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Abstract

:

Although heterogeneous monometallic gold catalysts are commonly more active when the gold particles are smaller, this study shows that the reverse is true in the case of liquid phase catalytic transfer hydrogenation of acetophenone with 2-pentanol. Higher catalytic activity of larger gold particles, i.e., over 30 nm in diameter, than of smaller particles of average 4 nm in size was observed. Moreover, this effect was contradictory to that observed for supported monometallic silver catalysts in which the interaction with the support and hence particle size was shown to cause drastic changes in the activity in this reaction, with the large particles being completely inactive and tiny ones being the most active system studied. In this reaction, the ceria-zirconia solid solutions were used as the supports for the catalysts and both zirconium doped ceria, as well as cerium doped zirconia carriers were tested. The supports themselves exhibited little activity in this reaction. It was shown that the activity of the supports and catalysts depends on the Ce/Zr ratio and potassium content. Both types of catalysts showed excellent selectivity to 1-phenylethanol and conversion of acetophenone, although it was noted that a high loading of potassium carbonate in the gold catalysts propelled undesired reactions, thereby reducing the selectivity to 1-phenylethanol.
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1. Introduction


Reactions carried out in the presence of heterogeneous catalysts, without the use of toxic solvents, follow the Principles of Green Chemistry and are considered beneficial for the environment [1]. An additional advantage of catalytic transfer hydrogenation is the substitution of gaseous hydrogen with a hydrogen donor, such as an aliphatic alcohol [2,3,4], which makes the process safer and more cost effective. Heterogeneous gold catalysts have been applied in multiple reactions for decades [5,6], such as vinyl acetate synthesis [7,8], oxidation of carbon monoxide [9,10,11], hydrochlorination of acetylene [12], combustion of volatile organic compounds (VOCs) [13], oxidation of alcohols [14], water-gas shift reaction [15], hydrogenation [16,17,18,19], etc. However, their application in catalytic transfer hydrogenation (CTH) has not been well studied [20]. Moreover, the gold catalysts which have been employed in CTH are usually homogeneous or so-called quasi-homogeneous catalysts [21,22]. Unsupported nanoporous gold has also been shown to be highly selective in similar transfer hydrogenation reactions [23]. Research on the transfer hydrogenation of acetophenone with 2-propanol has shown the influence of the support, namely that the order of activity is Au/TiO2 > Au/Fe2O3 > Au/C [24]. Despite different conversions of acetophenone, the selectivity was 98–100% for all three types of catalysts. The scheme of the reaction studied in this paper, namely CTH of acetophenone with 2-pentanol is depicted below (Scheme 1).



Few silver complexes have been used in catalytic transfer hydrogenation [25,26] Homogeneous silver-containing systems have been reported as catalysts for the hydrogenation of aliphatic and aromatic ketones with gaseous hydrogen [27,28,29]. However, very few reports pertain to heterogeneous silver catalysts [30]. Among those studied are: Ag/SiO2 and Ag/TiO2. The hydrogenation of crotonaldehyde using these catalysts gave a selectivity to the unsaturated aldehyde below 60%. This suggests that silver catalysts are not as selective as gold catalysts, but no studies comprising analogous synthesis procedures or of both types of catalysts on the same batch of supports have been reported.



Undoped ceria crystallizes in the fluorite-type structure. Zirconium ions can be incorporated into the ceria lattice and cerium ions can be inserted into the Zr nodes of the zirconia lattice. Reports in the literature show that doping ceria with zirconium ions does not affect the symmetry (space group) of the crystal lattice, but changes the lattice parameters [31]. Such a situation occurs at low zirconium loadings, though different papers suggest different scenarios for zirconium loadings of above 25%. At such zirconium contents, there is usually more than one phase present. The stabilization of the tetragonal structure of zirconia by the addition of cerium ions has also been applied in the ceramic industry [32,33,34], but very few reports of such materials used as catalyst supports can be found [35,36,37,38].



Alkali ion promotion and poisoning is a topic which has been of interest in many reactions for decades. Their effect has been investigated on catalysts used in both inorganic and organic reactions, such as: selective catalytic reduction of NOx with NH3 [39], NO decomposition [40,41], synthesis of vinyl acetate [42], ketonization of acetic acid [43], catalytic oxidation of formaldehyde [44], etc. Our previous studies have focused on the effect of potassium ions [45,46] and other alkali metal ions [47] on the activity of gold and silver, as well as bimetallic Au-Ag systems in CO oxidation, C3H8 combustion and NO oxidation. Another study has also shown a decreased reducibility of the catalysts upon doping with alkali metal cations, but the authors found that their presence increased the strength and density of basic sites [48]. Such an effect might be beneficial for catalytic transfer hydrogenation of acetophenone with 2-pentanol and hence doping with potassium ions was used for selected supports and the best performing catalysts.




2. Results


There were two types of ceria-zirconia supports applied in this study, namely Ce1−xZrxO2 (x < 0.20) and Zr1−xCexO2, where x < 0.10. Selected XRD patterns are shown in Figure 1a. It can be seen that the three Ce1−xZrxO2 supports contained only one phase: the ceria fluorite-type structure (PDF#810792), which is in line with the information available in the literature for zirconium loadings of 25% or lower (PDF#280271). The phase is homogeneous since heterogeneity would result in significantly enlarged eps (microstress parameter, Table 1). The lattice parameter increased along with the decrease in the zirconium content and was 0.5350(1), 0.5362(1) and 0.5374(1) for 20%, 15% and 10% Zr, respectively, which was due to the smaller Zr4+ ionic radius. The Zr/(Ce + Zr) ratio established with XPS showed a considerable enrichment of the surface of these supports with zirconium (Figure 1b). In fact, it was double the nominal concentration. A thorough investigation in which ceria-zirconia supports were studied by Shah et al. [49], reported a similar finding for such supports used for propane combustion catalysts. Our findings obtained with SEM-EDX, which probed the supports deeper than XPS and hence the numbers were much closer to the nominal values, which confirmed a surface enrichment of these supports in zirconium.



The doping of ceria with zirconium ions leads to a higher resistance to sintering, which was evidenced by the higher specific surface areas of the Ce1−xZrxO2 samples compared to that of undoped ceria. The values of the areas of the studied zirconium-doped ceria supports fell in the range 87–96 m2/g (Table 1), whereas that of the ceria synthesized by the same method, i.e., precipitation using an aqueous ammonia solution, followed by drying and calcination (for details see the Material and Methods) was only 52.8 m2/g. The value of the zirconia prepared in an analogous manner was even lower, i.e., 48.0 m2/g. The doping of zirconia with cerium ions increased the surface area of the zirconia to 63.0 ± 0.1 m2/g. However, in this case, the simultaneous change of the crystal structure should also be taken into account when comparing the supports (Table 1).



The cerium-doped zirconia samples contain only one phase, namely the tetragonal phase with P42/nmc structure (Figure 1a and Table 1), as has been noted for cerium-doped zirconia samples (PDF#381437, PDF#821398 and PDF#800785). The deposition of silver onto this type of support does not influence the structure of the support. The only difference seen in the diffraction pattern when silver was deposited onto the support, was that one could observe additional peaks, i.e., 38.1°, 44.3°, 64.5° and 77.5° (Supplementary Information: Figure S1), which arose from the presence of metallic silver (PDF#040783). This is different than what was observed by us for the zirconium-doped ceria supports [46], on which the deposition of silver led to well-dispersed silver, which was not visible in the diffraction pattern. Therefore, samples after catalytic transfer hydrogenation were also tested with XRD and size of silver particles calculated for Ag/CZ and Ag/ZC were 9 and 40 nm, respectively, showing a substantial difference in the silver distribution despite the same deposition procedure. This may be due to stronger interaction of silver with the zirconium-doped ceria supports than with the cerium-doped zirconia supports. Alternatively, the character of the interactions may be different. Further studies are needed to determine the exact cause of this difference.



In contrast to the cerium-doped zirconia supports, the obtained zirconia was present in two phases (Figure 1a): monoclinic (PDF#861451) and cubic (PDF#811551). Additionally, peaks from metallic silver (15 nm) were visible in the diffraction pattern. It can therefore be concluded that the incorporation of cerium ions into the zirconia lattice stabilizes the tetragonal structure, which may be beneficial for some applications, perhaps including catalytic activity. In order to verify if there is an effect of the support composition on its activity in catalytic hydrogen transfer from 2-pentanol to acetophenone, all of the supports were tested in this reaction.



Figure 2 depicts the 1-phenylethanol yields obtained on the Ce1−xZrxO2 and Zr1−xCexO2 supports. It can be seen that the yield of 1-phenylethanol increased with time for all catalyst supports and that the activity of the zirconium-doped ceria samples was substantially higher than that of pure ceria. There was a strong dependence of the yield of 1-phenylethanol on the zirconium loading (Figure 2a). The order of activity was as follows: 10%, 15%, 5%, 20%. This implies that there is an optimum doping of ceria (at about 10% Zr), which allows for the formation of the largest number of active sites. The addition of 5% of Zr was not enough, whereas 15% was already slightly too much and 20% was substantially too much. Despite the trend of the activity of the supports themselves, the support with 15% Zr was used for Au and Ag deposition due to the series of previously performed studies carried out by our group in other reactions [45,46,47] in order to obtain a greater insight into the same type of catalytic systems.



The activity of pure zirconia was slightly higher than that of pure ceria (Figure 2b), but the cerium-doped zirconia supports exhibited a lower activity than the zirconium-doped ceria supports. In contrast to the zirconium doped ceria samples, the activity of the cerium-doped zirconia supports showed a much narrower range, and, in fact, was the same at the beginning of the reaction, i.e., 30 min into the reaction, for all studied contents and was very similar after 1 hour of reaction, after which there was a slight diversification of the values. However, it is noteworthy that the topography of the cerium-doped zirconia supports (Figure 3) did not differ much from those of zirconium-doped ceria supports. This is most likely due to the same preparation procedure which included precipitation of the hydroxide, drying and calcining at a final temperature of 550 °C.



The results of the activity tests of Au/Ce0.85Zr0.15O2 for two different particle sizes are shown in Figure 4a. It is worth noting that the results for this reaction are in sharp contrast with those of other reactions, such as CO oxidation, in which small particles are found to be much more active than larger ones [9,46]. In order to ensure that the difference is not a result of differences in the synthesis, but strictly the particle size, both samples were made from the same batch of Au/Ce0.85Zr0.15O2 with the only difference between the samples being the calcination time. The longer calcination time yielded larger gold particles than the shorter calcination time, but the gold loading was the same. In contrast, the opposite was observed for silver (Figure 4b). Both types of catalysts exhibited excellent selectivity (>99%) to 1-phenylethanol. It can be seen that the best Ag catalyst was more active than the best gold catalyst. The reason for the high activity and selectivity is presumed to be the in situ generation of silver nanoparticles. This effect was reported in the case of the catalytic activity of Ag Nps in hydrogenation of ketones with the use of gaseous hydrogen [27], and is consistent with the appearance of a violet color, typical of nano silver particles, during the reaction, as well as the size determined by XRD measurements of the spent sample. The larger Ag particles, obtained through a prolonged sintering time, showed a lower activity than the smaller ones (Figure 4b).



The impact of the potassium ion loading on the activity of Ce0.85Zr0.15O2 is shown in Figure 5a. It can be seen that the initial, low concentrations of potassium ions, i.e., 0.3 and 0.6 at% exerted a small, but beneficial effect on the support, whereas the doping of Au/Ce0.85Zr0.15O2 (Figure 5b) with those loadings of potassium suppressed the activity of the undoped gold catalyst. This is similar in the case of CO oxidation [45,47]. The further addition of potassium ions had a detrimental effect on the activity of the support and the gold catalyst. It is noteworthy that with potassium ion loadings above 0.6 at%, the yield of 1-phenylethanol observed in the presence of the gold catalyst fell below that of the undoped support. Side and subsequent reactions were responsible for this and the liquid changed from clear and colorless to yellow. The intensity of the color of the solution increased with reaction time, which indicates larger yields of byproducts. In the case of the most active silver catalyst, the presence of 0.3 at% K+ caused a decrease in the activity (Figure 5c). Hence, it is possible that in the case of the support, which is much less active, but shows a slight improvement upon doping with potassium ions, there is a different mechanism of the reaction or that the monometallic catalysts have more than one mechanism and the more efficient one is negatively affected by the presence of potassium ions.



A comparison of the results of the activity tests of the supported gold and silver catalysts is presented in Figure 6, in which the number of moles of the desired product is referred to the mass of the active phase (Figure 6a for Au and Figure 6c for Ag) and the different number of moles of the active phase on the surface, due to different particle size (Figure 6b for Au and Figure 6d for Ag). It can be seen that the silver catalysts were much more active per gram of active phase than the gold catalysts (Figure 6a,c). Moreover, a difference in the conversion in time could be observed, namely, the gold catalysts were the most active during the first hour of reaction, after which the rate of 1-phenylethanol formation decreased. In contrast, the silver catalysts had a similar or higher rate of product formation in the second hour of the catalytic reaction than in the first. When taking into account the particle size (Figure 6b,d), and hence the number of surface moles of the active phase, it can be seen that for the gold catalysts, the difference in the rate of product formation is strongly dependant on the size of the active phase particles, whereas the rate on silver catalysts does not differ as much for the two studied particle sizes.



The gold catalysts supported on cerium-doped zirconia (Figure 7a) showed very little activity in the studied reaction. In fact, it can be seen that the zirconium-doped ceria loaded with 0.6 at% K+ was more active than the cerium-doped zirconia gold catalysts. The activity of Au/Zr0.90Ce0.10O2 and Au/Zr0.93Ce0.07O2 in the studied reaction was comparable. In order to check the distribution of the gold on Zr0.93Ce0.07O2, elemental maps were obtained. They are presented in Figure 8. These show a uniform distribution of all the elements, including gold, which, together with the lack of visible gold agglomerates in the SEM images, means that the particles are comparable in size to those which were very active on Ce0.85Zr0.15O2. This shows how important the choice of the proper support really is for the monometallic gold catalyst, which is also the case for monometallic silver catalysts (Figure 7b). It is noteworthy that the zirconia supported silver catalyst was less active than the cerium-doped zirconia supported silver catalyst. However, this might be simply a result of the higher surface area due to the incorporation of ceria into the structure (Table 1).




3. Materials and Methods


3.1. Support and Catalyst Synthesis


All of the zirconium-doped ceria supports and cerium-doped zirconium supports were obtained with two precursors, namely ammonium ceric nitrate (analytical grade, POCh Gliwice, Gliwice, Poland) and zirconyl nitrate (analytical grade, POCh Gliwice, Gliwice, Poland). Both compounds were dissolved in redistilled water, mixed and diluted before co-precipitation. Then, a sufficient amount of ammonia water (analytical grade, POCh Gliwice, Gliwice, Poland) was added while stirring. The formed precipitate was filtered off under reduced pressure using a vacuum water jet pump. It was thoroughly washed with redistilled water until the pH of the filtrate was neutral. The precipitate was dried in an evaporating dish and calcined for 4 h at 550 °C. The reference samples, namely CeO2 and ZrO2, were obtained in accordance with the same procedure.



The catalysts were obtained by depositing gold onto the calcined supports using wet impregnation with solutions of HAuCl4·H2O (analytical grade, Sigma-Aldrich, St. Gallen, Switzerland). The solution had a concentration to give 1 wt.% of gold, which was based on previous experiments and assumed 80% efficiency. The pH of the solution was adjusted to approximately 8 with the appropriate amount of a concentrated K2CO3 solution (POCh Gliwice, Gliwice, Poland). After deposition, the precipitate was washed with redistilled water until no chloride ions were present in the filtrate, dried and calcined at 350 °C for 3 h. Then, in order to obtain two different gold particle sizes, the support loaded with gold was divided into two parts and one of them was calcined at 550 °C for 3 h, whereas the other was kept at 550 °C for 7 h.



The silver catalysts were prepared with appropriate amounts of a AgNO3 solution (analytical grade, POCh Gliwice, Gliwice, Poland) dosed onto supports wetted with 1 mL of redistilled water. The AgNO3 solution was prepared using 0.23 g of the salt dissolved in 25 mL of redistilled water and 0.5 mL was used per 1 g of catalyst. After the solvent was evaporated, the solids were heated to 200 °C in order to decompose the nitrate and were then calcined for an hour at 550 °C.



Potassium carbonate (analytical grade, POCh Gliwice, Gliwice, Poland) was used to introduce potassium ions onto the surface of the catalysts using wet impregnation. The solution was prepared by dissolving 0.37 g of K2CO3 in 50 mL of redistilled water. The appropriate volume of the solution was used to obtain the desired potassium ion loading and the catalyst was then dried. After drying, the catalysts were calcined for another hour at 550 °C.




3.2. Support and Catalyst Characterization


The secondary emission microscope imaging of the supports and catalysts were obtained using a Prisma E instrument (Field Electron and Ion Company, FEI, Hillsboro, OR, USA) with a working distance of 11 mm, spot size 3, beam energy 10 kV and beam deceleration of 5 kV. For each sample, images were collected at magnifications of 500, 1000, 2000, 5000, 10,000 and 20,000 times.



The specific surface areas of the supports and catalysts was determined with nitrogen physisorption using Micromeritics ASAP 2020 (Micromeritics Instrument Corp., Norcross, GA, USA). The measurements were performed at 77 K after 30 min of outgassing (0.5–1 g of sample) at 150 °C under vacuum. The specific surface area was calculated using the Brunauer–Emmett–Teller equation.



The X-ray photoelectron spectroscopy (XPS) was performed on a K-Alpha device (Thermo Scientific, Waltham, MA, USA). Survey spectra (200 eV, 1 eV/step) and the following detailed spectra (50 eV, 0.1 eV/step) were collected: C 1s (extended to 305 eV to include the K 2p doublet), O 1s, Ce 3d and Zr 3d, as well as Au 4f and Ag 3d. After a Shirley-type background subtraction, the spectra were calibrated to 285.0 eV for C 1s.



The X-ray diffraction studies were obtained in the range of 20 to 140° on a D5000 horizontal goniometer (Bruker AXS GmbH, Karlsruhe, Germany) using Cu Kα radiation (1.5418 Å), operating at 40 kV, 40 mA with divergent Bragg–Brentano beam optics. The LynxEye silicon strip detector was applied for data acquisition. The data were processed as described in [45]. The diffraction patterns in the manuscript are presented after subtracting the background, as they were fitted with an appropriate Voit function. The Scherrer equation, Williamson–Hall plot, and extrapolation of the lattice constant by the Nelson–Riley function allowed us to calculate parameters such as: average particle size (of the support and of the active phase), cell parameters, microstrain parameter, etc. For the monoclinic phase, the lattice parameters were estimated by least squares fit to position of 10 reflexes but the data consistency and the obtained accuracy was markedly worse than for cubic lattice.




3.3. Activity Measurements


Activity measurements were carried out in a tubular one-piece glass reactor equipped with a condenser and a side arm for probing. In order to perform a test, 0.2 g of a catalyst was weighed out and placed into the aforementioned reactor. Next, 4.35 cm3 of 2-pentanol (analytical grade, Sigma-Aldrich, St. Gallen, Switzerland; distilled prior to use) and 0.583 cm3 of acetophenone (analytical grade, Sigma-Aldrich, St. Gallen, Switzerland; distilled prior to use) were added to the reactor and the reactor was placed in an oil bath preheated to 142–145 °C set on a hot plate with a magnetic stirrer. The oil temperature was measured using a thermocouple immersed directly in the oil bath. Samples were taken after 30 min and every hour for 6 hours from the beginning of the reaction. The composition of the samples was determined by a gas chromatograph (Agilent 6890N, Waldbronn, Germany) equipped with a WAX tracer capillary column.





4. Conclusions


The thorough investigation of the activity of monometallic gold and silver catalysts supported on zirconium-doped ceria (Ce1−xZrxO2, where x < 0.2) and cerium-doped zirconia (Zr1−xCexO2, where x < 0.1) in catalytic transfer hydrogenation was performed. The results showed that:




	
Large Au clusters (30 nm) were more active in catalytic transfer hydrogenation than small ones (4 nm).



	
Heterogeneous silver catalysts supported on zirconium-doped ceria were highly active in catalytic transfer hydrogenation, whereas those on cerium-doped zirconia showed a much lower activity.



	
Au and Ag supported on Ce1−xZrxO2, x < 0.2, were much more active than on Zr1−xCexO2, x < 0.1.



	
The effect of potassium ions depended on the loading:




	-

	
The zirconium-doped ceria supports showed a positive effect of small doses of potassium ions on the activity in CTH, but negative effects of larger doses.




	-

	
The presence of potassium ions on the activity of the most active gold and silver catalysts was negative, even at small loadings.









	
Both types of supports contained only one phase: the Ce1−xZrxO2 supports had the fluorite-type structure, typical for undoped ceria and Zr1−xCexO2 supports exhibited the structure of tetragonal zirconia. The activity of the former supports was strongly dependent on Zr loading, whereas that of the latter was not.
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Scheme 1. Scheme of catalytic hydrogen transfer from 2-pentanol to acetophenone. 
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Figure 1. Characterization of selected supports and catalysts: (a) diffraction patterns and (b) XPS survey spectra. 
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Figure 2. Yield of 1-phenylethanol obtained during catalytic transfer hydrogenation of acetophenone with 2-pentanol in the presence of (a) Ce1−xZrxO2 (x < 0.2) and (b) Zr1−xCexO2 (x < 0.1). 
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Figure 3. SEM images of selected supports. 
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Figure 4. Effect of particle size on the yield of 1-phenylethanol obtained during catalytic transfer hydrogenation of acetophenone with 2-pentanol in the presence of (a) Au/Ce0.85Zr0.15O2 and (b) Ag/Ce0.85Zr0.15O2. 






Figure 4. Effect of particle size on the yield of 1-phenylethanol obtained during catalytic transfer hydrogenation of acetophenone with 2-pentanol in the presence of (a) Au/Ce0.85Zr0.15O2 and (b) Ag/Ce0.85Zr0.15O2.



[image: Catalysts 12 00974 g004]







[image: Catalysts 12 00974 g005 550] 





Figure 5. Impact of the presence of potassium ions on the yield of 1-phenylethanol after 5 h of reaction over (a) Ce0.85Zr0.15O2, (b) Au/Ce0.85Zr0.15O2 and (c) Ag/Ce0.85Zr0.15O2. 
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Figure 6. Yield of 1-phenylethanol during the course of the reaction referred to the mass of the active phase: (a,c), and to the surface number of moles of the active phase: (b,d). 
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Figure 7. Activity test results of catalysts supported on cerium-doped zirconia: yield of 1-phenylethanol obtained during catalytic transfer hydrogenation of acetophenone with 2-pentanol in the presence of (a) Au/ZC and (b) Ag/ZC. 
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Figure 8. Elemental maps of cerium, oxygen, zirconium and gold in Au/Zr0.93Ce0.07O2. 
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Table 1. Properties of selected supports.
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	Sample
	Surface Area

[m2/g]
	Particle

Size [nm] 1
	Cell

Parameter(s)

[nm]
	Structure;

ε 2





	CeO2
	52.8
	6.0(8)
	0.5408(2)
	cubic; 0.002



	Ce0.90Zr0.10O2
	95.2
	6.5(8)
	0.5374(2)
	cubic; 0.003



	Ce0.85Zr0.15O2
	96.0
	5.1(8)
	0.5362(2)
	cubic; 0.002



	Ce0.80Zr0.20O2
	87.2
	5.7(8)
	0.5350(2)
	cubic; 0.002



	ZrO2
	48.0
	10.7(8),

7.1(8)
	n.d.
	monoclinic,

cubic



	Zr0.93Ce0.07O2
	63.1
	7.0(8)
	a = 0.364(1),

c = 0.523(1)
	tetragonal



	Zr0.90Ce0.10O2
	62.9
	7.0(8)
	a = 0.363(1),

c = 0.523(1)
	tetragonal







1 The particle size was determined from the Williamson–Hall plot (14 reflexes) for zirconium doped ceria and pure ceria (cubic phase), and from the Scherrer equation applied to the (101) reflex for cerium-doped zirconia (tetragonal phase). 2 The values of microstrain parameter, ε, could be determined only from Williamson–Hall plot that could not be constructed for the tetragonal cerium-doped zirconia due to strong peak overlap and likely size/strain anisotropy.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
EEE8EE

8888

(mO/(5 vl

g

§

Au mam msom

§

g

§

Yield of 1-phenyiethanl
imol(smol,.|
§

Au maom m0m

Hourof reation ) Hourof reaction ]
@
e e mem]| % mom mam

-
e
25

g
3
K

Hour ofreaction [

2 3 M
Hour ofresction [





media/file4.png
(a)

Intensity [a.u.]

20

70

Scattering angle [°]

120

Cep.80Zr0.200;

Cep.852r9.150;

Ce0.90Zr0.100;

Zrp.90Ce0.100;

Zrp.93Ce0 070,

Ag/Zro95Ceg 050,

Ag/ZrO,

(b) B Ceggolrp00, M Ceggslry 50, M Cepgplry 100,
41% 30% 23%
';:'. Zr
=, '
>
-
'@
c
[
= |
1400 1200 1000 800 600 400 200

Binding energy [eV]






nav.xhtml


  catalysts-12-00974


  
    		
      catalysts-12-00974
    


  




  





media/file18.png





media/file16.png
——
Q
—
[
o
o

Yield of 1-phenylethanol [%]

80

60

40

20

B Au/Zry.q0Ce100;
O Au/Zry.45Ceq 4,0,

&L
ke
e Tl |
60 120 180

Time of reaction [min]

I Z
360

G

Yield of 1-phenylethanol [%)]

100

80

60

40

20

W Ag/Zry55Ce4 470,
- W Ag/ZrO,

60 120 180

Time of reaction [min]





media/file2.png
o OH
CH oH catalyst Q
H,;C CH3 H,C CH,





media/file5.jpg
Yieldof 1-phenylethanol (3]

0

ot

B Coutin, W Ceundin;
B Ceonties0; B 0,

]

B 2eCous0;

© 20
Time ofreaction [min]

w0

H
£
i
:
i

Time ofrection min]





media/file3.jpg
gl

U B s ain
coszso,
5 oz,
H
H [y
H Zincess0s
|19 [P
W FrS

Scattering angle ']

®

al

 Coution®, B Cousti0: B oo,

|
Binding enegy eV]






media/file1.jpg
2 OH
o
o
oa J o





media/file7.jpg
ZryCers0;
X

Ceonttondy Cepnass0;






media/file10.png
gi—,
[
—

Yield of 1-phenylethanol [%)]

100

80

60

40

20

Average Au particle size

B 4nm

60

M 30 nm

120 180
Time of reaction [min]

o
e

Yield of 1-phenylethanol [%)]

100

80

60

40

20

Average Ag particle size

WO9nm M 40nm

60 120 180 360
Time of reaction [min]





media/file12.png
—
Q
N—

Yield of 1-phenylethanol [%)]

100

80

60

40

20

.27

100

0 0.3 0.6
At% of potassium ions in x at% K/CZ

—
(g
—

Yield of 1-phenylethanol [%]

100

80

60

40

20

1.5

80 F

60

40

20

Yield of 1-phenylethanol [%]

3.0 0 0.3 0.6 1.8 3.0
At% of potassium ions in Au + x at% K/CZ

W Ag W Ag + 0.3at%K

60 120 180 360
Time of reaction [min]





media/file9.jpg
Yield of 1-phenylethanol %)

®
[r— = [—
8300 H
|
i
:
3

P 0 10
Time ofreaction [min]

0

© w
Time of reaction [min]






media/file0.png





media/file14.png
Au B4nm

M 30nm

o =) S 8 S

=] S 8 8 8

N < M B ™
[*"1ow:s)/jow]

S |oueyiajAuayd-T J0 p|aIA

€

=

o

[e2]

=

€

c

<

O

>

<

o =] =4 b= 8 8

§ 8 8 8 8§ 8
[""+5.5)/low]

(a)

|oueyisjAuayd-T jo p|aIA

4-6

Hour of reaction [-]

Hour of reaction [-]

B9nm © 40nm

Ag

o o =] o o
g 8 8 8§ 8
[*"jow:-s)/jow]

T  |oueyiajAuayd-T jo p|aIA

&

[ o

S

5]

&

[ =

(92}

=]

Qo

<
o o o o o o
S 8 8 8 8 8
o wn < o™ o~ -

(c)

[*8.5)/jow]
loueyiajAuayd-T 40 pjaiA

Hour of reaction [-]

Hour of reaction [-]





media/file8.png
Zrj.90Ce€0 100, ‘ Zry93C€0 07,0, ZrO, %

\

20 um 10 pm

Ce(.80Zr0.200; Ceyg52rp150;

10 pm ~ 10um 10 um

10 pm

Ce.90Zr0.100;





media/file11.jpg
ol ® 0
z g
2w S
i e
z z
2w 2w
3 3
% 20 5 20
25 ()
5 fosr Jost fisc e o a3 fut {18} 50
At% of potassium ions in x at% K/CZ A% of potassium ions in Au + x at% K/CZ
(U] -
B
£,
D
H
i,
5.
£
.
5 "@m i

Time of reaction [min]





media/file6.png
—
Q
S—

Yield of 1-phenylethanol [%)]

25

20

15

10

Zr;95Ceq 050
W CepgoZro00, M Cepgslro 50, M Cepgplry 100, (b) W ZrO, W Zryq5Ceq 50,

B CeygsZroosO, W CeO, B Zry93Cep;0, M ZrpgoCe 100,
25

15 r

10 +

Yield of 1-phenylethanol [%]

30 60 120 180 30 60 120 180

Time of reaction [min] Time of reaction [min]





media/file15.jpg
H

N il Py
L0 0o 3 » agfzr0,

@ w0 1 30 o 10 w0 0
Time of reaction [min] Time of reaction [min]





media/file17.jpg





