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Abstract:



The nature and size of the real active species of nanoparticulated metal supported catalysts is still an unresolved question. The technique of choice to measure particle sizes at the nanoscale, HRTEM, has a practical limit of 1 nm. This work is aimed to identify the catalytic role of subnanometer species and methods to detect and characterize them. In this frame, we investigated the sensitivity to redox pretreatments of Ag/Fe/TiO2, Ag/Mg/TiO2 and Ag/Ce/TiO2 catalysts in CO oxidation. The joint application of HRTEM, SR-XRD, DRS, XPS, EXAFS and XANES methods indicated that most of the silver in all samples is in the form of Ag species with size <1 nm. The differences in catalytic properties and sensitivity to pretreatments, observed for the studied Ag catalysts, could not be explained taking into account only the Ag particles whose size distribution is measured by HRTEM, but may be explained by the presence of the subnanometer Ag species, undetectable by HRTEM, and their interaction with supports. This result highlights their role as active species and the need to take them into account to understand integrally the catalysis by supported nanometals.
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1. Introduction


The discovery of the extraordinary catalytic activity of gold nanoparticles for oxidation reactions compared to that of the bulk metal sparked the interest on the influence of the metal particle size at the nanometer scale on the catalytic performance of noble metal-based catalysts. In the literature, there are publications describing catalysts active at low temperature that contain both particles undetectable by ТЕМ and, in the other extreme, very large particles [1,2,3,4,5,6,7,8]. Difficulties in the interpretation of such results are associated with the limited information provided by the routine physical and chemical research methods of characterization (e.g., XRD and TEM).



Over the last 20 years, only a few papers have explained the atypical behavior of catalysts by the presence of ultra-small particles of gold, i.e., subnanometer clusters [9,10,11,12,13] and atomically dispersed single-site cations [14,15]. Modern microscopes, such as aberration-corrected high angle annular dark field scanning transmission microscope (ac-HAADF/STEM), enable one to capture ultra-small particles and atoms [14,16]. Another approach for subnanometer clusters’ detection is by combining the use of multiple research methods, both more common ones (TPR, UV-VIS) and advanced ones (EXAFS, XANES, XPS, DFT).



Flytzani-Stephanopoulos et al. leached out Au NPs and showed that gold nanoparticles on various supports are not active in the water-gas shift (WGS) reaction [14,17,18,19,20]; they are only “spectators” or, in other words, inactive “fillers”. Only atomically-dispersed gold cations are the active species, even if they contribute only 3%–10% to the total gold content [19]. These cations were characterized (XPS, EXAFS, XANES, TPR, ac-HAADF/STEM, DFT, etc.), and their catalytic activity was tested after removing weakly-bound clusters and nanoparticles (spectators) by cyanide leaching.



In previous works of our group, the activity of gold catalysts containing particles in the range of 20–700 nm in CO hydrogenation below 400 °C could be attributed to the presence of subnanometer clusters [12,13]. The existence of these clusters was revealed by combining methods, such as UV-VIS, HRTEM and calculations of XRD data with Rietveld refinement [21,22,23]. Conversely, gold nanoparticles were found to be active for the water-gas shift reaction in other works. Their activity depended on the particle size and the type of interactions established with the support [24,25,26,27]. Furthermore, the catalytic activity strongly depended on the method of preparation that, in turn, affected the support used for dispersing the metal.



In contrast to gold, works dedicated to silver subnanometer species are very few. Currently, studies by different groups explain the activity of the silver catalysts supported on SiO2 and Al2O3 by the presence of subnanometer silver clusters, which were detected by the FTIR of adsorbed CO (FTIR CO) [28,29,30,31,32] and UV-VIS [32,33,34].



The present work aims to further the field of catalytic properties of subnanometer species and methods to detect them. Our specific goal was to investigate the catalytic properties of silver deposited on active supports composed by TiO2, modified with oxides of Mg, Fe and Ce, for CO oxidation. This is an important reaction from both a fundamental viewpoint and practical application to, among others, environmental protection, safety in industrial and residential premises and inside vehicles. The differences found among the catalysts in sensitivity to redox pretreatments could not be explained considering the Ag particle size distributions measured by HRTEM in the interval 1–12 nm, but were explained by the existence of Ag species with size <1 nm non-visible in HRTEM and their interaction with supports.




2. Results and Discussion


Figure 1 shows the results of catalytic tests for as-prepared silver catalysts, the second run and after redox pretreatments. According to the literature, oxides, in particular ceria and titania, are not simple spectators, as they can affect the catalytic activity by participating directly in the reaction [31,32] or by modifying the chemical properties of the supported metal [35,36]. However, it can be seen in our case that bare Ce/TiO2 and Mg/TiO2 supports do not show significant conversion under the conditions studied. For Ag/Ce/TiO2, the light-off curves of catalytic reaction matched the typical S-shaped curve. For Ag/Mg/TiO2, there is a combination of a curve with a maximum (at low temperatures) and an S-shaped curve (at high temperatures). This effect, caused by both supported silver [2,16] and gold [37,38,39,40,41] catalysts, is explained in the literature as due to the activity of small clusters and larger particles, at low temperatures and at high temperatures, respectively. It can be seen that light-off curves for as-prepared Ag/Ce/TiO2 and Ag/Fe/TiO2 samples are similar; consequently, the contents of active species in them were comparable (Figure 1). Pretreatments revealed differences in their catalytic behaviors. Light-off curves for Ag/Mg/TiO2 samples as-prepared and after different pretreatments vary considerably, while those for Ag/Ce/TiO2 turn out to be almost identical. The changes among all light-off curves for Ag/Fe/TiO2 represented an intermediate case.


Figure 1. CO conversion vs. temperature on Ag catalysts on TiO2 support modified with Ce (a); Fe (b) or Mg (c).
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Different complementary physical and chemical characterization methods were used to investigate the causes of the differences in catalytic behavior. Table 1 shows that the specific surface area of modified supports and catalysts are similar, and the content of Ag is identical for all catalysts, which ruled out these characteristics (SBET and Ag content) as the source of their distinct catalytic performance.



Table 1. Textural properties of supports and catalysts and analytical silver content of the catalysts treated in H2 at 300 °C for 1 h.







	
Samples

	
SBET, m2/g

	
EDX




	
Support

	
Catalyst

	
Ag Content, wt %






	
Ag/Ce/TiO2

	
43.4

	
46.3

	
2.1 ± 0.4




	
Ag/Fe/TiO2

	
45.5

	
44.0

	
1.9 ± 0.4




	
Ag/Mg/TiO2

	
42.6

	
43.9

	
2.0 ± 0.3










The particle size distribution for silver catalysts, calculated from HRTEM images, is displayed in Figure 2. An extremely narrow particle size distribution centered at 1 nm is observed for Ag/Fe/TiO2 (Figure 2a,b). The histogram for Ag/Mg/TiO2 (Figure 2c) is broader, with an average size of 5.5 nm. The range of particle sizes (3–12 nm) of Ag/Ce/TiO2 (Figure 2d) is also broad and shifted to larger sizes compared to the other samples, with an average particle size of 7.2 nm. HRTEM of the modified supports is presented in Figure 2e–g. For all studied supports, no contrasting particles related to modifiers were found on TiO2. Consequently, it can be inferred that modifiers are distributed homogeneously in the form of subnanometer species.


Figure 2. Particle size distribution of Ag catalysts supported on Fe/TiO2 (a); Mg/TiO2 (c) and Ce/TiO2 (d) treated in H2 at 300 °C for 1 h. Microphotographs of catalyst Ag/Fe/TiO2 (b) and supports: Fe/TiO2 (e); Mg/TiO2 (f); Ce/TiO2 (g) and TiO2 (h).



[image: Molecules 21 00532 g002]






Figure 3 shows the diffraction lines for the modified supports and Ag catalysts. It can be seen that SR-XRD patterns are practically the same for modified supports and the corresponding Ag catalysts. For all catalysts, reflections corresponding to the crystalline silver phase were not detected in their SR-XRD patterns (Figure 3). This suggests that silver is either amorphous or that its crystallite size is below the SR-XRD detection limit (2 nm). These results confirm the HRTEM data for the Fe-modified samples: all particles in Ag/Fe/TiO2 has a size of 2 nm or less.


Figure 3. The SR-XRD patterns for the supports (a) and catalysts treated in H2 flow at 300 °C for 1 h (b).
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As the particle sizes’ range recorded by the HRTEM was 3–12 nm, i.e., larger than the SR-XRD detection limit, one could expect silver phases in Ag/Ce/TiO2 to be detectable by SR-XRD; however, the diffraction lines for silver were absent. This indicates that the silver crystallites’ size is <2 nm and that the HRTEM histogram is representative of only a small part of the silver present in Ag/Ce/TiO2.



What could cause the formation of large particles in Ag/Ce/TiO2 is an interesting question. From low-magnification HRTEM micrograph and corresponding elemental maps in false colors for Ag and Ce extracted from the EDS data, it can be seen that silver in Ag/Ce/TiO2 corresponds to both large and small particles (Figure 4). Cerium is distributed over the surface quite uniformly, which is in agreement with the HRTEM of Ce/TiO2. Elemental maps in false colors for Ag and Ce extracted from the EDS data and HRTEM of Ce/TiO2 indicate the absence of large CeO2 particles. It allows attributing the CeO2 diffraction line of very low relative intensity (Figure 3) to ~10-nm CeO2 crystallites, which represent only a small part of CeO2 total content. Hence, 3–12-nm particles of the HRTEM histogram of Ag/Ce/TiO2 correspond to Ag particles, not to CeO2 ones. Nevertheless, it should be taken into account that small silver particles were also registered by the EDS data.


Figure 4. Low-magnification HRTEM micrograph and corresponding elemental maps in false colors for Ag and Ce extracted from the EDS data cube for Ag/Ce/TiO2 sample treated in H2 flow at 300 °C for 1 h.
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Figure 3 shows that the reflections corresponding to the modifier were only detected for Ag/Ce/TiO2. Despite the fact that the molar concentrations of the modifiers were the same in the three modified supports, the higher molecular weight of CeO2 resulted in a higher mass ratio, which exceeds the weight content of other additives and explains the appearance of the corresponding peaks. CeO2 is in the form of large particles (~10 nm, as estimated by the Scherrer method).



To confirm the hypothesis, based on SR-XRD results, of the presence of silver species with size <1 nm in Ag/Ce/TiO2, we took advantage of a DRS method [41,42,43,44]. It provides an easy registration of silver clusters of <1 nm by absorption bands around 260–290 nm, Ag+ cations at 250 nm and nanoparticles at about 400 nm. Particles of 1–1.5 nm (quasi-metallic particles) are characterized by unstructured absorbance above 400 nm. The absorption characteristic of these quasi-metallic species is similar to that of colloidal silver as a consequence of increasing particle size from atomic and molecular scales to the bulk metal one [45].



As can be seen in Figure 5, the intense absorption peaks of the support (200–300 nm) are observed in the same region as those of Ag cations and clusters for the catalysts. This hinders the application of this method for investigating these Ag species. Catalysts after H2 treatment exhibit the unstructured absorbance corresponding to quasi-metallic silver particles with a size of about 1–1.5 nm. As no significant differences were observed in the visible range of the spectra of all catalysts, it can be concluded that the differences in activity after H2 pretreatments are not caused by quasi-metallic silver particles with a size of about 1–1.5 nm. DRS results (as SR-XRD) also indicate that in all samples, most of the Ag is in the form of species with size <1.5 nm. The large contribution of Ag species with size <1.5 nm in the three catalysts, measured by DRS, is in good agreement with the HRTEM histogram for Ag/Fe/TiO2 (Figure 2a). However, for Ag/Ce/TiO2 and Ag/Mg/TiO2, these DRS data show that their HRTEM histograms represent only part of the actual sizes distributions, and they do not include Ag species <1.5 nm.


Figure 5. DRS of the supports based on TiO2, modified with Ce (a); Mg (b) or Fe (c) oxides and their corresponding catalysts before (as-prepared) and after reduction in H2 under 300 °C for 1 h.
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XPS spectra of the Ag 3d5/2 lines of the catalysts are presented in Figure 6. Ag 3d5/2 peaks required deconvolution for all samples, because their widths exceed those corresponding to a single state. Table 2 shows that most silver (80%) in Ag/Ce/TiO2 is in cationic form (BE = 365.7 eV [46,47,48]), while in Ag/Fe/TiO2, its contribution is 14%, and in Ag/Mg/TiO2, cationic silver was not registered. Supports modified with Ce and Fe oxides are able to stabilize cationic silver, because these additives exhibit electron-acceptor properties, while Mg oxide is electron-donor [29,44,49,50]. Furthermore, note that ceria nanoparticles are able to provide oxygen dissociation, pointing out differences between Ag/Ce/TiO2 and Ag/Fe/TiO2 regarding their catalytic properties [36,51,52].


Figure 6. XPS of lines Ag 3d5/2 for Ag catalysts supported on Mg/TiO2 (a); Fe/TiO2 (b) and Ce/TiO2 (c) after reduction in H2 at 300 °C for 1 h.
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Table 2. Binding energy and relative atomic concentrations of various silver electronic states in catalysts.







	
Catalysts

	
BE of Different gold Electronic States (eV) and Their Relative Atomic Concretions, % (Indicated in Parenthesis)




	
Ag+

	
Ag2O

	
Ag°

	
Ag <2 nm




	
364.0–366.2

	
367.4–368.1

	
368.1–368.4

	
>369.0






	
Ag/Mg/TiO2

	
-

	
367.5 (47%)

	
368.3 (40%)

	
369.9 (9%), 371.6 (4%)




	
Ag/Fe/TiO2

	
366.0 (14%)

	
368.1 (65%)

	
369.3 (21%)




	
Ag/Ce/TiO2

	
365.7 (80%)

	
367.5 (20%)

	
-

	
-










XPS results indicate that the extent of strong metal-support interaction (SMSI) for Ag follows the trend: Ag/Ce/TiO2 > Ag/Fe/TiO2 > Ag/Mg/TiO2. The nature of SMSI for Ag species is discussed in more detail below. It should be noted that the initial TiO2 support is a mixture of two phases: rutile and anatase. Figure 7 shows that all of the lattice constants of both phases, obtained from the EXAFS data, of the initial TiO2 decreased when modifiers were added. Taking into account the low modifier content (<6 wt %), one may conclude that modifiers are quite uniformly distributed throughout the TiO2 structure and that they strongly interact with TiO2. EXAFS results also showed that the rutile phase contribution increased 4%, 5% and 6% after modification with Ce, Fe and Mg oxide, respectively. The change of the rutile/anatase ratio (bulk properties) after modification is known to occur [53]. Details of the discussion of the influence of modification on the rutile/anatase ratio and lattice constants exceed the allocated extension of this paper and will be published elsewhere.


Figure 7. Lattice constants of anatase (a,b) and rutile (c,d) calculated on the basis of EXAFS data for the studied supports.
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The XPS study of various forms of oxygen and carbon showed differences in the number and contribution of oxygen and carbon surface states on the modified supports (Figure 8a,с). While for TiO2, Mg/TiO2 and Ce/TiO2, very similar C1s and O1s profiles, for Ag/Fe/TiO2, a big change in both is observed, indicating a strong interaction of iron oxide with the original support. Hence, the interaction modifier-TiO2 is the strongest for Ag/Fe/TiO2.


Figure 8. XPS lines of O1s (a,b) and C1s (c,d) for supports (a,c) and Ag catalysts after reduction in H2 at 300 °C for 1 h (b,d).
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Silver addition caused redistribution of oxygen and carbon states (Figure 8b,d). New peaks of C1s and O1s with a significant contribution appeared for Ag/Ce/TiO2 and Ag/Fe/TiO2, while for Ag/Mg/TiO2, minimal changes of the investigated surface states are observed compared to TiO2 and Mg/TiO2. This proves the SMSI in the Ag/Ce/TiO2 and Ag/Fe/TiO2 catalysts and a weaker interaction in Ag/Mg/TiO2. This can be the reason for the formation of small quasi-metallic silver particles with a size of 1 nm on Fe/TiO2 and even smaller subnanometer silver species on Ce/TiO2.



The results of XANES and EXAFS methods for the studied catalysts and reference compounds (metallic silver and bulk silver oxide) are presented in Figure 9, and their evaluation is in Table 3. For these methods, we focus our attention on analyzing the results for Ag/Fe/TiO2 and Ag/Mg/TiO2. Data for Ag/Ce/TiO2 were not analyzed, because XPS data (Table 2) showed that 80% of Ag is in the cationic form, not registered by XANES and EXAFS methods. Ag2O species with coordination numbers 2.5 and 2.6 were detected for Ag/Fe/TiO2 and Ag/Mg/TiO2, respectively. This indicates that Ag2O species are very small. Their contribution is higher in Ag/Mg/TiO2 (90 mol %) compared to Ag/Fe/TiO2 (62 mol %). Consequently, there are smaller particles in Ag/Mg/TiO2. The Ag/Fe/TiO2 sample contains more metallic particles characterized by a significantly higher coordination number (five), which is closer to that of bulk metal (12) than that for Ag/Mg/TiO2 (2.2).


Figure 9. XANES (a) and EXAFS (b) spectra of catalysts treated in H2 flow at 300 °C for 1 h.
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Table 3. Sample composition and structural parameters obtained from XAFS spectroscopies data.







	
Sample

	
XANES

	
EXAFS




	
Phase

	
Molar Fraction, %

	
R-Factor, %

	
Corresponding Single-Scattering Path

	
Coordination Number

	
Mean Squared Displacement






	
Ag foil

	
Ag

	
100

	
-

	
Ag-Ag

	
12

	
0.0097




	
Ag2O

	
Ag2O

	
100

	
-

	
Ag-O

	
4

	
-




	
Ag/Ce/TiO2

	
Ag

	
26.4

	
0.030

	
Ag-Ag

	
2.7

	
0.0115




	
Ag2O

	
73.6

	
Ag-O

	
3.5

	
0.0183




	
Ag/Mg/TiO2

	
Ag

	
9.8

	
0.024

	
Ag-Ag

	
2.2

	
0.0149




	
Ag2O

	
90.2

	
Ag-O

	
2.6

	
0.0127




	
Ag/Fe/TiO2

	
Ag

	
38.3

	
0.025

	
Ag-Ag

	
5.0

	
0.0131




	
Ag2O

	
61.7

	
Ag-O

	
2.5

	
0.0170










This evidences that metallic particles in Ag/Mg/TiO2 are smaller than in Ag/Fe/TiO2, which is again in contradiction to HRTEM data (Figure 2). This in turn indicates that Ag species of less than 1 nm do exist in Ag/Mg/TiO2, but they were not registered by HRTEM. These species can include cations (as shown by XPS data), as well as metallic and oxide clusters (as evidenced from XPS, XANES and EXAFS data). Coordination numbers from EXAFS data indicate that the silver particle sizes in Ag/Ce/TiO2 and Ag/Mg/TiO2 are similar, whereas those in Ag/Fe/TiO2 are larger. This is in agreement with DRS, SR-XRD and XPS data. Hence, the analysis of the results of all applied methods showed that HRTEM histograms of Ag/Ce/TiO2 and Ag/Mg/TiO2 only reflect part of the Ag particles, those are excluding subnanometer Ag species.



Turning back to XPS data, it is worthy to note that the position of the Ag 3d5/2 peak for Ag/Fe/TiO2 (368.1 eV) is on the limit of the typical positions for Ag2O and Ag0. Probably, this Ag 3d5/2 peak is typical for 1 nm Ag quasi-metallic particles, which composes the main part of this sample. We did not find in the literature data for Ag 3d5/2 BE for 1-nm Ag quasi-metallic particles. Therefore, probably, our data can be considered as some of the first ones for their characterization. The interpretation of the peaks below 369 eV observed for Ag/Fe/TiO2 and Ag/Mg/TiO2 is also difficult, because this BE interval is not well identified in the literature. Kim’s group [54,55] suggested that this interval is characteristic for Ag clusters with size <2 nm supported on highly ordered pyrolytic graphite. Thus, Ag/Fe/TiO2 contains mainly quasi-metallic Ag particles of 1 nm, those <2 nm Ag clusters and a small contribution of silver cations. Thus, for this catalyst, HRTEM and XPS data are in good agreement. Spectra of Ag/Mg/TiO2 can be interpreted as composed by Ag0 (BE = 368.3 eV [48]), Ag2O (BE = 367.5 eV [48]) and clusters with a size <2 nm. XPS data showed that 80% of surface silver is in the Ag+ state. This is in good agreement with HRTEM of Ce/TiO2, EDS, DRS and SR-XRD.



Oxidized silver states were observed for all catalysts. This confirms the effective interaction of silver with supports. As Fe and Ce oxides exhibit electron-acceptor properties, while Mg oxide has electron-donor ones, their interaction with silver can modify its oxidation state. For Ag/Mg/TiO2, the transfer of electron density from Mg oxide to silver occurs with stabilization of 52% of silver in the reduced state, and the contribution from Ag+ is not detected. In contrast, in Ag/Ce/TiO2, 80% of surface silver is stabilized as Ag+. Ag/Fe/TiO2 is an intermediate case; only 14% of silver is in the form of Ag+ cations. In Ag/Ce/TiO2 catalyst, 100% of the surface silver is in oxidized states. These results confirm that the HRTEM Ag/Ce/TiO2 histogram (Figure 2d) corresponds only to a small part of silver particles.



Catalysts’ investigation by these physicochemical methods showed that, firstly, the HRTEM histogram for Ag/Fe/TiO2 (Figure 2) is the most exact, while for Ag/Mg/TiO2 and Ag/Ce/TiO2, besides Ag nanoparticles with sizes from 1–12 nm, Ag species with size <1 nm, non-visible in HRTEM, exist. Thus, the majority of Ag species in all samples has sizes ≤1 nm. Secondly, the strength of interaction between Ag and support decreases as follows: Ag/Ce/TiO2 > Ag/Fe/TiO2 > Ag/Mg/TiO2.



The majority of Ag species in all samples have size ≤1 nm; consequently, differences in the catalytic activity cannot be explained by differences in Ag species size, but can be caused by the difference in the SMSI. For Ag/Ce/TiO2, the activity was very stable for all pretreatments (Figure 1). This can be explained by the fact that this sample has the most SMSI. On the contrary, for Ag/Mg/TiO2, activity was very sensitive to the type of pretreatment. This can be due to the weak interaction of Ag species with support. The behavior of Ag/Fe/TiO2 presents an intermediate case as far as catalytic activity and SMSI are concerned.



The existence of small silver species, active for an industrially-important reaction, such as CO oxidation, has been suggested in other works [1,28]. In this work, Ag subnanometer species in Ag/Mg/TiO2 and Ag/Ce/TiO2 catalysts were for the first time detected and then characterized by using several physicochemical techniques. The catalytic performance can actually be enhanced if deactivation of subnanometer silver species, that are active at low temperatures, is prevented. This prevention can be done by increasing of SMSI by way of selecting the type of modifier and improving its distribution on the support surface.



This work represents the continuation of studies where catalytic properties of silver catalysts could not be explained by particle size distributions measured by HRTEM and are explained by existence of small silver species. Works dedicated to this matter are very few; we found only four publications [12,13,14,15]. Below, we briefly describe them.



Undetected small silver clusters have been suggested as the source of specific catalytic properties [1,2,3,4]. Flytzani-Stephanopoulos et al. [33] explained the catalytic properties in the reduction of NO with methane by the coexistence of highly dispersed clusters (<2 nm) of oxidized silver and embedded Ag ions, which are active in selective reduction of CH4, but low active in CH4 combustion. The presence of small clusters was detected by the absorption band at 350 nm, typical for Agnδ+ in diffuse reflectance UV spectra. The unusual behavior of silver on SiO2 catalysts was observed after oxidizing and reducing pretreatments in CO oxidation [28]. During reduction in H2 at 100–300 °C, oxidized silver species were redispersed, leading to the remarkable activity in CO oxidation. The existence of small silver species was detected by the FTIR of adsorbed CO [28]. It was shown that silver species could not be completely reduced to the metallic state, even after reduction by H2 at 500 °C.



The present work shows deep insights into the existence of Ag species with size ≤1 nm, non-detectable in HRTEM, as in the works previously mentioned. Combination of HRTEM, SR-XRD, DRS, XPS, EXAFS and XANES methods allowed us to detect and characterize these Ag species and to estimate the strength of their interaction with supports. These results led to concluding that the sensitivity of CO oxidation catalysts to pretreatments depends on the strength of the interaction of Ag species with supports. The combination of these methods can be used not only for detection and characterization of subnanometer metallic species in catalysts, but also for other materials used in various fields, such as sensors [56].



Activation-deactivation of the active component after different pretreatments can be caused by many factors, such as encapsulation, agglomeration, redispersion, carbonization, reduction-oxidation, etc. In the case of small particles, in addition to these factors, deactivation due to SMSI that is not strong enough should not be forgotten.



Under conditions that favor the formation of small supported species (say, high specific surface areas of supports, low metal concentration and active supports), the particle size distribution obtained from HRTEM results can be apparent, in other words, not correct. They can represent only part (in some cases, an extremely low part [29]) of all of the supported metal, because HRTEM registers particles ≥1 nm and does not register those ones with size <1 nm. Analysis and discussions of catalytic data taking into account these histograms can lead to the wrong conclusions. With the more widespread application of ac-HAADF/STEM to identify subnanometer species, it is expected that soon, this technique will become a routine procedure. At the moment, only a few researchers use this method for catalyst characterization. However, even in the case of the application ac-HAADF/STEM, its combined use with XPS, DRS and EXAFS is still much recommended, because they allow measuring a relatively big amount of the material and provide average characteristics, while ac-HAADF/STEM can be non-representative, especially for samples with an inhomogeneous component distribution. Moreover, complimentary information about charge, oxidation state, etc., obtained by these techniques would be enriching.



This work is one of the few paying attention to the problem of the identification and characterization of subnanometer species undetectable by HRTEM. This phenomenon should take the adequate place in nanoscience.




3. Materials and Methods


3.1. Catalysts Preparation


Titania Degussa P25 (Evonik’s Chemicals Business Area, Essen, Germany) was used as the support (45 m2·g−1, nonporous, 70% anatase and 30% rutile, purity >99.5%). Before preparation, titania was dried in air at 100 °C for at least 24 h. Modification of titania with a molar ratio Ti/modifier = 40 was made by impregnation (2.5 cm3/g) of initial TiO2 with aqueous solutions of modifier (M) precursors, Ce(NO3)3·6H2O, Fe(NO3)3·9H2O and Mg(NO3)2, from Aldrich (Aldrich, St. Louis, MO, USA). Impregnated supports were dried at room temperature for 48 h and then at 110 °C for 4 h and finally calcined at 550 °C for 4 h.



Commercial AgNO3 from Aldrich was used as the silver precursor. Catalysts Ag/M/TiO2 with 2.2 wt % Ag nominal loading were prepared by deposition precipitation with NaOH in the absence of light following the previously-reported procedure [57,58,59].




3.2. Catalytic Tests


For catalytic CO oxidation measurements, 0.5 g of the catalyst were packed in a quartz flow reactor. A first run of reaction was accomplished with as-prepared samples. Then, catalysts were cooled down in a reaction mixture, and then, the second run was performed. Alternatively, pretreatments in hydrogen or oxygen flow (30 mL/min) at 300 °C for 1 h were applied to the catalyst prior to the test. The catalytic reaction was conducted with a 200-mL/min flow rate of the reactant gas mixture 1% vol. O2, 1% vol. CO in Ar and with temperature increase from 30–305 °C in 15 °C steps every 20 min. The products were analyzed by gas chromatograph CHROMOS GC–1000, equipped with a TCD, and using two separate packed columns filled with CaA (to analyze oxygen and hydrogen) and AG-3 sorbent (to analyze both carbon oxides), respectively, and He as the carrier gas.




3.3. Samples’ Characterization


Catalysts, either as-prepared or pretreated in hydrogen at 300 °C for 1 h, were studied by diffuse reflectance UV-VIS spectroscopy (DRS) with a CARY 300 SCAN (Varian, Palo Alto, CA, USA) spectrophotometer. Optical spectra presented in this work were obtained by subtraction of the spectra of pure supports from the spectra of silver samples.



Prior to any characterization described below, the samples were pretreated in hydrogen at 300 °C for 1 h. The textural properties of samples were determined from nitrogen adsorption-desorption isotherms (−196 °C) recorded with a TriStar 3000 apparatus (Micromeritics, Norgross, GA, USA). Prior to experiments, samples were degassed at 300 °C in a vacuum for 5 h.



Silver contents were measured by energy dispersive spectroscopy (EDS) in the JEOL-5300 scanning electronic microscope with a Kevex Superdry detector (JEOL, Tokyo, Japan). High resolution transmission electron microscopy (HRTEM) studies were carried out using a JEM 2100F microscope operating with a 200-kV accelerating voltage. The samples were ground into a fine powder and dispersed ultrasonically in hexane at room temperature. Then, a drop of the suspension was put on a lacey carbon-coated Cu grid. At least ten representative images were taken for each sample. A particle size distribution was obtained by counting ca. 100 particles for each sample. Сhemical analysis of surface carried out by spectroscopy of dispersion energy (EDS) with X-Max detector (80 mm2) (Oxford Instruments, Oxfordshire, UK).



Synchrotron radiation X-ray diffraction (SR-XRD) experiments were carried out as described in [60]. Diffraction patterns of powdered materials were taken in transmission at λ = 0.68886 Å, using an Imaging Plate 2D detector (exposure time: 30 min). In some cases, full Rietveld analysis [61,62] was carried out using the Jana2006 program [60].



XAFS experiments were carried out as described in [60]. The XANES spectra were taken in transmission. Primary processing of XAFS spectra was done using the IFEFFIT software package [63,64]. Extended analysis (EXAFS) was carried out only for the EXAFS spectra taken in situ at room temperature. The Fourier transforms were analyzed for k = 2.0–11.6 Å−1 with the weight coefficient k3 using the phases and amplitudes of photoelectrons scattering calculated in terms of the FEFF8 software [65].



The samples were characterized by X-ray photoelectron spectroscopy (XPS) with a SPECS GmbH custom-made system using a PHOIBOS 150 WAL hemispherical analyzer and a non-monochromated X-ray source (SPECS Surface Nano Analysis GmbH, Berlin, Germany). All of the data were acquired using Al Kα X-rays (1486.6 eV, 200 W). A pass-energy of 50 eV, a step size of 0.1 eV/step and a high-intensity lens mode were selected. The diameter of the analyzed area was 3 mm. Charging shifts were referenced against the Ti 2p3/2 peak of TiO2 at 458.8 eV. The pressure in the analysis chamber was maintained lower than 1 × 10−8 mbar. The accuracy of the binding energy (BE) values is ±0.1 eV. Spectra are presented without smoothing or background subtraction, with intensity in counts per second (CPS). Peak areas were estimated by calculating the integral of each peak after subtracting a Shirley-type background and fitting the experimental peak to a combination of Lorentzian/Gaussian lines with a 30/70 proportion and keeping the same width on all lines.





4. Conclusions


Differences in sensitivity to oxidative and reductive pretreatments was revealed for Ag/Fe/TiO2, Ag/Mg/TiO2 and Ag/Ce/TiO2 catalysts in CO oxidation. The observed phenomena could not be explained taking into account the Ag particle size distributions measured by HRTEM in the interval 1-13 nm. However, they can be explained by the existence of Ag species with size <1 nm, non-visible in HRTEM, and their interaction with the supports. The present work is one of the few to address the problem of the identification and characterization of such subnanometer species undetectable by HRTEM and highlights their role as active species and the need to take them into account to understand integrally the catalysis by supported nanometals.
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The following abbreviations are used in this manuscript:



	ac-HAADF/STEM
	aberration-corrected high angle annular dark field scanning transmission electron microscopy



	BE
	binding energy



	CPS
	Counts per second.



	DFT
	density functional theory



	DRS
	diffuse reflectance spectroscopy in ultraviolet and visible diapason



	EDS
	energy dispersive spectroscopy



	EXAFS
	extended X-ray absorption fine structure



	FTIR CO
	Fourier-transform infrared spectroscopy of adsorbed CO.



	HRTEM
	high resolution transmission electron microscopy



	SMSI
	strong metal-support interaction



	SR-XRD
	synchrotron radiation X-ray diffraction



	TCD
	thermal conductivity detector



	TPR
	temperature-programmed reduction



	UV-VIS
	ultraviolet-visible spectroscopy



	XPS
	X-ray photoelectron spectroscopy,



	XANES
	X-ray absorption near edge structure



	WGS
	water-gas shift reaction
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