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Abstract

:

As the search for carbon-efficient synthesis pathways for green alternatives to fossil fuels continues, an expanding class of catalysts have been developed for the upgrading of lower alcohols. Understanding of the acid base functionalities has greatly influenced the search for new materials, but the influence of the metal used in catalysts cannot be explained in a broader sense. We address this herein and correlate our findings with the most fundamental understanding of chemistry to date by applying it to d-band theory as part of an experimental investigation. The commercial catalysts of Pt, Rh, Ru, Cu, Pd, and Ir on carbon as a support have been characterized by means of SEM, EDX-mapping, STEM, XRD, N2-physisorption, and H2-chemisorption. Their catalytic activity has been established by means of c-methylation of ethanol with methanol. For all catalysts, the TOF with respect to i-butanol was examined. The Pt/C reached the highest TOF with a selectivity towards i-butanol of 89%. The trend for the TOFs could be well correlated with the d-band centers of the metal, which formed a volcano curve. Therefore, this study is another step towards the rationalization of catalyst design for the upgrading of alcohols into carbon-neutral fuels or chemical feedstock.
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1. Introduction


In order to reduce the chemical industry’s carbon footprint, extensive research is being conducted into the use of abundant renewable resources for higher value products. It is apparent that products with short lifecycles, in particular, will have a small carbon footprint, as their throughput is typically very large. Producing such products in a carbon-neutral manner could greatly reduce carbon dioxide emissions. This is especially the case for fuels.



One common possibility for the efficient atom synthesis of higher molecules is the C–C formation by means of homo aldol condensation combined with a hydrogen borrowing approach, which is known in the literature as the Guerbet reaction [1]. Further, 1-butanol has been frequently discussed as a drop-in fuel to reduce the carbon footprint of fossil fuels. Various approaches have been undertaken to synthesize more effective catalysts, and have been reviewed in several works [2,3,4]. Special attention is paid to tuning the base/acidity relationships of the support. The acid base bifunctionality is known to play a key role in the selectivity of the catalyst [5,6,7,8]. In the work of Quesada et al., Cu supported on the Mg-Al-oxide reduced the amount and density of acidic sites. Most prominently, strong acidic sites were reduced by 93% down to only 3.1 µmol/g. At the same time, the strong basic sites were reduced by 73% down to 62.5 µmol/g. Although the conversion of ethanol increased, the selectivity to the dehydration products of ethene and 1,3-butadiene were reduced within the Cu/Mg–Al catalyst, thus clearly indicating the significant influence of the strong acid/base sites for the dehydration mechanisms to olefins [8]. On the other hand, Cimino et al. found that Ni supported by MgO increased the number of basic sites [6]. Zhang et al. used a MgxAl-LDO (layered double hydroxide) with ratios of Mg to Al ranging from 1 to 4 loaded with 8 nm Ag-particles, in which the density of the basic sites was much higher compared to the Cu/MgAl catalyst described above. With an acid base site ratio of 0.41, the conversion and selectivity towards n-butanol was optimal in the case of this support [9]. Other supports, such as hydroxyapatite, were also used and the ratios of Ca/P and Sr/P were investigated in order to identify an optimal acid base site ratio [10,11]. We fundamentally agree with Cimino et al. that the addition of metals to a surface alters its functionalities depending on the metal and the surface on which it is supported. Therefore, it is difficult to distinguish between the effects of the metal’s addition and the alteration of surface functionalities solely by reference to conversion and selectivity. In order to determine the influence of the metal used, experiments were performed with various transition metals, although the support remained the same.



Riittonnen et al. screened several Al–oxide-supported metals, namely, Ni, Pt, Au, Rh, Ru, and Ag using both self-prepared and commercial catalysts. They achieved the highest conversion using Ni/Al2O3 with a 25% ethanol conversion and selectivity of 80% towards 1-butanol at 250 °C. The catalyst-to-ethanol ratio was relatively high, with a loading of 4% (mass catalyst/mass ethanol and catalyst). However, detailed information about surface acid-base pairs was not derived [12]. A similar study was performed by Marcu et al., who investigated the activity of different metals on Mg–Al-oxides, each of which was loaded with 5% Pd, Ag, Mn, Fe, Cu, Sm, and Yb. Here, the Pd5MgAlO catalyst was the most selective towards 1-butanol (73%) after 5 h of reaction time at 200 °C and a conversion of 3.8% ethanol. This was followed by the Cu5MgAlO catalyst, which exhibited a higher conversion, which accompanied a high selectivity towards acetalization. Marcu et al. determined that the influence of the metal itself was only secondary in nature, as the catalyst conversions and selectivity correlated strongly with the established number of strong base sites, which was the highest for the Pd5MgAlO catalyst. Although the Cu5MgAlO exhibited a similar number of strong base sites, the selectivity was 40% with respect to acetal formation [13]. Another study with a series of transition metals was performed with activated carbon as the support and CeO2 as the base. The hydrogen treatment of the catalysts increased the basicity of the CeO2. The highest conversion was found for the Cu–CeO2/AC catalyst, at 46%, and a selectivity towards n-butanol of 41%. Selectivities of 20% for C6 compounds and 11% for ethyl acetate were found with the same catalyst. The highest selectivity was achieved with a Pd-CeO/AC catalyst, with 68% for n-butanol and only 6% towards C6+ products and 5% towards ethyl acetate. The conversions were 3.4 times lower compared to the Cu-CeO2/AC catalyst. A direct correlation with the basic centers was not determined by Wu et al., but they stated that metals with a tendency for hydrogen spillover reduced the CeO2 more easily and thereby increased the basicity and selectivity with respect to n-butanol synthesis [14]. Comparisons of the amount of adsorbed CO2 also displayed good correlations with the selectivity.



Later, Wu et al. suggested that the experiments by Riittonnen et al. could be correlated with the d-band center of the metals on the alumina surface, as a decrease in the conversion was accompanied by a decrease in the d-band center values of the metals tested [3]. As the acid-base pairs were not determined in Riittonnen et al.’s study and the influence of the acid base sites on the reaction was not taken into account, this dependency was not robust.



Since Hammer and Nørskov published the d-band model, several studies have confirmed the dependency of the d-band center and the activity in chemical reactions [15,16,17,18,19]. The d-band model shows, that the center of gravity of the d-band (d-band center) in relation to the Fermi-Level of the metals or alloys, is connected to the strength of the transition metal–adsorbate interaction in a Sabatier type correlation, forming a volcano plot. As the distance between the d-band center and the Fermi level is increased, the energy of the resulting antibonding orbitals, which are formed by interaction by the orbital splitting with a surface adsorbate, also decreases. Consequently, an increasing proportion of antibonding states weakens the metal–adsorbate bond and facilitates desorption. In the case of a higher d-band center, however, desorption will be reduced due to the proportion of unoccupied states above the Fermi level and a consequently stronger metal–adsorbate interaction [18,19].



The reactions used in those studies are mostly limited to small molecules, like CO, H2, N2, and C2H2 as probe molecules [20,21,22,23]. To the best of our knowledge, no attempt has been made to test this dependency in a complex multistep reaction. Therefore, the aim of this study is to test whether the d-band of the transition metals is a reasonable descriptor for the activity in the synthesis of higher alcohols. In order to rule out the influence of acid base pairs, we adapted the protocol of Siddiki et al., who used methanol as a methylation agent for several aromatic and aliphatic ketones, as well as alcohols with high degrees of selectivity and conversion. Sodium hydroxide was used in large quantities, thereby ruling out the influence of surface acid-base pairs on the condensation process [24]. In order to avoid selectivity problems with the subsequent condensation of products, we selected ethanol to be methylated twice into i-butanol. I-butanol is a versatile base chemical and has also been tested as a carbon-neutral fuel [25]. Thanks to its higher octane numbers, lower soot production, and higher compressibility in internal combustion engines, it has emerged as a superior fuel over n-butanol [26,27,28].




2. Results


2.1. Catalyst Characterization


The catalysts were analyzed by means of nitrogen physisorption using the BET method for the surface calculations [29]. The catalysts possess very similar type IV isotherms, with a very large surface area attributable to micro-pores. As can be seen in Table 1, Cu/C had the largest specific surface area. The specific surface areas of the catalysts Ir/C, Pt/C, and Rh/C were each in the range of 800–1000 m2/g. The lowest specific surface area was measured for Ru/C, which totaled 6.6 m2/g and with a pore volume of 0.01 mL/g. The hysteresis of all catalysts was type-H4, which was closed at p/p0 = 0.95. This points towards a complex pore structure [30]. The mean pore radii as determined by the BJH method was in the range of 18 ± 1 Å for all catalysts, whereas the pore volumes of the catalysts differed in the same manner as the specific BET area. Therefore, Cu/C possessed the largest pore volume and Ru/C had an extremely low pore volume of 0.01 mL/g.




2.2. SEM Results


In the scanning electron microscopy (SEM) images of the catalyst materials, shown below, it can be seen that in the case of Pd/C, the carbon support consists of a mixture of sharp-edged needles with dimensions of up to ~110 µm in length and smaller particles down to the sub-micrometer scales. The larger particles have a T-shaped cross-section, where the middle bar was about 1.6 µm-wide and perpendicular to the 20 µm-wide base plate. At higher magnifications (i.e., 5000 and 10,000), it can be seen that the particles have a smooth surface and sharp edges and are plate-like in shape. The thickness of the particles was 1.6 µm and the surface of the particle side was stepped parallel towards the longest particle axis. No pores could be seen with magnifications of up to 10,000 (see Figure 1d).



The particles of the Pt/C catalyst are fairly similar to the already-described Pd catalyst (Figure 2a–d). The amount of long narrow particles with lengths of around 100 µm and widths of 8 µm was more prominent. In addition, the already-described T-shaped particles were more prominent, as can be seen in Figure 2d. Again, the perpendicular wall had a width particle thickness of 1.6 µm. The particle edges were very sharp and no pores could be seen at the highest magnifications.



For the Ru/C, the SEM images stand in contrast to the particles described above. At the lowest magnification, the particles are uniform in structure and size. At higher magnifications, it can be seen that they possess more rounded edges and that they are highly agglomerated in a hierarchical manner (see Figure 3b, top right and Figure 3c,d). The particles have a more round shape of ~75 µm in diameter (Figure 3b, top left). At the highest magnification, no pores could be detected and the hierarchical agglomerates were clearly visualized. The agglomerates consist of a base particle with a non-uniform shape (ca. 9.6 µm × 26.4 µm) topped by smaller non-uniform particles (6–4 µm), which were supporting with dimensions smaller than 2 µm (Figure 3c,d).



The SEM images of the Ir/C catalyst show an even distribution of particles with non-uniform shapes and a uniform size distribution. The particles were in the range of 9–25 µm. At higher magnifications, it can be seen that the surface of particles with lengths of 25–32 µm and widths of 14 µm is rough. These rough patches are similar in appearance to craters at magnifications of 50,000 and 100,000. The dimensions of these crater-like structures are in the range of 125–458 nm, and they can be interpreted as pores (Figure 4d).



Rh/C provides a uniform image of the SEM in Figure 5a,b. Grain sizes can hardly be established, as the particles have ragged edges and are heavily agglomerated. Even at magnifications of 5000, it is impossible for most dimensions to be determined due to the agglomeration of many small particles in the size range of 3.6–6.6 µm. It becomes obvious at magnifications of 10,000 that the material consists of even smaller particles with a fairly narrow qualitative size distribution (see Figure 5c,d). At the highest magnification of 100,000, crater-like structures become visible at the particle surface that could be pore openings in the range of 25–100 nm in size. Overall, this material is made up of the smallest particles compared to all of the other catalytic materials considered in this study.



Figure 6a shows the images of the Cu/C catalyst. Particles with different shapes and dimensions of 36–181 µm stand clearly out from the smaller ones. These are made up of ragged non-uniform particles in the range of 22–36 µm and even smaller ones (Figure 6b). At higher magnifications, the particles exhibit a plate-shaped structure. This becomes very prominent at magnifications of 50,000. At the edges, the particles display a slate-like fracture. Pores cannot be seen, even at magnifications of up to 100,000.



Energy-dispersive X-ray (EDX) spectroscopy measurements were taken in order to establish an elemental analysis of the catalytic materials, the results of which are displayed in Table 2.



Although the nominal loadings of catalysts Pd, Ru, Ir, and Rh are very close to the values found for those metals with the EDX mapping, Pt and Cu significantly deviate from those nominal loadings.




2.3. TEM Results


Figure 7 presents a Z–contrast, high-angle annular dark field (HAADF) STEM images, together with EDX elemental maps that illustrate the distribution of the Rh, Ru, and Pd catalyst nanoparticles on the C support. Each row focuses on one catalyst, beginning with Rh/C in row (a), followed by Ru/C in row (b), and finally, Pd/C in row (c). The left-hand-side images contain an overview of the catalysts on the C support. The middle block contains HAADF images and the corresponding EDX map. Bright contrast features in the Z–contrast HAADF–STEM images correspond to the metal-rich nanoparticles (Rh, Ru, and Pd—marked in green in the EDX maps). High-resolution (HR) HAADF cutouts with corresponding FFTs are placed on the right-hand-side section. Both Rh and Pd correspond to the face-centered crystals (FCCs), with images taken along the [011] zone axis. Meanwhile, the Ru nanoparticles exhibit poorer crystallinity [31].




2.4. H2 Chemisorption Results


Despite the challenges associated with surface area determination by means of chemisorption methods, we attempted to measure the surface areas of the catalysts using dynamic flow methods, namely the pulse chemisorption of hydrogen in argon. The results are listed in Table 3. The mean particle size found for the Pt/C catalyst was 2.2 nm. The catalyst exhibited a decent dispersion of 46%, and the largest metal surface area found for all of the catalysts considered in this study. Ru/C and Rh/C showed lower dispersions, with mean particle diameters of 2.5 and 4.5 nm. Even though we employed a stoichiometric factor of H*:Ms = 1, we found the results to be in good agreement with the particle sizes established by means of TEM.



The mean particle sizes calculated for the Ir/C catalyst were the smallest, with a mean diameter of 1.3 nm, which is smaller than what was found during the TEM examination. This is likely due to the use of a stoichiometric factor of adsorbed hydrogen/surface metal of 1. Almithn and Hibbitts calculated the stoichiometric factors for hydrogen adsorption for Ir and Pt as 1.84 to 3.63, respectively, for mean particle sizes of 2.4 to 0.8 nm [33]. They showed in their density-functional theory (DFT) calculations that bulk H* species are not to be expected for those metals, but that under-saturated atoms, in particular, bind to more than one hydrogen atom each. Therefore, with smaller particles, the stoichiometric factor increases. This is also in line with several experimental findings and well-established [34,35].



For Pd/C, hydrogen adsorption is of crucial importance at room temperature due to the well-known formation of subsurface hydrogen species and bulk hydrides. Although these are later kinetically limited to form at 130 K, subsurface hydrogen species can increase the H:MS ratio. This in turn can result in an underestimation of particle size [36]. Nevertheless, we found our estimations of particle size for the Pd/C to be reasonable in light of the TEM results.



The particle size determination of Cu/C was performed using a different method. As is well-known, O2 readily dissociates on copper surfaces with very low energy barriers [37]. Therefore, we saturated the freshly reduced Cu/C surface with oxygen at 323 K and allowed for the desorption of physisorbed oxygen in the flowing argon at 333 K while preventing bulk oxidation that is known to take place in N2O adsorptive decomposition between 303 and 323 K and thus increases the activation energies for bulk oxidation [37,38]. Pulses of fixed amounts of pure hydrogen at 673 K were used to titrate back the oxidized copper atoms. The calculations established a mean particle diameter of 17 nm. These results deviate heavily from the TEM measurements, whereas they correspond to previously published TEM results [32]. The deviation can be explained by taking into account the local formation of large Cu-rich agglomerates. Furthermore, only a relatively small number of measurements could be taken by TEM for particle size analysis (see Supplementary Materials Figure S3). Therefore, the determined TEM particle size must be accepted with caution. The particle size estimated by chemisorption is strongly dependent on the determined Cu-loading. As the loading was established by means of EDX, a difference in loading could also account for the highly deviating particle size.




2.5. Catalytic Experiments


In all catalytic experiments, which are summarized in Table 4, i-butanol was formed in differing quantities. Due to the absence of strongly acidic or basic centers in the carbon support acetyls, ethers and esters were not detected in the experiment, although they are common side-products described in the literature and strongly correlate to the basic sites prominent in the catalyst supports or bases used [2,3]. In light of the experimental conditions, these products have a very small tendency to form and, in the case of acetyls and esters, will be decomposed by sodium hydroxide. The yields of i-butanol were very low, as differential conditions were chosen in order to gather information about catalyst deactivation over time, which will be discussed below.



Based on the liquid products formed in the reaction, Pt/C offered the highest yield of i-butanol after the reaction time with good selectivity (89%) towards i-butanol. Ru/C also showed comparable yields of i-butanol, but with only slightly lesser selectivity. Both catalysts formed similar amounts of n-propanol during the reaction. When normalized to the utilized catalyst dry weights, the calculated space–time yields (STY) clearly exhibited a higher efficiency of the Pt/C catalyst with respect to the Ru/C one. This was also represented by the turnover frequencies (TOFs).



Rh/C and Pd/C also presented decent yields of i-butanol, whereas the selectivity was lower for the Rh/C catalyst. This was due to the formation of n-butanol and croton aldehyde with very low yields and selectivities. These are the products of ethanol homo coupling, which were only present in the experiments with the Rh/C catalyst.



Ir/C produced fairly remarkable yields of i-butanol and a good STY, taking into account that the loading of the catalyst was only 1.29%. From Table 3, it can be seen that the dispersion of the Ir particles was the highest among all of the catalysts. This in turn led to the surface Ir atoms having a high degree of accessibility. The TOF of the Ir/C for the formation of i-butanol was 6.8 h−1. Only Cu/C yielded less i-butanol (0.1%; selectivity: 19%), but presented the highest yields of acetaldehyde with high selectivity (80%). This accords with the consensus in the literature that Cu exhibits a high selectivity regarding acetaldehyde formation [39,40,41,42,43,44].
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Table 4. Results of the catalytic tests: t(Reaction) = 4 h, T = 150 °C, m(Catalyst, wet) = 250 mg, c(NaOH) = 450 mmol/L, c(EtOH) = 600 mmol/L.






Table 4. Results of the catalytic tests: t(Reaction) = 4 h, T = 150 °C, m(Catalyst, wet) = 250 mg, c(NaOH) = 450 mmol/L, c(EtOH) = 600 mmol/L.





	
Entry

	
Catalyst

	
EDX

	
ε(d) d

	
STY

	
TOF

	
Yield (Selectivity a) in %




	

	

	
wt%

	
eV

	
mmolh−1g−1

	
h−1

	
Acetaldehyde

	
Propanal

	
n-Propanol

	
i-Butanol






	
1

	
5% Ru/C

	
4.45

	
−1.41

	
1.47

	
9.29

	
–

	
–

	
0.27 (13.36)

	
1.77 (86.64)




	
2

	
5% Rh/C b

	
6.05

	
−1.73

	
0.04

	
2.62

	
–

	
0.21 (27.89)

	
–

	
0.69 (60.94)




	
3

	
5% Pd/C

	
4.19

	
−1.83

	
0.10

	
6.44

	
–

	
–

	
0.31 (28.01)

	
0.81 (71.44)




	
4

	
5% Pt/C

	
7.03

	
−2.25

	
2.72

	
16.25

	
–

	
–

	
0.25 (11.07)

	
1.99 (88.93)




	
5

	
1% Ir/C

	
1.29

	
−2.11

	
0.34

	
9.58

	
0.03 (8.53)

	
–

	
–

	
0.27 (91.47)




	
6

	
1% Ir/C c

	
1.29

	
−2.11

	
0.14

	
2.10

	
0.04 (22.85)

	
–

	
–

	
0.15 (77.15)




	
7

	
3% Cu/C

	
1.60

	
−2.67

	
0.07

	
4.83

	
0.54 (79.51)

	
0.002 (0.25)

	
0.01 (1.40)

	
0.13 (18.85)




	
8

	
3% Cu/C c

	
1.60

	
−2.67

	
0.06

	
3.96

	
0.14 (66.16)

	
–

	
–

	
0.07 (33.84)








a Selectivity calculated based on only the fraction of liquid products. b Rh/C only: Yield (selectivity) of n-butanol: 0.04(5.13)%; croton aldehyde: 0.05(6.02)%. c Catalysts reduced prior to testing in the autoclave; p(H2) = 40 bar; tReduction = 1 h; TReduction = 250 °C. d d-band center values from Hammer et al. [45].











The EDX mapping of the Ir/C and Cu/C catalysts revealed oxygen in higher concentrations within the metal-rich particles. In order to rule out that the low activity of Cu/C and Ir/C was due to the presence of metal oxide, they were reduced (at 250 °C for 1 h at 40 bar of hydrogen atmosphere) prior to the catalytic tests (see Table 4, entries 6 and 8). Following pretreatment, the autoclave was cooled back to room temperature and the atmosphere was exchanged with nitrogen. The reactor was then charged with the reaction solution through a septum and the standard reaction protocol was performed. Although a reduction in the metals should be achievable in those conditions, the activity of the catalysts did not increase, but instead further decreased.



For Ir/C, the yield of i-butanol was almost twice as high without hydrogen pretreatment and only a small amount of n-propanol could be detected. The selectivity towards i-butanol was 89.03% for the untreated catalyst and 77.15% for the reduced one. In addition, no n-propanol could be observed for the reduced catalyst. The yield of acetaldehyde, on the other hand, increased for the pre-reduced catalyst, leading to a selectivity of 22.85% for acetaldehyde. The same trend held true for the reduced Cu/C catalyst. With the hydrogen treatment, the yields of i-butanol dropped from 0.13% to 0.07%. Contrary to the Ir/C catalyst for the Cu/C, small amounts of propanal could be detected and high selectivity was noted for acetaldehyde (79.51%) without hydrogen pretreatment. The TOF only slightly decreased for the reduced Cu/C catalyst.



For both materials, the resulting TOF was reduced by comparison to the untreated catalysts. It can, therefore, be determined that the low activity of the copper and iridium was due to oxide formation. This cannot be ruled out as promoting the sintering of particles with pretreatment, but to the best of our knowledge, it is unlikely to be the reason for the reduced TOFs. Borsay et al. showed that carbon-supported Cu nanoparticles with diameters larger than 8 nm are stable up to 320 °C and redisperse partially under reducing atmospheres [46]. The particles observed in the TEM measurements had a mean diameter of 6 nm and chemisorption particles had diameters of ca. 17 nm and should therefore be stable against sintering under pretreatment conditions. From scanning transmission electron microscopy (STEM) experiments, it is known that ethanol and methanol are adsorbed onto Cu(111) and Cu(110) surfaces and subsequent dehydrogenation is promoted by surface oxygen or water. Pre-reduction in the surface, therefore, reduces the rate of ethanol and methanol dehydrogenation [47,48,49,50]. Therefore, we conclude that the reduced TOF is due to the reduction in surface oxides that aid ethanol dehydrogenation on Cu surfaces and are removed during the pretreatment process. In accordance with the calculations by Wanke et al., the sintering of Ir particles under those conditions is even more unlikely due to lower self-diffusion coefficients and higher activation barriers for surface diffusion resulting from a higher melting points of iridium by comparison to copper [51]. Additionally, Ir particles with a 2 nm diameter have even been synthesized at 800 °C on carbon support over 3 h [52] and Xu et al. presented evidence that the superior activity of their catalysts was due to Ir oxide species [53].



Figure 8 shows the concentration of i-butanol plotted against the reaction time in hours. The experiments were normalized for 0.100 g dry mass of the catalyst. In that manner, the concentrations obtained with different catalyst masses could be compared. Figure 8a displays an overview of the entire reaction time. As is also depicted in Figure 8a, platinum underwent a steep increase in i-butanol concentration. With ongoing reaction time, the rate clearly decreased after 2 h of reaction time. As the reaction was performed under differential conditions, the conversion was below 2%, meaning that an equilibrium could not be reached at this point. Pt/C reaches the highest concentration of i-butanol at 14.4 mmol/L after 4 h reaction time, with an initial STY of 3.10 ± 0.14 mmol·h−1gcat−1 that decreases to 2.33 ± 0.05 mmol·h−1gcat−1 over 4 h. Ir/C and Pd/C exhibit similar deactivation trends with lower mean STYs than Pt/C. As can be seen in Figure 8b, Pt/C, Ru/C, Pd/C, and Ir/C already form i-butanol during the heating up period. At 150 °C, Pd/C showed a good increase in the i-butanol concentration at first, but then a strong decrease in the rate of formation occurred, reaching a yield of 0.80% of i-butanol after 4 h of reaction time. For Pd/C, the decrease in STY was more prominent with a decrease from 1.3 0± 0.03 mmol·h−1gcat−1 after 1 h to 0.74 ± 0.02 mmol·h−1gcat−1 after 4 h of reaction time, although Ir/C only underwent an overall decrease from 0.44 ± 0.03 to 0.28 ± 0.003 mmol·h−1gcat−1.



For Pt/C, we were able to prove a deposition of carbonaceous matter on the catalyst by pulsing the catalyst with ethanol under ultra-high vacuum (UHV) conditions, as recently published [32]. Taking into account the pressure gap, we anticipate coking processes to have been a reason for the catalyst deactivation. Clarifying these deactivation processes is a goal of future research, especially as Ru/C, Rh/C, and Cu/C did not exhibit these deactivation processes. In the beginning, for Ru/C, a STY of 1.31 ± 0.23 mmol·h−1gcat−1 at 1 h was measured. Taking into account the error limit, after 4 h, the STY was equal (1.57 ± 0.04 mmol·h−1gcat−1) and could therefore be regarded as constant. As the reaction solution of the Ru/C catalyst had a slight brown color, we suspected that the catalyst was prone to leaching. ICP-OES measurements of the filtered reaction solution showed clear evidence that some amount of the catalyst dissolved into the reaction solution. The catalysts of Cu and Rh showed an initiation phase in which no i-butanol was detected by gas chromatography–mass spectrometry (GC-MS). After 2 h, i-butanol could be detected for all catalysts. The reaction rates followed a similar trend for all of these catalysts, as they possessed a more or less stable reaction rate with respect to i-butanol.



In order to correlate the chemical properties of the metals with their electronic structures, we correlated the TOF to their d-band centers. Figure 9 displays these results plotted against the d-band centers of the metals as calculated by Hammer and Nørskov [45] and shows that the TOF of the metals plotted against the d-band centers results in a volcano plot. Platinum represents the optimum in this curve. The activity of the metals for i-butanol synthesis is: Cu < Pt > Ir > Pd > Rh, where the d-band center increases from Cu to Rh. The ruthenium catalyst does not precisely follow this trend. As leaching of the catalyst was proven, the TOF based on surface metal atoms is likely to be overestimated, as redispersion or catalytic activity of the dissolved ruthenium ions cannot be excluded. For better visibility, a line has been drawn to make the trend easier to discern.



As explained in the introduction, the d-band center correlates with the bond strength to a surface adsorbate [18]. In the i-butanol synthesis, different intermediates are produced, by bond cleavage (O-H, H-H, C-H) and formation of new bonds (C-C, C-H, O-H) [24,32]. Every intermediate possesses different molecular orbital energies. The overlap of the corresponding molecular orbitals with the metal surface orbitals leads to bonding and antibonding states. Therefore, the low-lying d-band of copper will lead to antibonding states closer to the fermi level with a higher occupancy. This in turn will weaken the surface-molecule interaction leading to only a few activated molecules. Moving to higher d-band centers leads to a lower occupancy of the higher lying antibonding states, thereby increasing adsorbate–surface interactions. Therefore, desorption energies of the intermediates will be high, reducing the amount of free surface sites, thus reducing the TOF due to strongly adsorbed species. Platinum possesses the most optimal d-band center in this series of catalysts, which allows for good metal–molecule interactions without the blocking of active sites due to strongly adsorbed species.



In order to correlate our findings with the data in the literature, we drew on the results of the c-methylation experiments by Siddiki et al. [24]. In Figure 10, the calculated TOFs are plotted against the d-band center of the transition metals.



From Figure 10, it can be concluded that also in the β-methylation of 2-phenylethanol by Siddiki et al., the transition metals follow the same trend. Although the TOFs are fairly similar for the platinum catalyst, in Siddiki’s measurements, Cu, Ir, Pd, and Ru have lower TOFs. Although the general trend is in good agreement with our findings, we attribute this to two main factors.



First, differences in the absolute number of TOFs can be explained by differences in the substrate, as Siddiki et al. also observed different conversions for different substrates. In general, higher acidic substrates such as the phenyl alcohols are converted to a greater extent than less acidic ones like aliphatic alcohols. Second, our experiments were performed with lower base concentrations and at higher temperatures than in Siddiki’s experiments. Siddiki explained the activity trends of the transition metals in terms of the calculated adsorption energy for hydrogen in a µ3-capping position on the most stable metal surface. This does not take into account the size effects of the metal particles, as adsorption energies change with the binding position and particle size [33]. By plotting the TOF against the d-band center of the bulk metal, we also ignored the influence of particle size. However, to our understanding, the d-band center is independent of the particle dimension, as the dispersion of the d-band does not change due to size, but orbital overlap [54]. Although Ni/C seemed not very well-described by plotting the hydrogen adsorption energies against the activity of the metal, its activity fitted the trend when plotted against the d-band center.





3. Materials and Methods


All chemicals were used without undergoing further purification.



3.1. STEM Measurements


The powder samples were prepared on a Cu-film grid and two STEM images were taken to capture the distribution of the catalyst within the carbon support, as well as its size. High-angle annular dark field (HAADF) images, conjointly with EDX elemental mapping, are presented here. Ru and Rh were investigated by means of an aberration-corrected FEI Titan G2 80-200 STEM field emission electron microscope at 200 eV with a Super-X EDX system [55]. For Pd, a probe-corrected cold FEG STEM Hitachi HF5000 electron microscope at 200 eV was used.




3.2. XRD Measurements


XRD measurements were performed using a Bruker D8 Discover and then measured with Cu(Kα) = 1.5418 Å (tube voltage: 40 kV; current = 40 mA) with no Ni-filters from 10° to 90° and a step width of 0.00806° and a rate of 1 s/step.




3.3. Catalytic Experiments


Catalytic experiments were performed in a Parr autoclave equipped with a 100 mL alloy 600 vessel, an internal impeller stirrer, and a thermometer. The samples were then drawn though a 1/16” alloy 600 capillary attached to the autoclave. For a typical experiment, the autoclave was charged with 70 mL of a methanol solution (p.A., Merck KGaA, Darmstadt, HE, Germany) containing ethanol (600 mmol/L, ph. Eur, Merck KGaA, Darmstadt, HE, Germany), NaOH (450 mmol/L, 97%, Fisher Scientific GmbH, Schwerte, NRW, Germany), and n-dodecane (15 mmol/L, internal standard, 99%, Merck KGaA, Darmstadt, HE, Germany). Further, 250 mg of catalyst was added before closing the autoclave and exchanging the air by pressuring the autoclave three times with 5.5 bar of nitrogen. The reaction itself was performed under autogenous pressure at 150 °C for 4 h.



The samples were prepared for measurement by means of the full evaporation technique. Every 60 min, 1 mL of sample was drawn through the capillary from the reaction and 3 µL was transferred to a 21 mL headspace vial. Every sample point was then measured three times. In order to ensure full evaporation, the vial was placed in an oven at 100 °C for 4 min and an aliquot of 0.5 mL was injected using the injection system (a PAL HTS syringe; temperature: 110 °C, fill speed = 100 µL/s; pull-up delay = 1000 ms; injection speed = 500 µL/s; pre/post-delay = 500 ms; flush time = 20 s) for the GC analysis.



The reaction progress was monitored using an Agilent 8890 GC system equipped with a 5977 B GC/MSD mass spectrometer (Waldbronn, BW, Germany) and a 122-7032 UI DB-Wax column (length: 30 m, internal diameter: 0.250 mm, and film thickness: 0.25 µm). Helium 6.0 was used as a carrier gas (column flow: 1.2 mL/min) with the following temperature program: Start at 35 °C and hold for 4 min, increase by 20 K/min to 170 °C and hold for 4 min.




3.4. Surface Analysis


TPR, TPD, and chemisorption measurements were performed on a TPDRO 1100 (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 80 mg of the sample were placed in a quartz tube reactor, and temperature measurements were taken of the catalyst sample. The sample was pretreated at 250 °C for 60 min (heating rate: 20 K/min) and then reduced at 250 °C in Ar/H2 (1.99% vol. of H2, premixed, Linde Air Products GmbH) at a flow rate of 30 mL/min for 60 min. For the desorption of the reversible adsorbed hydrogen, the sample was treated in a flow of argon (30 mL/min) for 60 min and then cooled to 35 °C. H2 chemisorption was conducted at 35 °C by pulsing pure hydrogen 15 times (0.2094 mL per pulse) into a flow of 30 mL/min of argon to saturate the metal surface with hydrogen. The adsorbed hydrogen was then determined through a comparison with the pulse signal height following saturation of the metal. For the calculation of the surface metal area, a stoichiometric factor H*:Ms = 1 was assumed. The TOF was then calculated as follows:


  TOF =   n  (  i − butanol  )    n  (   metal   surface   atoms   )   ∗ t   (  Reaction  )    .  











Brunauer–Emmett–Teller (BET) measurements were then performed using a Quantachrome Autosorb iQ (version 5.20.17081, Düsseldorf, NRW, Germany). Degassing was performed at 150 °C (5 K/min) until dryness was achieved. Physisorption was then performed at −196 °C in a liquid nitrogen bath. At least 18 points were measured in the range of 0.1–0.95 p/p0 for adsorption and desorption, respectively.



The SEM images were obtained using a Zeiss Gemini device (Oberkochen, BW, Germany) and EDX mapping was performed with an Oxford Ultimax detector. For the elemental composition determination, at least three spectra were taken of areas of at least 250 µm in the x and y directions.




3.5. ICP-OES Measurements


Leaching of Ru/C was measured with ICP-OES (Thermo Fisher Scientific, Waltham, MA, USA) on a calibrated instrument. Samples were prepared from 5 mL syringe-filtrated (0.45 µm PTFE membrane, VWRTM) reaction solution after 4 h reaction time. The solution was evaporated until dryness and treated with 1 mL of a 3:1 v/v mixture of HCl (37%, p.A., Suprapur, Merck KGaA, Darmstadt, HE, Germany) and HNO3 (65%, p.A., Suprapur, Merck KGaA, Darmstadt, HE, Germany). After heating the mixture to boiling, the clear solution was diluted with 1% HNO3 to 20 mL. For measurement, two parallel dilutions of the sample and the blind test containing only the used chemicals (2000× and 1000× and 100× and 10×) were prepared and analyzed.





4. Conclusions


The synthesis of i-butanol can best be performed with Pt/C catalysts, with a slight decrease in activity over the reaction time. In this study, Pt/C outperformed the other catalysts tested, whereas Ru/C exhibited a reasonably high TOF for the synthesis of i-butanol, and also featured significant deactivation over the reaction time. Although Cu/C featured the highest yields of acetaldehyde, the concentrations of i-butanol were extremely low.



Reduction in the Ir/C and Cu/C catalysts negatively influenced activity regarding i-butanol synthesis and returned only very low yields. This was in accordance with the findings that ethanol and methanol dehydrogenation have a higher activation barrier on clean Cu surfaces.



When plotting the TOF of the transition metals of this study against their d-band centers, we identified a volcano curve whose maximum was at platinum. The same trend was observed in the literature with slight deviations. Plotting the TOF against the d-band center enabled us to explain the activity of Ni/C, Pd/C, and Ru/C better than by correlation against the H adsorption energy.



We were able to conclusively show that the activity of the transition metals in the synthesis of i-butanol is well described when plotted against the d-band centers calculated by Hammer and Nørskov. This creates opportunities for rational catalyst development focused on the synthesis of carbon-neutral fuels. The insight into these relationships will help in synthesizing more active catalysts and exploiting the d-band engineering approach. As only the intrinsic d-band energy levels were offered by the different elements, it remains to be seen whether more favorable electronic properties can be achieved. In future experiments, d-band engineering will be performed with multi-metallic catalysts, aiming for an increased TOF and more stable catalyst activity. Increasing these catalyst characteristics will reduce the production costs of i-butanol synthesis and as well as the price gap to petroleum-based fuels, thus increasing customer acceptance.
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Figure 1. SEM images of 5% Pd/C in magnifications from 250 to 10,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 
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Figure 2. SEM images of 5% Pt/C in magnifications from 250 to 10,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 
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Figure 3. SEM images of 5% Ru/C with magnifications from 250 to 10,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 






Figure 3. SEM images of 5% Ru/C with magnifications from 250 to 10,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens.



[image: Catalysts 11 00406 g003]







[image: Catalysts 11 00406 g004 550] 





Figure 4. SEM images of the Ir/C catalyst with magnifications from 250 to 100,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 
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Figure 5. SEM images of the Rh/C catalyst, with magnifications from 250 to 10,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 
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Figure 6. SEM images of the Cu/C catalyst, with magnifications from 250 to 50,000, (a–d). All images were taken with following parameters: EHT = 20.0 kV, WD = 8.5 mm, SingalA = InLens. 
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Figure 7. High-angle annular dark field (HAADF)–scanning transmission electron microscopy (STEM) images showing the distribution of the catalyst on the C support. Next to it, the survey images and corresponding EDX element maps display the orange-colored C support with the green-colored metals of the Rh/C catalyst in row (a), the Ru/C catalyst in row (b), and the Pd/C catalyst in row (c). The HR–HAADF–STEM images of single-catalyst nanoparticles are displayed on the right-hand side, with Fast Fourier Transform pattern inserts for Rh and Pd. Transmission electron microscope (TEM) images for Pt/C, Ir/C, and Cu/C were also recently published [32]. 
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Figure 8. c(i-Butanol) plotted against the reaction time for all catalysts. t(Reaction) = 4 h, T = 150 °C, N = 1000 RPM, V = 70 mL, and m(catalyst) = 0.1 g. (a) Overview of the entire reaction time and (b) enlarged for the heating-up period. The dotted line marks the point at which 150 °C was reached. 






Figure 8. c(i-Butanol) plotted against the reaction time for all catalysts. t(Reaction) = 4 h, T = 150 °C, N = 1000 RPM, V = 70 mL, and m(catalyst) = 0.1 g. (a) Overview of the entire reaction time and (b) enlarged for the heating-up period. The dotted line marks the point at which 150 °C was reached.
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Figure 9. Resulting volcano plot for the turnover frequency (TOF) of the transition metal catalysts in the i-butanol synthesis. The red curve was drawn for the purpose of clarity. 
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Figure 10. Resulting volcano plot for the TOF of the transition metal catalysts in the β-methylation of 2-phenyletahanol. T = 120 °C, 1.5 equiv. NaOH, and t(Reaction) = 24 h. The red curve was drawn for the purpose of clarity. 
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Table 1. Results of the physisorption experiments.
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Catalyst

	
BET

	
Total Pore Volume

	
Pore Radius




	

	
m2/g

	
mL/g

	
Å






	
5% Pd/C

	
980.06

	
0.68

	
18.13




	
5% Pt/C

	
805.10

	
0.59

	
16.99




	
5% Ru/C

	
6.61

	
0.01

	
18.11




	
1% Ir/C

	
1013.17

	
0.72

	
19.36




	
5% Rh/C

	
803.22

	
0.56

	
19.28




	
3% Cu/C

	
1270.90

	
1.01

	
19.31
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Table 2. Results of the energy-dispersive X-ray (EDX) mapping.






Table 2. Results of the energy-dispersive X-ray (EDX) mapping.





	
Catalyst i

	
EDX (wt%)

	
-

	
-

	
-

	
-

	
-

	
-




	
C

	
O

	
Metal i

	
Ca

	
Si

	
Al

	
P






	
Pd/C

	
89.85 ± 0.47

	
6.24 ± 0.13

	
4.19 ± 0.36

	
-

	
-

	
-

	
-




	
Pt/C

	
83.93 ± 0.24

	
7.95 ± 0.23

	
7.03 ± 0.08

	
1.10 ± 0.03

	
-

	
-

	
-




	
Ru/C

	
86.80 ± 0.32

	
8.20 ± 0.32

	
4.45 ± 0.17

	
-

	
0.55 ± 0.09

	
-

	
-




	
Ir/C

	
92.37 ± 0.12

	
5.72 ± 0.19

	
1.29 ± 0.08

	
-

	
0.62 ± 0.01

	
-

	
-




	
Rh/C

	
87.93 ± 0.39

	
5.46 ± 0.19

	
6.05 ± 0.20

	
-

	
0.38 ± 0.01

	
0.19 ± 0.01

	
-




	
Cu/C

	
86.40 ± 0.33

	
11.49 ± 0.11

	
1.6 ± 0.21

	
-

	
-

	
-

	
0.52 ± 0.04
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Table 3. Results of the H–chemisorption experiments. The stoichiometric factor of H*:Ms chosen was 1. The data for Cu/C was determined by oxygen titration.
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Specific Ametal

	
D

	
dchemisorption

	
dTEM




	

	
m2/gSample

	
m2/gmetal

	
%

	
nm

	
nm






	
Pt/C

	
8.97

	
127.5

	
46

	
2.2

	
2.3




	
Ru/C

	
8.58

	
192.8

	
36

	
2.5

	
2.1




	
Rh/C

	
6.54

	
108.2

	
24

	
4.5

	
2.6




	
Ir/C

	
2.59

	
200.7

	
53

	
1.3

	
2.3




	
Pd/C

	
7.07

	
168.7

	
38

	
3.0

	
3.2




	
Cu/C

	
0.63

	
39.2

	
6

	
17.1

	
6.1

















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











© 2021 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 (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
(@)
(b)

Mag <250 10pHm
Mag.= 100,

(0
(d)

100}n1






media/file13.png
()

100 um . N

. (A, Mag.=250 (OH™ Mag. = 1000
(c) (d)
i‘.:,
2 um 200 nm
el Mag.=10,000 H Mag.= 50,000

(b)






media/file12.jpg
(a) (b)

100 m

Mag 2250 10pm Mg, 1000

© RGeS (@

2pm 200nm






media/file18.jpg
TOF / 1/h

20 T T T T T T T T
18F ]
6 f 5% PYC ]

12F E
»1% Ir/C u5% Ru/C

sl S m5%PdIC ]
3% CulC

5% Rh/C

0 L L L L s L L L
-28 28 -24 -22 -20 -18 -6 -14 -12

g(d) / eV






media/file9.png
(a)

(b)

) POm
100 pm PO |
ot Mag,=250: [OHm Mag. = 1004,
() (d)
2
g Mag,. = 10,000 200 ™ Mag. = 100,000

\






media/file14.jpg
HR HAADF






media/file20.jpg
TOF / 1/h

20

18 |
16 |

121
10 F

=Cu/C

wpyC

nlriC =Rl
. wPdIC

s L

h/C

sRUC ]
“aNiC

-26

-2.4

22

20 -18
gd) / eV

-16

“g =93





media/file5.png





media/file15.png
o

S |
o

~—
2 :'y_a<






media/file19.png
20 s

18 |
16 |
14 |

12 |

TOF / 1/h

I 1% Ir/C ® 5% Ru/C ’

m 5% Pd/C

m5% Rh/C

| 1 A PR BT R P

| —2.é | —2.6 | —1.é -16 -14 -12
g(d) / eV





media/file2.jpg





nav.xhtml


  catalysts-11-00406


  
    		
      catalysts-11-00406
    


  




  





media/file11.png





media/file6.jpg





media/file10.jpg





media/file7.png





media/file16.jpg
o(-Butancl) / mmolt.

ey

perred
Bt

Reacton) / Himn

@

Reacton) / Hionm

)





media/file3.png





media/file0.png





media/file17.png
c(i-Butanol) / mmol/L

| —m— 5% Pd/C
| —e— 5% Ru/C v
| —v—5% Pt/C
| —— 3% Cu/C
| —4—5% Rh/C
1% Ir/C
B /0
¢ m
_ //-/
_ /‘ /
L _/_4/
o é gv
- = —Jv/: ¢
| | | | |
-01:00 00:00 01:00 02:00 03:00 04:00

t(Reaction) / HH:mm

(a)

05:00

c(i-Butanol) / mmol/L

N

w

N

—u— 5% Pd/C
| —e— 5% Ru/C
-—v— 5% PY/C
—o— 3% Cu/C
[ —4— 5% Rh/C
= 1% Ir/C

o
o .’
= —— 57 ®
1 | 1 1 1 l 1 1 I 1 1 1 | 1 L | L L | 1
-00:40 -00:20 00:00 00:20 00:40 01:00
t(Reaction) / HH:mm
(b)





media/file4.jpg





media/file21.png
TOF / 1/h

20

18 |

14 |

12 F

L mCu/C

L l L i i

l 1 L 1

ulr/C aRh/C

l i 1 L l 1 L l i L A

mRu/C

__mNI/C |

-2.6

-2.4

2.2

-2.0 -1.E; -1.6
e(d) / eV

-1.4

-1.2






