (800 °C), nonstoichiometric platinum species [Pt(Cl)Ox] strongly anchored to Al2O3 surface are formed. These species act as the oxygen adsorption sites.






Keywords:


CO oxidation; Pt/Al2O3 catalyst; SMSI phenomenon












1. Introduction


Supported metal catalysts comprising small metal particles deposited on a support surface are considered some of the most important components in heterogeneous catalysis. The primary goal of depositing metal onto a support material is to obtain a system with a highly dispersed form of metal, which is well-stabilized on the support surface, ensuring high catalytic efficiency. These catalysts are of considerable importance for industry because they allow more effective and economic usage of the metals, especially very expensive noble metals.



Initially, the support was treated as an inert material, the main role of which was to provide a large surface area for metal deposition. In the late 1970s, for the first time it was realized that interactions occur between the metal and support, whose strength depends on the nature and surface morphology of the support material, the type of metal, and the catalyst preparation conditions. Such interactions may influence both the activity and selectivity of the catalyst. Thus, it became clear that the role of the support goes far beyond physically increasing the surface area. The first well-described example of a catalyst showing these interactions, which were called strong metal–support interactions (SMSI), was Pt/TiO2 [1].



SMSI are usually induced under high-temperature treatment in hydrogen atmosphere and primarily involve reducible supports such as TiO2, CeO2, and Fe3O4 [1,2,3,4,5]. The most typical feature of the catalyst in SMSI state is a drastic decrease in H2 or CO adsorption capacity after reduction at temperatures usually higher than 400 or 500 °C [1,6,7]. Due to SMSI, in addition to the chemisorptive properties, the catalytic activity of the catalyst in various chemical reactions can also be altered. Different theories have been formulated to explain the SMSI phenomenon. The most respected SMSI explanations involve encapsulation by partly a reduced support material, which blocks active sites at the metal surface (decoration of metal sites) [8,9] and alloys formation [10] or electronic effects via charge transfer [11]. However, based on recent publications, the view that metal encapsulation is preceded by a partial support reduction as the main source of the SMSI state seems to dominate [12,13,14,15].



Nearly 40 years ago, Bond [16] proposed the classification of metal–support interactions into three groups—strong (SMSI), medium (MMSI), and weak (WMSI), depending on their strength. In contrast to SMSI (as described above), WMSI are ascribed to noble metals supported on nonreducible oxides, such as Al2O3, MgO, and SiO2. Small metal particles dispersed on zeolites can be considered examples of MMSI.



Nowadays, the definition of SMSI is often expanded to more widely understood support-induced changes in the catalytic activity of metal nanoparticles. In this regard, the interactions between irreducible support materials and noble metals are also often considered, although they do not show the most characteristic attributes of the classic SMSI state. In the literature, examples can be found indicating that the catalysts that should reveal only WMSI after a sufficiently high-temperature reduction, show unexpectedly high catalytic activity [17,18]. It is worth noting that for irreducible supports, the SMSI state is generally identified by an increase in the catalytic effectiveness of the catalyst after its high-temperature reduction. On the other hand, it can be assumed that in addition to the metal encapsulation mentioned earlier, high-temperature reduction (HTR) of the supported catalysts may also cause sintering of both the metal particles and support, diffusion of metal atoms or ions into the support, defects and dehydroxylation of support surface, the formation of Lewis acids centers, the creation of different interfacial chemical species that arise as a result of the reaction between the metal and support, and in extreme conditions the formation of alloys. These phenomena can cause decreased or increased catalytic activity after HTR. The authors of [19] proved that Pd–silicide (PdxSi) formed during the high-temperature reduction of Pd/SiO2 catalyst sharply increases activity in 2,2-dimethylpropane hydroconversion. In [20], it was stated that upon heating the Pt/Al2O3 system in reduced atmosphere at high temperature, tetragonal Pt3Al is formed, which can be further transformed into a cubic structure. Pt3Al and other platinum–aluminum intermetallic compounds show enhanced catalytic activity in oxygen reduction reactions.



The above examples prove that the changes in the catalytical performance of noble metals supported on irreducible oxides subjected to a high-temperature reduction are determined by a nuanced combination of the different effects listed earlier, although mainly involving a new phase formation as an effect of a very strong metal–support interaction. This new phase is responsible for changes in the catalytic performance. Bond’s classification does not include such systems, although they are relatively often reported in the literature. Therefore, we propose that the name very strong metal–support interactions (VSMSI) be assigned to such interactions, which influence the catalytic properties of catalysts due to the creation of a new phase as a result of a solid-state chemical reaction between the metal and support. On the other hand, we believe that the term SMSI, due to its history and widespread use in the literature, should be reserved for the interactions between metals and reducible supports and understood in accordance with its existing classic definition. The temperature conditions at which a given VSMSI system are induced led us to the term very high temperature reductions (VHTRs).



The results of a very high temperature reduction of Pt/Al2O3 catalyst are considered in the present work. We found that after reduction at 800 °C, this catalyst shows unexpectedly high activity during the CO oxidation reaction at room temperature (RT). It is worth mentioning that platinum is usually deposited on hard-to-reduce oxides such as Al2O3 or SiO2 and shows poor catalytic activity during CO oxidation at room temperature. These oxides do not participate in CO oxidation and serve as inert supports that maintain platinum dispersion. However, carbon monoxide adsorbed on platinum strongly inhibits oxygen adsorption and also hinders CO oxidation at room temperature. Therefore, to explain the high activity of the Pt/Al2O3 catalyst, it was assumed that additional O2 adsorption sites are the source of its activity, which are formed by the very strong platinum–Al2O3 interaction induced during reduction at 800 °C. The aim of this work was to confirm the above hypothesis




2. Results


2.1. Catalytic Activity


The results for carbon monoxide oxidation at room temperature (RT) are presented in Figure 1.



The profiles reveal that the carbon monoxide oxidation over the Pt/Al2O3 catalyst at RT occurred significantly only after its very high temperature reduction. The highest activity was recorded for the sample reduced four times at 800 °C (sample S803). According to the above considerations, the areas under profiles are proportional to the CO2 volume arising for 3600 s of carbon monoxide oxidation.



Table 1 (column 6) shows yields of CO conversion at RT for all samples (a detailed description of the CO conversion calculation is given in Section 4.7). Carbon monoxide conversion for samples reduced at 500 and 600 °C equaled only a few percent and increased significantly with the increase in reduction temperature, with sample S803 reaching values as high as 85.3%.



These results were rather unexpected, since the reaction of CO oxidation over Pt/Al2O3 catalyst usually occurs at elevated temperature. However, it should be noted that the high catalytic activity of Pt/Al2O3 samples reduced at 800 °C was not stable and gradually decreased over time. The most active catalyst (S803) allowed total CO conversion at room temperature over 2400 s, although the conversion decreased significantly after 3600 s (to ca. 70%) and total deactivation was observed after 21,600 s. The catalyst can be regenerated by treatment in hydrogen atmosphere. One can observe that the first three regeneration cycles led to a gradual increase in catalytic activity. Rows 6–9 in Table 1 depict the yields of CO conversion changes with the number of regeneration cycles. These results are for sample S800 and reveal that the highest catalytic activity was achieved after 3 regeneration cycles. The next successive cycle caused a clear decrease in the catalytic activity (sample S804). The reasons for this decrease will be discussed in Section 3.



To sum up, the very high reduction temperature (800 °C) resulted in high catalytic activity of the Pt/Al2O3 catalyst. It was found that the prepared catalyst was able to oxidize carbon monoxide at room temperature with very high efficiency. In order to explain this phenomenon, the processes of chemisorption, TPR, and TPD and the composition of the Pt/Al2O3 catalyst as a function of the reduction temperature were carried out and analyzed.




2.2. CO and Oxygen Chemisorption


On the basis of O2/H2 titration and CO chemisorption, the dispersion (D) and crystallites size (S) of platinum in the studied catalysts were calculated. The dispersion marked as DCO or DO2 was defined as the ratio of surface metal atoms to the total number of metal atoms [21]. It was assumed that only surface platinum atoms are the adsorption sites for CO. The mean platinum particle size was calculated from the equations given in [22], which describes the correlation between D and S.



The results of these calculations are presented in Table 1. They clearly show that dispersion of platinum strongly depends on the temperature of the catalyst reduction. The increase in the reduction temperature leads to the gradual decrease in platinum dispersion. These results are in accordance with results of different studies [23,24,25]. It is worth noting that the dispersion calculated based on the chemisorption of CO was significantly lower than that calculated from the oxygen adsorption calculated from O2/H2 titration. Such results suggest that the catalyst samples adsorb carbon monoxide not only in the linear form (Pt-CO) but also in the bridge [Pt-(2CO)] form. It may seem astonishing that successive reductions in S800 sample results in a decrease in carbon monoxide adsorption, while the volume of hydrogen adsorbed as an effect of oxygen–hydrogen titration practically remains constant. Comparing the values of DCO and Y (Table 1, columns 5 and 7, respectively), one can conclude that they change in a nonparallel way. For the samples with clearly lower dispersion, the CO conversion yields are significantly higher. Usually, high dispersion is essential to ensure high catalytic activity of metal-supported catalysts. The results presented above show an opposite tendency. In other words, the low dispersion and large platinum crystallites size promote high activity of the Pt/Al2O3 catalyst in carbon monoxide oxidation at room temperature. This conclusion suggests that the very high temperature reduction (VHRT) process leads to the creation of a new catalytic active phase, which might be responsible for CO oxidation at room temperature.




2.3. TPR, XRD, and TOF-SIMS Analysis


According to the conclusion from the previous section, the consequence of the very high temperature reduction of Pt/Al2O3 catalyst may be the formation of a new chemical species. To shed light on this assumption, TPR profiling of the calcined precursor of the Pt/Al2O3 catalyst was carried out. Usually, TPR profiles of the Pt/Al2O3 catalysts prepared from chloroplatinic acid include two peaks. They are ascribed to the different platinum species weakly and strongly interacting with the alumina.



The authors of [26,27,28,29] assumed that the first peak can be attributed to the reduction of oxy- or hydroxychloride platinum species, while the high temperature peak can be attributed to the two-dimensional dispersive oxychlorinated platinum species, which strongly interact with the alumina support. It should be noted that the above conclusions are generally accepted. Figure 2 shows the TPR-H2 profile of the Pt/Al2O3 sample investigated in the present work, directly after its calcination.



Four reduction peaks can be observed with maximum H2 consumption at around 80, 200, 480, and 680 °C, respectively. They correspond to the reductions in different platinum species, which may be formed both during the impregnation and calcination processes. For correct interpretation of TPR profiles, knowledge of the chemical composition before reduction is of fundamental importance. An attempt to use XRD for this purpose failed due to the low content of platinum in the sample and high dispersion of platinum species. There were neither metallic platinum nor any other platinum species lines on XRD diffractograms of the catalyst under study.



Thus, a more sensitive technique for surface analysis, namely TOF-SIMS, was used to analyze the chemical compositions of Pt/Al2O3 samples surface both before and after their reduction. The results are presented in Table 2.



Regardless of the sample treatment, the different ionic species containing platinum (PtO−, PtOCl−, PtCl−) and intermetallic species such as PtAlO− or PtAlO2− were observed. Their concentrations changed with the increase in reduction temperature. Moreover, the results provided direct evidence that both Pt oxides and oxy-chloric-platinum or chloric-platinum species were still present on the catalyst surface, even after high-temperature reduction. The most significant observation was the confirmation that Al2O3 interacts with platinum-forming intermetallic compounds. It seems that they can be formed during the impregnation process.



The authors of [30] examined the compositions of Pt complexes adsorbed on alumina from H2(PtCl6) solutions with the used 195Pt-NMR and UV–Vis methods. They stated that two different types of adsorbed hexachloroplatinate ions can exist on the Al2O3 surface. The first is PtCl6]−2, while the second one is [PtCl−5(OH)]−2. The [PtCl6]−2/[PtCl5(OH)]−2 ratio of these ions depends on the pH of the impregnation solution, impregnation time, and acidity of the alumina support. The decomposition of [PtCl6]−2 and [PtCl5(OH)]−2 ions leads to the creation of oxy-chloride-platinum species. However, intermetallic species such as PtAlO− and PtAlO2−, which are characteristic of PtAlO3, can be formed as a result of the following reaction:


    2 Al   3 +   +   3 [  PtCl 6  ]   2 −      →  drying      Al 2  [  PtCl 6   ] 3     →   calcination ,   air       PtAlO 3   



(1)







To enable Reaction (3), Al3+ cations must appear in the impregnation solution. It can be assumed that the reaction leading to their formation involves at least minor digestion of Al2O3 according to the reaction:


   Al 2   O 3     →   H +        2 Al   3 +   + 3  H 2  O  



(2)







To confirm this assumption, we used the atomic absorption spectroscopy method to measure the aluminium concentration in the impregnation solution (8 wt.% H2[PtCl6] in H2O) after contact with Al2O3 for 12 h (impregnation time used in the catalyst’s preparation). It turned out that about 0.08% of alumina had dissolved during impregnation. This fact confirmed that Reaction (2) may proceed during impregnation of Al2O3 via the solution of chloroplatinic acid. Therefore, the reaction between Al3+ and [PtCl6]2− can lead to aluminium hexachloroplatinate, which after calcination creates PtAlO3, as identified by TOF-SIMS. Considering the above results, the process of oxy-chloride-platinum species formation can be described by a reaction comprising the presence of the hydroxyl group adsorbed on Al2O3:


   {  H +  +   [  PtCl 6  ]   2 −   + [  PtCl 5    ( OH ) ]   2 −   ] } /  Al 2   O 3    ( OH )  z     →     drying ,      calcinaton ,   air       [   Pt u   O  x 1    +  Pt −  Cl x   +  Pt - O -  Cl y   +  PtAlO 3  ] /   Al 2   O 3   + nHCl + m  H 2  O   



(3)







Thus, the peaks observed on the TPR profile correspond to the reduction of these platinum compounds. The first and smallest peak, which starts at 50 °C and reaches its maximum at around 80 °C, may relate to the reduction of platinum clusters whose surface layers were passivated by oxygen. The second peak beginning at 110 °C with a maximum at 200 °C may be attributed to the reduction of all platinum oxides that weakly interact with the alumina support. The third peak with the maximum at 480 °C can be identified by the reduction of PtClx and all oxy-chloride connections (Pt-O-Cly) that strongly interact with the alumina support. A more ambiguous issue is the origin of the fourth peak with the maximum at 680 °C. Considering the fact that high catalytic activity is observed after VHRT, it could by that only the fourth reduction peak should is the source of that activity. Let us preliminarily assume that this peak relates to the reduction of Al2O3 and formation of alloys, such as PtAl:


Pt/Al2O3 + 3H2 = 2PtAl + 3H2O



(4)







On the other hand, it is well known that alumina possesses a very high chemical stability and is not prone to reduction even under harsh conditions. It is worth noting that the high-temperature interactions in the Pt-Al2O3 system are a subject of great research interest because of the significance for hermetic metal–ceramic joining [31,32]. At temperatures above 1500 °C, alumina creates a very dense structure with platinum as result of platinum encapsulation by Al2O3 [33]. However, reduction of Al2O3 in the presence of supported, well-dispersed platinum begins at significantly lower temperatures. In the literature, one can find reports showing that the process of PtAl alloy formation occurs at 800 °C [34] or even 600 °C as a result of Al2O3 reduction [35].



The most striking feature of the TOF-SIMS analysis of reduced samples is the presence of chlorine ions and the oxy-chloride platinum species on the catalyst surface, despite the very high reduction temperatures. This fact indicates that Al2O3 bonds chloride and oxy-chloride platinum species very strongly. However, ions that might have arisen due to the presence of PtAl alloys were not observed. Thus, these results confirm that the reducibility of Al2O3 is very low and that the reaction under TPR conditions does not occur. Concurrently, the results of TOF-SIMS measurements clearly proved that the concentration of oxy-chloric-platinum species contained in S800 sample is clearly smaller than in the S500 sample. This means that parts of these species such as PtAlO3 are reduced during the fourth step of the TPR process, with maximal hydrogen consumption at about 680 °C. This can lead to an increase in the number of adsorption sites. Simultaneously, because the platinum dispersion DCO values decrease with temperature more rapidly than DO2, it can be assumed that high reduction temperatures promote CO chemisorption in bridge form. In order to verify this preliminary conclusion, FTIR spectroscopy measurements were carried out.




2.4. FTIR Analysis


Figure 3 shows FTIR spectra of CO adsorption on the samples reduced at 500 and 800 °C.



For the S500 sample, both linearly [Pt-CO (2068 cm−1)] and bridge [Pt-(2CO) (1820 cm−1)]-bonded carbon monoxide was detected. In addition, a very small peak at 2130 cm−1 was also recorded. This peak is usually assigned to CO adsorption on the oxidized form of platinum atoms [36]. Comparing the peaks areas, it can be stated that the percent concentration of the bridge-bonded CO is ca. 11%. It is worth emplacing that the difference between the DCO and DO2 dispersion values is equal to 11.5% (Table 1). Thus, one can conclude that FTIR and CO chemisorption results for S500 sample are in line.



However, for the S800 sample, there is only one peak at 2045 cm−1 corresponding to the linear form of adsorbed CO. Contrary to expectations, the peak characteristic for [Pt-(2CO)] is not observed. This means that the Pt/Al2O3 catalyst after the VHTR creates adsorption sites that adsorb CO only in the linear form. Thus, these results do not confirm the conclusion presented in the previous section. Furthermore, the FTIR Pt-CO peak is strongly shifted towards a lower wavenumber. With respect to the S500 sample, this shift is equal to 23 cm−1. The direction of this shift is also rather unexpected. According to the literature [37,38], the high-temperature reduction should shift the CO peak towards higher wavenumber due to the increase in CO-CO interactions resulting from the increase in platinum particle size (the effect of dipole–dipole coupling). This phenomenon corresponds to the adsorption sites located mainly in the adjacent position and for high CO coverage. Only in such situations can CO molecules interact with each other. A shift of the CO peak towards a lower wavenumber is observed when adsorbed CO molecules are better spread over the platinum surface, causing a decrease in the dipole–dipole coupling. For instance, the coadsorption process can minimize or eliminate the dipole–dipole coupling as a consequence of carbon monoxide dilution. In this regard, the CO peak’s shift towards a lower wavenumber was interpreted by the authors of [39]. Dilution of adsorbed CO can also occur as a result of the presence of different adatoms on the platinum surface. This leads to a decrease in the number of exposed Pt sites for CO adsorption, and consequently prevents CO adsorption on the Pt sites situated in adjacent positions. In this regard, the shift of the CO peak to lower values for the bimetallic catalysts containing platinum as a primary metal is also considered. For instance, it was stated that the presence of Cu or Ge [40,41] on the platinum surface decreases the dipole–dipole coupling due to changes in the morphology of the platinum surface.



Therefore, considering the above aspects, one can conclude that the VHTR process creates the conditions under which platinum atoms can be insulated from each other, reducing the effects of CO-CO interactions (dipole–dipole coupling). On the other hand, the observed strong shift towards lower wavenumbers can also be attributed to the change in platinum electronic properties due to the VHTR process. According to the model given by Blyholder [42], which considers molecular orbitals, the chemisorption between CO and Pt is the result of electron transfer from the filled CO 5σ orbital to platinum (donation) and electron transfer from platinum into the empty CO 2π* orbital (back donation). The increase in electron density of the 2π* orbital leads to weakening of the carbon–oxygen bond in the CO molecule and strengthening of the Pt–CO bond. Since the vibrational frequency of the C–O bond is proportional to the strength of the C–O bond, one can observe a frequency shift towards a lower wavenumber when the strength of this bond decreases in comparison to the free CO molecule. The value of this shift depends on the extent to which the 2π* orbital is filled. However, it is dependent on the electronic properties of the supported platinum. Thus, all factors that increase the electron concentration in the platinum particles can also be responsible for the increase in the bond strength between platinum and carbon monoxide due to the increase in back donation.



In light of above considerations, it can be regarded that the shift of the FTIR CO peak is due to the increase in electron density of the platinum particles that occurs after the VHTR process. However, the mechanism responsible for this increase is an open issue. One can preliminarily assume that the strong electronic interaction between platinum and Al2O3 results in electron transfer from Al2O3 to platinum. Consequently, both back donation and the Pt–CO bond strength increase.



On the other hand, it is well known that Al2O3 is a very good electrical insulator with a forbidden band width higher than 7 eV [43]. When Al2O3 is in close contact with platinum an electrical junction is created. Therefore, the platinum–alumina interface in the Pt/Al2O3 catalyst can be treated as a metal–insulator electronic junction. In this junction, the Fermi levels of platinum and alumina are aligned to the same level by the charge transfer between them. The direction of the electron flow depends on whether the work function of platinum is above or below the work function of alumina. At room temperature, polycrystalline platinum has a relatively high work function equal to 5.7 eV [44]. However, because the width of the forbidden band of Al2O3 is ca. 8 eV and assuming that its conduction band is about 1 eV, the work function of Al2O3 can be estimated as ca. 4.5 eV. These values mean that when Pt and Al2O3 are brought into contact, the electrons should move from alumina to platinum. The consequence of this phenomenon should be the growth of the positive charge on the alumina side and a negative one on the platinum side. On the other hand, this electronic junction probably does not play a significant role in electron transfer if Al2O3 is the insulator. Due to the very high value of the width of the forbidden band of alumina at room temperature, its conduction band is empty and the flow of electrons across the junction is negligible. Thus, proper conditions for the electron transfer across the Pt-A2O3 junction are not provided.



A different situation occurs when surface platinum atoms (Pts0) are surrounded by semiconductive materials. As has been shown in Table 2, despite the very high reduction temperature, the surface of the Pt/A2O3 catalyst still contains the oxide, chloric, and oxy-chloric platinum ions. The sources of these ions are platinum oxides, chlorides, or oxy-chlorides. Their presence in the S800 sample means that they are very strongly anchored to the Al2O3 surface, which makes their total reduction to Pt0 very difficult. Thus, the sample of S800 catalyst contains irreducible platinum species surrounding reduced surface platinum atoms (Pts0). It can be presumed that these species after the VHTR process are strongly nonstoichiometric due to the following reduction reactions:


PtO2-(Al2O3) + xH2 = PtO2−x − (Al2O3) + xH2O



(5)






PtCl4-(Al2O3) + xH2 = PtCl4−x − (Al2O3) + xHCl



(6)






Pt OxCly-(Al2O3) + (x1 + y1)H2 = PtOx−x1Cly−y1 (Al2O3) + y1HCl + x1H2O



(7)







These nonstoichiometric platinum species strongly anchored to the Al2O3, labeled by us generally as [Pt(Cl)Ox]Al2O3, could be treated as a type n semiconductor, although the high anion vacancy concentration means that they also can be regarded as a degenerate semiconductor. In such materials, at room temperature the Fermi level is in the conduction band [45]. Consequently, these materials can show quasi-metallic properties with lower work function values in comparison to platinum (5.7 eV).



Therefore, the [Pt(Cl)Ox]Al2O3 species can be treated as an electron-donating compound in the vicinity of the platinum (Pt0) atoms. The interaction of the Pt0 with an electron-donating compound can cause an increase in the electron density of the platinum. This creates conditions for enhancing the back donation towards the 2π* CO orbital and leads to a weakening of the C–O bond and to a decrease in the FTIR CO frequency. Simultaneously, this phenomenon creates conditions for increased bond strength between Pt and CO.



Thus, it can be concluded that [Pt(Cl)Ox]Al2O3 species induced by the VHTR process act as promoters for carbon monoxide adsorption over platinum surfaces. This conclusion is, however, contrary to expectations. It is expected that the VHTR process will cause an opposite effect, i.e., weakening of the Pt–CO bond. A weak Pt–CO bond should facilitate coadsorption of CO and O2 over the platinum surface and increase the catalytic activity in CO oxidation. The effect of CO and O2 coadsorption can be observed for platinum catalysts promoted with alkali metals [46] because of Pt–CO bond weakening. According to the results presented above, the VHTR process strengthens the Pt–CO bond. In order to confirm this conclusion, the TPD-CO process was assessed.




2.5. TPD of Carbon Monoxide


The TPD-CO profile for the S500 catalyst sample is shown in Figure 4 (curve labeled as CO). Only two small and broad peaks with maxima at 110 °C and 380 °C, respectively, can be observed. The volume of desorbed CO (0.005 cm3/gcat) does not correspond to the result presented in Table 1 for adsorbed CO (0.814 cm3/gcat). To explain this phenomenon, it is assumed that the process of CO desorption is also connected with the formation of CO2. Carbon dioxide can arise as a product of the Boudouard reaction:


2CO = CO2 + C



(8)







Additionally, it can arise a product of CO oxidation by hydroxyl groups:


CO + 2OH = CO2 + H2O



(9)




and between water and carbon monoxide:


CO + H2O = CO2 + H2



(10)







The last reaction, called the water–gas shift reaction, is well known and often used as a source of hydrogen [47] or in the process of gas purification from CO [48].



The hydroxyl groups present on the catalyst surface can be weakly or strongly bonded by Al2O3. These groups can relatively easily react with adsorbed carbon monoxide, oxidizing it to carbon dioxide in accordance with Reaction (9) or (10).



The curve labeled as CO2 in Figure 4 shows the profile of CO2 formed during the TPD-CO process. Two CO2 peaks can be clearly distinguished. One can assume that the first peak arises as a product of a reaction between the adsorbed carbon monoxide and hydroxyl groups, which are weakly bonded by Al2O3. This process is described by Reactions (9) and (10) and starts at relatively low temperatures (around 110 °C). In the second stage, adsorbed CO reacts with hydroxyl groups, which are strongly bonded by alumina. This stage starts at temperatures higher than 300 °C and reaches its maximum at 450 °C. To sum up, during TPD-CO, the dehydroxylation of alumina resulting in the release of CO2 occurs. Therefore, after the first run, the catalyst sample was again saturated with CO and the process of TPD-CO was repeated. The details of the whole procedure are described in Section 4.5.



The TPD-CO profiles after the second CO adsorption are presented in Figure 5. The amount of recorded CO2 (not shown here) was negligible. The profiles of the samples reduced at temperatures lower than 800 °C clearly show two poorly separated CO desorption stages. In the first one, CO starts to desorb at 90 °C, reaching a blurry maximum at about 125 °C, whereas the second stage starts at 160 °C and shows a maximum in the range of 360–400 °C, depending on the sample’s reduction temperature. This course of TPD-CO, including two CO desorption stages, is in general accordance with the FTIR results, which also indicate two predominating CO adsorption sites attributed to linearly and bridge-bonded carbon monoxide. The lack of a third adsorption site assigned to CO adsorption on oxidized platinum, which is hardly observed in FTIR spectra, may relate to the heterogeneous character of the catalyst sample, as reflected by broad desorption peaks.



All samples reduced at 800 °C show single-stage CO desorption, starting at about 200 °C and reaching a maximum in the range of 400–460 °C, depending on the sample’s pretreatment. The absence of the low-temperature desorption stage seems to indicate that on the sample reduced at VHRT, the adsorption of CO in bridge form does not take place. CO desorption for samples reduced at temperatures lower than 800 °C begins at a temperature of around 100 °C, corresponding to that in which the process of CO oxidation over the Pt/Al2O3 catalyst operating in oxygen excess at atmospheric pressure starts (the results are not shown here). As was previously stated, carbon monoxide behaves as a poison for platinum catalysts. The desorption of CO activates the platinum surface by creating sites for oxygen adsorption, allowing coadsorption of CO and oxygen. Therefore, one can expect that for samples showing very high catalytic activity at room temperature (S801, S802, or S803), the process of CO desorption should start practically at RT. However, as is shown in Figure 5, CO desorption begins at around 200 °C. Moreover, the increase in the TPD-CO maximum can be clearly observed for the sample subjected to each successive reduction cycle (S800 → S804). The shift of the maximum towards higher temperatures means that the strength of the interaction between carbon monoxide and platinum surfaces gradually increases.



Thus, the results of TPD-CO measurements confirmed that the VHTR process strengthens the bond between Pt and CO, which means that coadsorption of CO and O2 over platinum surfaces at room temperature can be excluded. This last statement raises questions regarding the source of high catalytic activity of the Pt/Al2O3 catalyst.





3. Discussion—The Source of High Catalytic Activity of Pt/Al2O3 Catalyst


The results presented in Section 2.1 show that the very high reduction temperature for Pt/Al2O3 catalysts strongly promotes their activity in the reaction of CO oxidation at room temperature. Simultaneously, platinum particles become larger during the high-temperature reduction due to their agglomeration and sintering. This conclusion suggests that the catalytic activity of Pt/Al2O3 catalysts in CO oxidation is facilitated by the large platinum crystallites. On the other hand, the platinum black powder with relatively large Pt crystallites is not highly active in the CO oxidation reaction at room temperature [49,50].



The efficiency of the CO oxidation over platinum surfaces at room temperature mainly depends on the possibility of CO and O2 coadsorption. After adsorption on the Pt surface, oxygen dissociates into oxygen atoms and reacts with adsorbed carbon monoxide molecules to CO2. This reaction is an example of the Langmuir–Hinshelwood (LH) mechanism, which requires the adsorption of both CO and oxygen over the metallic platinum surface. It is generally accepted that the process of CO oxidation occurs at low temperatures according to this mechanism [51,52]. However, the rate of reaction depends on the fractional surface coverage of CO (θCO) and oxygen atoms (θO). On the other hand, it is well known that the affinity of carbon monoxide towards platinum surfaces is so great that it may be considered a poison for the platinum catalyst. The presence of CO on the surface of the platinum catalyst can totally block oxygen adsorption. Thus, oxygen must compete with carbon monoxide on the adsorption sites on the platinum surface. Moreover, in contrast to carbon monoxide, the adsorption of oxygen molecules requires a relatively large surface area of Pt due to its dissociative nature. According to [53], after dissociation, the O atoms are separated by two lattice constants on the Pt(111) due to the reduction of the lateral O–O interaction. These determinants clearly show that reaction of CO oxidation at room temperature over platinum surfaces is not easy. A good platinum catalyst for low-temperature CO oxidation should enable simultaneous adsorption of both CO and O2. Therefore, the platinum catalysts supported on irreducible oxides such as Al2O3 or SiO2 are usually not very active in this reaction, contrary to those supported on partly reducible oxides, which are able to adsorb oxygen, such as TiO2 [54], SnO2 [55], or Fe2O3 [56].



Therefore, the question arises regarding the source of high catalytic activity of the Pt/Al2O3 catalyst reduced at very high temperature. One can assume that two forms of adsorption sites on the Pt/Al2O3 catalyst exist. The first form is the surface metallic platinum atoms (Pts0) generated during the reduction of the Pt/Al2O3 catalyst at relatively low temperatures (lower than 500 °C), while the second is nonstoichiometric platinum species [Pt(Cl)Ox] strongly anchored to Al2O3, created at very high reduction temperatures. The adsorption properties of both these forms are quite different. Platinum (Pts0) sites show a clearly higher adsorption affinity to carbon monoxide than to oxygen, while reduced [Pt(Cl)Ox]Al2O3 sites show the opposite properties. They facilitate the adsorption and activation of oxygen molecules. The above findings mean that the Pt/Al2O3 catalyst after the VHRT process provides separate sites for oxygen and carbon monoxide adsorption. Thus, these gases do not have to compete for the same adsorption sites over the platinum surface. Carbon monoxide strongly adsorbed on Pt0 can easily react with oxygen adsorbed on [Pt(Cl)Ox]Al2O3 species, according to the LH mechanism:


Pt-CO(ads) + {[Pt(Cl)Ox]Al2O3}-O(ads) = Pt + [Pt(Cl)Ox]Al2O3 + CO2(gas)



(11)







This mechanism ensures effective CO oxidation at room temperature, if [Pt(Cl)Ox]Al2O3 sites are present on the catalyst surface in the reducible form. However, the oxygen adsorption over [Pt(Cl)Ox]Al2O3 sites is also the first step toward oxygen incorporation into the lattice of these nonstoichiometric oxy-chloride-platinum species. This progressive oxidation of [Pt(Cl)Ox]Al2O3 leads to the decrease in the efficiency of CO oxidation with time. For these reasons, the very high catalytic activity of Pt/Al2O3 catalyst is not stable. As it was shown in Section 2.1, the catalyst gradually lost its high activity during the reaction. When the [Pt(Cl)Ox]Al2O3 adsorption sites lose capacity to oxygen adsorption, the catalytic activity of the Pt/Al2O3 catalyst at RT practically disappears due to the reaction:


Pt + [Pt(Cl)Ox]Al2O3 + 2COgas + O2gas = [Pt(Cl)Ox]OLAl2O3 + Pt-COads + CO2gas



(12)




where [Pt(Cl)Ox]OLAl2O3 means that the oxidized oxygen adsorption sites also do not interact with carbon monoxide adsorbed on the platinum surface (Pt-CO(ads)). However, the repeated reduction (re-reduction) of the catalyst sample restores its high catalytic activity.



The above considerations indicate that the ability for oxygen adsorption by nonstoichiometric oxy-chloric-platinum species strongly anchored to Al2O3 is a crucial factor that determines whether the Pt/Al2O3 catalyst is active or inactive in CO oxidation at room temperature. They also shed new light on the oxygen–hydrogen titration results shown in Table 1. The comparison of the data presented in columns 3 and 5 shows that the DO2 values were higher than DCO values for all samples. For samples S500 and S600, this discrepancy could be attributed to CO adsorption in the bridge form. However, according to the FTIR results, this form is not observed for the samples reduced at a very high temperature. Thus, it can be concluded that for the S800 sample, differences between DO2 and DCO result from additional oxygen adsorption sites formed during the VHTR process.



Therefore, the whole process of oxygen–hydrogen titration can be described by the following reactions:




	
Oxidation of the catalyst surface:


    Pt s  0  + { [ Pt ( Cl )  O x  ]  Al 2   O 3  }    →   O 2      { [ Pt ( Cl )  O x  ]  O L   Al 2   O 3  } +  Pt s   O ad   



(13)







	
Oxygen titration:


{[Pt(Cl)Ox]OLAl2O3} + H2 = {[Pt(Cl)Ox]Al2O3} + H2O



(14)






Pts-Oads + 3/2H2 = Pt-Hads + H2O



(15)












As it results from Equations (14) and (15), the volume of consumed hydrogen corresponds to the total number of the adsorption sites (NPtT) present on the surface of the Pt/Al2O3 catalyst. However, the number of oxygen adsorption sites (NPtOx) is the difference between the total number of available adsorption sites (NPtT) and the number of surface metallic platinum atoms (NPts0):


NPtOx = NPtT − NPts0



(16)







NPts0 was determined during the measurements of CO adsorption, while the values of NPtT were calculated based on the O2-H2 titration. The ratios of NPtOx to NPtT show the concentrations of NPtOx oxygen adsorption sites in the investigated catalyst samples. Therefore, given that the concentrations of the bridge form of adsorbed CO are 10% for S500 and S600 samples, 5% for S700, and 0% for S800, the percentage content of oxygen adsorption sites in the investigated catalyst samples can be calculated. The results of these calculations are presented in Table 1 (column 8). They indicate that the concentration of oxygen adsorption sites significantly increases with the reduction temperature. For sample S804, nearly 90% of adsorption sites consist of oxygen adsorption sites.



However, Figure 6 shows the CO conversion yields (Y) as a function of the ratio of NPtOx to NPts0, labeled as NO2/CO (Table 1, column 9). The presented curve shows that the catalytic activity of the Pt/Al2O3 catalyst in the CO oxidation reaction at room temperature is determined by the presence of oxygen adsorption sites. For the Pt/Al2O3 samples reduced at 500 and 600 °C, the NO2/CO ratios are very low and the catalytic activity is also low, despite NPts0 value being high. Simultaneously, when the NO2/CO ratio is clearly higher than 1, the catalytic activity is low.



Thus, the conclusion drawn from Figure 6 is unequivocal. The concentration of oxygen adsorption sites should be equal to the concentration of the adsorption sites for carbon monoxide. Only under such conditions can the process of CO oxidation occur at room temperature over the Pt/Al2O3 catalyst. In the investigated Pt/Al2O3 catalyst samples, this condition ensures the presence of nonstoichiometric oxy-chloride-platinum species strongly anchored to the Al2O3 surface as a result of very high temperature reduction.




4. Materials and Methods


Al2O3, (Fluka, type 507, Buchs, Switzerland, SBET = 125 m2/g), H2PtCl6 solution (8 wt.% in H2O), Sigma Aldrich, Poznan, Poland), were used as received. All gases used in this study were purchased from Linde Poland (ultra-high-purity grade 5.0) and used without any further purification.



4.1. Sample Preparation


The 1%Pt/Al2O3 catalyst was prepared via the wet impregnation method using an aqueous solution of H2PtCl6. The general procedure for wet impregnation was as follows: A support (Al2O3) was immersed in an appropriate volume of H2PtCl6 solution to achieve the loading of 1 wt.% Pt for 12 h at RT. The excess water was evaporated in a rotary evaporator. The impregnated catalyst was further dried at 120 °C overnight and finally calcined at 400 °C for 4 h. Next, the samples were reduced by heating in hydrogen at 500, 600, 700, and 800 °C for 2 h and denoted as S500, S600, S700, and S800, respectively. The S800 sample after chemisorption and catalytic measurements was again subjected to the reduction in the TPR regime (described below). After reaching 800 °C, the reduction at this temperature was continued for 1 h. This cycle was repeated four times and the samples after each of them were as S801, S802, S803, and S804, respectively. It should be underlined that the same sample S800 was used the whole time.




4.2. Structural and Morphological Characterization of Samples


XRD measurements were carried out in a PANalytical X’Pert Pro (Malvern PANalytical, Malvern, United Kingdom), diffractometer equipped with an Anton Paar XRK900 reactor chamber (Anton Paar, Graz, Austria). The X-ray source was a long fine-focus X-ray diffraction copper tube operating at 40 kV and 30 mA.



The surface species were examined by TOF-SIMS (time-of-flight secondary ion mass spectrometry). The TOF-SIMS measurements were taken in the static mode using an ION–TOF instrument ((TOF-SIMS IV, IONTOF GmbH, Münster, Germany) equipped with a 25-kV pulsed 69Ga+ primary ion gun.




4.3. Temperature Programmed Reduction (TPR)


TPR-H2 experiments were performed in the PEAK-4 apparatus, using the H2/Ar (5 vol.% H2, 95 vol.% Ar) gas mixture with a flow rate of 40 cm3 min−1 in the temperature range of 0–800 °C with a linear ramp rate of 20 °C min−1. The PEAK-4 was manufactured by us and its design and characteristics are described in the paper [57]. Prior to the TPR run, the 0.2 g sample directly after calcination was pretreated in situ by heating in O2 flow for 1 h at 400 °C, followed by cooling to RT. A thermal conductivity detector (TCD) was used to detect the changes in hydrogen concentration behind the reactor. The reduction of high-purity CuO was used to quantify the H2 consumption.




4.4. Chemisorption Measurements using the Dynamic Pulse Method


The O2/H2 titration was used to determine the chemisorption properties of the Pt/Al2O3 catalyst. The sorbed oxygen was titrated by hydrogen. It was assumed that the stoichiometry of chemisorption (H/Pt) is equal to 1, while the equation describing this process is as follows:


PtOads + 3/2H2 = PtH + H2O



(17)







The catalyst measuring 0.2 g was placed in a glass tube reactor with an internal diameter of 5 mm. The catalyst was activated at a given temperature of range of 500–800 °C for 2 h in a stream of hydrogen with a flow rate of 40 cm3 min−1. Then, the reactor was cooled to room temperature in a flow of N2 and finally nitrogen was replaced by air stream, flowing at a rate of 40 cm3 min−1 for 10 min. Next, air was replaced by nitrogen and the pulses of 0.05 cm3 hydrogen were introduced into the reactor by a six-way valve. The changes in hydrogen concentration were detected by a thermal conductivity detector (TCD). For comparison, the chemisorption properties of the Pt/Al2O3 catalyst were also determined by CO adsorption at room temperature. Prior to the adsorption, the sample (0.2 g) was reduced in the H2 stream under the same conditions as those preceding O2/H2 titration. Then, it was cooled to RT in a flow of nitrogen. Next, the pulses of 0.05 cm3 carbon monoxide were introduced into the carrier gas by the six-way valve. An infrared gas analyzer type ZRJ-4 (Fuji Electric System Co., Tokyo, Japan) detected the changes in CO concentration behind the reactor.




4.5. TPD-CO Measurements


Two consecutive TPD-CO measurements were conducted. The Pt/Al2O3 sample, after reduction at a given temperature, was cooled to RT in the flow of N2, then the flow of nitrogen was replaced by the gas mixture of 5% vol. CO balanced by nitrogen. The sample was saturated with CO for 15 min, then the flow of nitrogen was restored and the first (preliminary) TPD-CO run was recorded. The temperature was increased from 25 to 500 °C at a temperature ramp of 10 °C/min.



Next, after cooling to RT, nitrogen was again replaced by the gas mixture containing carbon monoxide and the described above TPD-CO procedure was repeated but in the temperature range 25–800 °C. The concentration of CO and CO2 was measured using Gas Analyzer type ZRJ-4. This device allows concurrent detection of CO and CO2, shows very high sensitivity (detection limit 1 ppm), and is highly selective to both CO and CO2.




4.6. CO-FTIR Spectroscopy


The nature of adsorbed CO species on Pt/Al2O3 surfaces was studied by FTIR spectroscopy using a Nicolet 6700 infrared spectrometer (Specac Ltd., Orpington, UK) equipped with a high-pressure and high-temperature transmission mode. IR spectra were recorded in the 4000–1000 cm−1 region of a wave number at RT. The spectral resolution was 4 cm−1. The reduced catalyst sample (0.3 g) in the form of a pressed pellet under 5 ton pressure for 10 min was mounted in the IR cell and pretreated in situ in 5 vol.% H2/Ar for 1 h at 500 °C at a 40 cm3 min−1 flow rate. After reduction, the sample was cooled to room temperature either in a flow of 5 vol.% H2/Ar or in a flow of Ar. Next, the flow of hydrogen or argon was replaced by 5 vol.% CO/Ar. The spectra of adsorbed species were collected after 60 min.




4.7. Catalytic Tests


The process of CO oxidation was conducted at room temperature (RT) in the flow bed reactor (ϕ = 5 mm). The reaction gas mixture consisted of 1.1 vol.% CO in air, the weight of the catalyst sample was 0.1 g, and the flow rate was 40 cm3 min−1. The gas hourly space velocity (GHSV) was equal to 20,000 h−1.



The outlet gas mixture was analyzed using a Fuji infrared gas analyzer. The samples after reduction in H2 at the given temperature were flushed with ultra-pure (99.9999%) nitrogen and then cooled to room temperature (RT). The aim of this process was to remove the adsorbed H2. After cooling and temperature stabilization at 23 °C (±3), nitrogen was changed for the reaction gas mixture and concentrations of CO and CO2 behind the reactor were recorded. Figure 7 shows an illustrative CO conversion profile, which was derived during CO oxidation over 360 min at room temperature over Pt/Al2O3 catalyst (S803 sample).



The CO oxidation reaction at room temperature was carried for 60 min. In order to compare the catalytic activities of the investigated samples, we introduced the value Y, i.e., the CO conversion yield.



Yields of CO conversion were defined according to the following equation:


  Y =    V  real       CO 2       V  max       CO 2      * 100 %  



(18)




where    V  max  CO 2      represents the maximum volume of CO2, which should increase for 60 min, assuming the total carbon monoxide conversion at the given flow rate and reaction gas mixture composition. One can easily calculate that with a flow of 40 cm3 min−1 and CO concentration of 1.1% vol., CO/air equals 26.4 cm3, which represents the volume of CO2 that really arises during 60 min of carbon monoxide oxidation. This value is calculated on the basis of the area under the curve of the CO2 concentration versus time. In Figure 7, the area in marked grey corresponds to the volume of CO2 that arises during CO oxidation.





5. Conclusions


In summary, it can be stated that the VHTR process creates the conditions under which platinum atoms can be insulated from each other and in this way reduce the effects of CO-CO interactions (dipole–dipole coupling). The lack of the bridge form of adsorbed CO confirms the presence of the isolated platinum atoms. Simultaneously, the VHTR process creates the conditions under which the metal–semiconductor junction have an impact on both the strength of the Pt-CO interaction and catalytic activity of the Pt/Al2O3 catalysts. Moreover, the VHTR process forms nonstoichiometric platinum species [Pt(Cl)Ox]Al2O3 that are strongly anchored to the Al2O3 surface. These species act as the oxygen adsorption sites. When the concentration of the oxygen adsorption sites is equal to the concentration of the adsorption sites for carbon monoxide, the process of CO oxidation can occur with very high effectiveness at room temperature.
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Figure 1. CO conversion at room temperature vs. time on the Pt/Al2O3 catalyst sample reduced under different conditions. 
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Figure 2. TPR profile of the Pt/Al2O3 catalyst sample. 
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Figure 3. FTIR spectra of CO adsorption on Pt/Al2O3 catalysts reduced at 500 and 800 °C. 
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Figure 4. The CO2 and CO concentration profile changes obtained during the TPD-CO process over the S500 sample recorded simultaneously during the same experiment. 
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Figure 5. TPD-CO profiles for the 1%Pt/Al2O3 catalysts depending on their reduction temperature. 
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Figure 6. The CO conversion yields (Y) as a function of the ratio of the concentration of O2 adsorption sites to the concentration of CO adsorption sites (NO2/CO). 
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Figure 7. The profiles of CO conversion changes vs. time at room temperature over Pt/Al2O3 catalyst (sample S803). 
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Table 1. Adsorption properties, dispersion rates, and platinum crystallites sizes of the Pt/Al2O3 catalysts.
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	Sample Name
	H2 (1)

[Ncm3/gcat]
	Dispersion

DO2 [%]
	CO

[Ncm3/gcat]
	Dispersion

DCO [%]
	S (2)

[nm]
	Y (3)

[%]
	SOx (4)

[%]
	NO2/CO (5)





	S500
	1.38
	79.3
	0.814
	71.2
	1.0
	0.7
	1.3
	0.01



	S600
	1.231
	70.7
	0.725
	63.3
	2.1
	2.3
	1.5
	0.01



	S700
	0.776
	44.6
	0.49
	42.8
	3.1
	21.2
	4.1
	0.04



	S800
	0.478
	27.5
	0.258
	22.6
	6.0
	28.4
	17.9
	0.21



	S801
	0.448
	25.7
	0.251
	21.9
	6.1
	35.5
	14.8
	0.17



	S802
	0.414
	23.8
	0.182
	17.2
	8.6
	69.3
	33.1
	0.49



	S803
	0.448
	25.7
	0.151
	13.2
	10.8
	85.3
	48.7
	0.95



	S804
	0.434
	24.9
	0.031
	2.7
	75.6
	19.4
	89.1
	8.22







(1) Hydrogen adsorption as a result of oxygen–hydrogen titration. (2) Platinum crystallites size. (3) Yields of CO conversion. (4) The concentration of oxygen adsorption sites. (5) The ratio of the concentration of O2 adsorption sites to the concentration of CO adsorption sites.
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Table 2. The TOF-SIMS intensity levels of selected ions for 1%Pt/Al2O3 catalyst.
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Analyzed Ion

	
(ion/Pt−) Intensity Ratio




	
Sample




	
Calcined

	
S500

	
S800






	
[PtO]−

	
1.71

	
0.69

	
0.83




	
[PtCl]−

	
5.33

	
3.96

	
3.6




	
[PtOCl]−

	
5.69

	
4.26

	
3.55




	
[PtOHCl]−

	
4.00

	
3.09

	
2.38




	
[PtAlO]−

	
0.44

	
0.34

	
0.28




	
[PtAlO2]−

	
0.45

	
0.35

	
0.29




	
Cl−

	
60.71

	
24.35

	
12.61
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