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Abstract

:

The d-band center position of the metal catalyst is one of the most important factors for catalytic selective hydrogenation, e.g., the conversion of nitrostyrene to aminostyrene. In this work, we modulate the d-band center position of the Pt surface via H coverage manipulation in order to assess the highly efficient selective hydrogenation catalyst using density functional theory (DFT) calculation, which is validated experimentally. The optimal transition metal catalysts are first screened by comparing the adsorption energy values of two ideal models, nitrobenzene and styrene, and by correlating the adsorption energy with the d-band center positions. Among the ten transition metals, Pt nanoparticles have a good balance between selectivity and the conversion rate. Then, the surface hydrogen covering strategy is applied to modulate the d-band center position on the Pt (111) surface, with the increase of H coverage leading to a decline of the d-band center position, which can selectively enhance the adsorption of nitro groups. However, excessively high H coverage (e.g., 75% or 100%) with an insufficiently low d-band center position can switch the chemisorption of nitro groups to physisorption, significantly reducing the catalytic activity. Therefore, a moderate d-band center shift (ca. −2.14 eV) resulted in both high selectivity and catalytic conversion. In addition, the PtSn experimental results met the theoretical expectations. This work provides a new strategy for the design of highly efficient metal catalysts for selective hydrogenation via the modulation of the d-band center position.
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1. Introduction


Rational catalyst design strategies generally need to be guided by theoretical calculations [1]. By constructing adsorption competition strategies for initial configurations and key intermediates, potential advantageous catalysts can be screened and predicted, which can greatly reduce the costs involved in studying catalytic processes and industrial production [2]. A number of studies have found that adsorption strength often depends on the adsorbent and electron density properties of the catalyst surface [3]. The latter is often most relevant in designing heterogeneous catalysts, especially for the process of regulating specific functional group reactions while stopping other functional groups from participating in the selective catalysis reaction [4]. For example, the process of selective hydrogenation of nitrobenzene to aniline involves adsorption competition between nitro groups and other functional groups, and their levels of sensitivity to the surface electrons of the catalyst are very different [5,6]. Therefore, theoretical calculations can provide opportunities to screen outstanding catalysts and study the catalytic reaction mechanism.



Aniline and its derivatives are key intermediates in the production of pharmaceuticals, pesticides, dyes, and pigments, which are usually synthesized through the selective reduction of nitroaromatic hydrocarbons [7]. Of these, selective hydrogenation reduction of nitrostyrene is one of the most challenging reactions [8]. Currently, the most advantageous and frequently used catalysts are transition metals supported on reducible supports [9]. For example, Corma et al. found that Au/TiO2-catalyzed nitrostyrene can achieve a selectivity rate of 96%. However, calculations showed that Au does not have catalytic selectivity, which is entirely due to the preferential adsorption of nitro groups on TiO2, and because the low conversion frequency (TOF = 173/h) is insufficient for practical applications [10]. In line with the inspiration for this work, metals such as Pt, Ni, Pd, Ru, and others have been extensively developed and studied [11,12,13]. However, these metals have much higher adsorption capacity for –C=C than that for the nitro group, resulting in low selectivity. An effective strategy to solve issue this is to reduce the interaction between –C=C and the metal without decreasing the nitro group adsorption strength [14]. Since –C=C is more sensitive to the geometric effect of metal than –NO2, the most used method is to adjust the geometric size of the metal nanoparticles. For instance, reducing the metal loading of Ni/TiO2 can increase the poor hydrogenation selectivity to 96.3%, but it also causes a sharp drop in hydrogenation activity, which is similar to the performance of loaded Au and Ag nanoparticles [10]. In addition, Pd, Fe, Rh, and other potential catalysts have also been developed and modified, however the selectivity improvements have been very limited.



An important means to understand the adsorption properties of the reactants during the heterogeneous catalysis process is to compare the d-band center positions of transition metals [15], which provides the possibility to balance the relationship between conversion and selectivity. Recently, there have been studies involving manipulation of the d-band center positions on solid catalyst surfaces to improve the selectivity of the catalytic reaction [16]. In 2020, Xu et al. used the ligand effect to adjust the position of the d-band center by changing the surface composition ratio of nickel and copper, and found that the hydrogen evolution reaction (HER) activity of the alkali metals has a volcanic curve relationship with the measured d-band center position [17]. Meanwhile, Xiao et al. utilized the argon ion radiation method to effectively adjust the d-band center position on the surface of Co3O4, and found that a proper center shift is beneficial to the adsorption selectivity of oxygen groups [18]. However, regarding the selective hydrogenation of nitrostyrene, there are fewer studies on the modulation of the d-band center position for the promotion of catalytic performance. Therefore, this work focuses on optimizing the catalytic selectivity of transition metals through d-band center position modulation.



In this work, we compared the adsorption energies of –NO2 and –C=C on 10 transition metals using the DFT method and screened potential superior metals (i.e., Pt nanoparticles) through d-band center position changes. In order to reveal the influence of the d-band center position on the catalytic performance values, a Pt (111) slab model covered by fcc-H was rationally constructed. Combining the adsorption energy values of –NO2 and –C=C groups and the change of reaction barriers, we found that the hydrogenation selectivity of nitrostyrene could be further improved by moderately changing the d-band center positions on the surfaces of Pt nanoparticles.




2. Results and Discussion


2.1. Screening of Transition Metals


The selectivity of the hydrogenation of nitrostyrene in the production of aminostyrene is mainly due to the competitive adsorption of nitro and vinyl groups; the benzene ring is considered inert during this reaction (which will be demonstrated in Section 2.3). Generally, researchers mainly use two probe substances, nitrobenzene and ethylene, as descriptors for nitrostyrene (see the ball-and-stick models in Figure 1), which can greatly simplify the calculation process. This simplification can also avoid the need to analyze the strength of the simultaneous adsorption of nitro and vinyl groups when the flat nitrostyrene structure is adsorbed [19].



According to the optimized adsorbate model, the space environments of styrene and nitrobenzene are very different. The –C=C bonds in styrene are parallel to the benzene rings in space, and their structure is horizontal to the metal surface during the process of adsorption. Therefore, for the adsorption of styrene, both the –C=C bond and the benzene ring must be considered, even if the adsorption energy of the benzene ring is negligible [20]. In contrast, the –NO2 group, which has a vertical structure, takes place on the metal surface in the adsorption process. Therefore, for PhNO2, only the adsorption of the –NO2 group needs to be considered, which can satisfy real-world situations.



Previous studies have shown that the decisive factor in the selectivity of the selective hydrogenation of nitrostyrene is the adsorption competition of –NO2 and –C=C on the catalyst surface [21]. Therefore, relatively weak adsorption of –C=C on the catalyst surface indicates high selectivity, while moderately enhanced adsorption of –NO2 is one of the key factors that improves the activity. We screened 10 transition metals (Ni, Pd, Ag, Ir, Au, Fe, Rh, Ru, Cu, Pt; Figure S1, Support Information, SI) and calculated their adsorption strengths for styrene and nitrobenzene (Figure S2, SI). Since many studies have been carried out on Pt, we used it as a benchmark (Table S1, Figures S3 and S4, SI) to measure the performance of other transition metals. It should be mentioned that the adsorption energy we calculated for styrene included not only the adsorption of –C=C, but also the adsorption of benzene. We will describe the contribution of benzene later.



On the surfaces of the 10 transition metals, the energy difference of EPhC2H3(metal) − EPhC2H3(Pt) is positively linearly correlated with that of EPhNO2(metal) − EPhNO2(Pt), which means that when the adsorption energy of a certain metal to PhNO2 is low, the adsorption energy of PhC2H3 is also low (Figure 2a). It is worth noting that relatively weak styrene adsorption on a certain metal leads to the better selectivity in the selective hydrogenation, while relatively strong nitrostyrene adsorption results in higher activity. Therefore, the lower left region of Pt should show high activity and selectivity, which is the target region for the selective hydrogenation, with Cu (111) obviously existing in this region (Figure 2a). Unfortunately, we found that H2 could not exist on its surface in the form of chemisorption, as the bond length is much longer than 3 Å (Table S1, Figures S4 and S5, SI).



For the metals located in the upper left region, i.e., Ru, Rh, Fe, Ni, Ir, and Pd, they should show higher catalytic activity but lower selectivity, which is due to their strong adsorption strength to the adsorbates [22]. For the metals located in the lower right region, i.e., Ag and Au, they should show lower catalytic activity but higher selectivity. Similar to Cu, the adsorption states of PhNO2 and PhC2H3 on Ag and Au (Figure 2a) are physical adsorption, as shown by the bond length (>3 Å, Figure S6, SI), which causes the nitro group to be more advantageous to adsorption on the defective position of the reducible support [23], leading to high selectivity and low activity. For example, using the Au/TiO2 as a catalyst, the nitrostyrene does not adsorb on the Au surface, but it can adsorb on the oxygen defect of TiO2 or the boundary between TiO2 and Au via –NO2 groups with moderate adsorption strength [24]. Au is only responsible for cracking H2, but the low hydrogen decomposition efficiency and hydrogen overflow efficiency lead to high selectivity and low activity. Based on the above calculation and analysis, Pt was the only catalytic model that performed well in our screening process. However, its results were still far from the theoretical value of Cu (Figure 2a). Adjusting the electronic properties of the Pt (111) slab to the Cu (111) slab is an ideal method to further improve its catalytic performance.



Next, the scaling relationship derived from the linear relationship between the atoms’ d-band center positions on the surface of the transition metal and the adsorption energy was investigated (Figure 2b). The adsorption energies of PhNO2 and PhC2H3 become stronger as the d-band center position moves closer to the Fermi energy level. Interestingly, the adsorption of PhC2H3 is more sensitive than that of PhNO2. Therefore, we hoped to adjust the d-band center to a position between Pt and Cu to balance the adsorption strength of nitro and vinyl groups without excessively reducing the H2 cracking activity.



The doping of the catalyst allows manipulation of the d-band center position via the introduction of other atoms, however this affects the structure of the d-band center regulation–performance relationship [25]. In fact, the adsorption of the reactant hydrogen on the reaction substrate can also control the surface d-band center position without affecting the crystal structure or lattice stress [26]. Therefore, we used the regulation of the H atom coverage (equivalent to the introduction of protons) on the Pt surface to control the d-band center position and its catalytic performance, and to establish the relationship between the d-band center position and the catalytic activity.




2.2. Regulation of the Electronic Properties of the Pt Surface by Hydrogen Coverage


We qualitatively covered different proportions of hydrogen atoms at the fcc position on the Pt (111) surface, regulating the d-band center position of the Pt (111) surface approaching Cu (111) (Figure S7, SI). We simulated the initial Pt (111) cell model with 0% to 100% fcc-H coverage (Figure 3) and listed the top 16 atoms, used the horizontal and vertical coordinates (x, y) to represent the Pt atoms at each specific position.



When simulating the electron transfer process, it is necessary to examine the binding information for Pt–H in different environments. We found that the energy band of H atoms is relatively diffuse and cannot be analyzed qualitatively, so we used the bond strength for analysis (Figure S8, SI). We calculated the negative-value crystal orbital Hamiltonian populations (–COHP) of the Pt–H bond under different fcc-H coverage rates (Figure 4). Among the four Pt–H bonding models, the differences in -ICOHP values (from −2.091 eV to −2.086 eV) are very small, so the stability of Pt–H bonding under different fcc-H coverage is similar. Moreover, the orbital hybridizations of the four Pt–H bonding models are also similar, which are mainly formed via the hybridization of the Pt atom 5s, 6p, and 5d orbitals with the H atom 1s orbital. Obviously, Pt(5d)–H(1s) contributes more to orbital hybridization than Pt(6p)–H(1s) and Pt(5s)–H(1s). Although Pt(5d)–H(1s) has the most influence on the bonding orbit below the Fermi level, a certain degree of anti-bonding orbiting also appears. Because the other two hybrid methods offset this effect, the overall state can still be considered a bonding orbit. Meanwhile, with the increase of the H coverage, the combination of Pt(5d) and H(1s) orbits increases, but the hybridization of the other two orbits becomes weaker, so the bonding strength of the Pt–H is generally maintained. Therefore, under different fcc-H coverage rates, all orbital hybridizations and bonding energies of Pt–H bonds are similar, providing the possibility to change the d-band center position gradually.



Next, we calculated the electron density values of the top three layers of the above models, and the d-band center positions of 16 Pt atoms on each surface were plotted as tables (Table S2, SI), along with the subsurface layer and the third layer atomic electron density information (Tables S3 and S4, SI). The electron density of Pt (111) without fcc-H coverage is uniform and the density information of each Pt atom is the same (Figure S9, SI). The table below shows the d-band center of 16 Pt atoms covered by 25% fcc-H in the surface layer. According to the adsorption theory, both –NO2 and –C2H3 groups are inclined to adsorb on the Pt atoms site where d-band center is closer to the Fermi level. In other words, they all preferentially adsorb on Pt atoms at (3.2) and (3.3), while Pt atoms at (2.2) are relatively less capable of adsorption competition. We analyzed the d-band center values for 50% fcc-H-covered Pt atoms. For the 75%, the –NO2 and –C2H3 groups preferentially adsorb at (3.2) and (3.3) positions, while for the 100%, due to the uniform distribution of electron density, the adsorption conditions of –NO2 and –C2H3 are consistent with that of 0% fcc-H, and they randomly adsorb on the two adjacent Pt atoms. (Table S2b–d, SI). It is worth noting that the average value for the d-band center positions of Pt atoms decreases with the increase of the fcc-H coverage (from −1.933 eV down to −2.246 eV), resulting in a gradual decrease of the adsorption energy.



Moreover, we found that in the system with the same coverage, the second- and third-layer Pt atoms have similar d-band center values for surface atoms, except that the difference between the highest and the lowest values becomes smaller as the atoms get deeper. The main function of the inner-layer atoms is to avoid huge electron changes in the surface layer and to relax together with the surface layer atoms to reduce the overall energy of the system [27]. Similarly, with the increase of fcc-H coverage, the d-band center value of the inner-layer Pt atoms also decreases (Tables S3 and S4, SI). Accordingly, by introducing protons into the Pt (111) slab, we can successfully regulate the d-band center positions of the Pt atoms gradually down to the position of the copper atoms, providing the ideal models to investigate the influence of the d-band center positions of Pt atoms on the catalytic process.




2.3. The Adsorption Energy and Reaction Path


In the selective hydrogenation of nitrostyrene, hydrogen molecules will undergo dissociation, adsorption, diffusion, desorption, and bonding steps [28]. Among these, the focus needs to be on the adsorption process, the strength of which should be moderate, which is beneficial to the subsequent steps [29]. For the process of hydrogen adsorption, the dissociation energy of hydrogen is very small [30], so in the process of DFT calculation, the energy from half of a H2 molecule and one H atom is often treated as approximately equivalent. Based on this, in order to study the adsorption properties of hydrogen under different models, we calculated the adsorption free energy at the top position. The fcc-H coverage on Pt can gradually increase the free energy of hydrogen radicals (Figure 5). Under 50% fcc-H coverage, the adsorption free energy is closest to 0, indicating that the adsorption strength of hydrogen radicals is moderate, facilitating hydrogen mass transfer on the catalyst.



Furthermore, the adsorption of reactants and the following hydrogenation reactions on the Pt (111) surface with different fcc-H coverage rates were investigated. In order to investigate the adsorption of different groups of nitrostyrene on the Pt surface under different H coverage rates, we selected six model adsorbents, i.e., PhNO2, PhC2H3, C2H4, C6H6, OH, and CH3. The adsorption energy values of PhC2H3 and PhNO2 gradually decreased with the increase of the fcc-H coverage, with the former declining faster than the latter (Figure 6). When the fcc-H coverage reached 75–100%, their adsorption changed to physisorption, with Pt–O, Pt–N, and Pt–C bond lengths > 3 Å (Figure S10, SI), which is insufficient to initiate the subsequent hydrogenation reaction. Although a high fcc-H coverage with a lower d-band center value benefits the hydrogenation selectivity, excessively high coverage (75–100%) leads to the weak physical adsorption of reactants on the Pt surface, resulting in very low reactivity. Therefore, the proper fcc-H coverage rate of 50%, which results in a relatively low d-band center position (−2.14 eV) and better chemisorption, is the ideal condition for the simulation of the selective hydrogenation.



As described above, the adsorption properties of PhC2H3 are influenced by both benzene and ethylene, so we calculated the relationship between their adsorption energy and fcc-H coverage percentage on the Pt surface (Figure 7b). The benzene rings (C6H6) can only chemisorb on the Pt surface without H coverage (0%). When the d-band center position of the Pt atoms is far away from the Fermi level, starting from the 25% fcc-H coverage, C6H6 can only physically adsorb on the Pt surface. In contrast, C2H4 (we chose C2H4 to represent PhC2H3, which was also adopted in other work [20], greatly simplifying the calculation cost) showed obvious chemisorption on the Pt surface, even when the fcc-H coverage reached 75%.



Based on the above results, we selected PhNO2 and C2H4 as probe reactants to investigate the hydrogenation reaction path on the Pt (111) surface with different fcc-H coverage rates. The change trends for the five reaction paths for C2H4 hydrogenation were similar. Obviously, the TS2 (transition state) step of the reaction is the rate-limiting step, in which there is a maximum energy barrier of 0.962 eV under 75% fcc-H coverage, and the energy barrier gaps among these five paths are very small (<0.15 eV) (Figure 6c and Figure S11, SI). Therefore, this energy barrier difference for the rate-limiting step has less effect on the thermal catalysis process for the five paths. Since the difference in adsorption energy values for the initial adsorbate under different fcc-H coverage rates exceeds 0.25 eV, which is much larger than the difference in the energy barrier, the initial adsorption energy is the most important factor in determining the reaction selectivity.



Since PhNO2 is physically adsorbed on the Pt surface when the fcc-H coverage rates reach 75% and 100%, they cannot undergo the subsequent hydrogenation reaction. Therefore, for PhNO2 hydrogenation, we only simulated the reaction paths at fcc-H coverage rates of 0%, 25%, and 50% (Figure 6d). For the nitro group hydrogenation, the difference in the energy barrier of the rate-limiting step is less than 0.1 eV among the five paths, which is much smaller than the difference in adsorption energy of 0.18 eV. Therefore, the adsorption strength of nitro group is still an important factor in determining selectivity. Based on the above calculations, the difference of the adsorption strength of –NO2 and –C2H3 on the Pt models with different d-band center positions determines the hydrogenation selectivity. In this work, the optimal fcc-H coverage percentage for high selectivity is 50% with the Pt atom d-band center value of −2.14 eV.



Based on the above demonstration, the modulation of the d-band center value to −2.14 eV shows the best performance for the selective hydrogenation. Since the metal atoms on the p-zone and its boundary can moderately reduce the d-band center positions of transition metals and will not excessively reduce the catalyst, as occurs with non-metallic doping, we selected several kinds of atoms (Cu, Au, Sn, Zn, Bi, and Ga) for doping (Figure 7a and Figure S12, SI) [31,32,33,34]. We can reasonably predict that Pt3Sn1 and Pt3Zn1 show d-band center values closest to the ideal value, and should have high selectivity and conversion efficiency (Figure S13, SI). Taking Pt3Sn1 and Pt3Zn1 as an example (Figure 7b), the Pt3Sn1 adsorption energies for nitrobenzene and ethylene are −0.619 eV and −0.323 eV, respectively, which are much better than the values of −0.633 eV and −1.676 eV observed on the surface of pure Pt. The performance of Pt3Zn1 is better, with adsorption energies of −0.62 eV and −0.25 eV for PhNO2 and C2H4, respectively. In addition, the hydrogen radical adsorption free energy values for Pt3Sn1 and Pt3Zn1 are −0.095 eV and −0.055 eV, respectively, which are beneficial to heterogeneous catalysis. This example confirms our prediction and meets our screening expectations.



Recently, PtZn alloys have achieved great success in the selective hydrogenation of nitrobenzene [35]. In order to verify our inference, and in view of the fact that PtSn alloy also has better theoretical hydrogenation selectivity (Table S5, SI), we prepared the PtSn/CN (CN refers to nitrogen-doped carbon nanosheets) catalyst and carried out selective hydrogenation experiments of 3-nitrostyrene at different temperatures. The results showed that the catalyst was uniformly loaded and the alloy had a high dispersion degree and good crystallinity (Figure 8a–d). The particle size distribution was much larger than 2 nm, which is enough to form nanocrystalline planes (Figure S14, SI). In the selective hydrogenation experiment with nitrostyrene, it had high selectivity (>99%) when the hydrogen pressure was 8 bar and the temperature was 40 °C. Before Sn atoms were incorporated, Pt/CN had only 26% selectivity under the same conditions. The reaction selectivity for 2-nitrostyrene and 4-nitrostyrene both exceeded 99% (Tables S6 and S7, SI). Moreover, the catalytic activity was suppressed very slightly, which is in line with our theoretical guidance experiment expectations (Figure 8e and Figure S15, Table S1, SI). It is worth noting that CN has no intrinsic catalytic activity at low temperatures (Table S8, SI).





3. Conclusions


In this work, the optimal transition metal catalysts for selective hydrogenation were first screened by comparing the adsorption energy values of two ideal models, nitrobenzene and styrene, and by correlating the adsorption energy values with the d-band center value. Among the calculated transition metals, Pt showed the best catalytic performance. Then, the surface hydrogen coverage strategy was used to decrease the d-band center position of the Pt (111) surface. This approach can selectively enhance the nitro group adsorption, however excessively high H coverage (75% or 100%) with an insufficiently low d-band center position leads to the physisorption of nitro groups, significantly reducing the catalytic activity. Therefore, a moderate d-band center shift (ca. −2.14 eV) results in both high selectivity and catalytic conversion. In addition, the optimal d-band center shift can be achieved by constructing alloys, such as PtZn and PtSn. This work provides the relationship between the d-band center position and hydrogenation selectivity, which will guide the rational design and fabrication of high-performance heterogeneous catalysts.
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Figure 1. Molecular structures of styrene (a), nitrobenzene (b), and 3-nitrostyrene (c). The gray, white, red, and blue balls represent C, H, O, and N, respectively. 
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Figure 2. (a) The relative adsorption energies of PhNO2 and PhC2H3 on different transition metals, using Pt as the benchmark. Pt (111) is located at (0.0) (Table S2, SI), based on which the lower left region is the ideal region. (b) The adsorption energy trends for PhNO2 and PhC2H3 on different metals with the change of the d-band center positions of the metal surface atoms. 
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Figure 3. Schematic diagram of hydrogen atoms on the Pt (111) surface with 0% (a), 25% (b), 50% (c), 75% (d), and 100% (e) fcc-H coverage. The blue and orange balls represent the Pt and H atoms, respectively. 






Figure 3. Schematic diagram of hydrogen atoms on the Pt (111) surface with 0% (a), 25% (b), 50% (c), 75% (d), and 100% (e) fcc-H coverage. The blue and orange balls represent the Pt and H atoms, respectively.



[image: Catalysts 10 01473 g003]







[image: Catalysts 10 01473 g004 550] 





Figure 4. The negative-value crystal orbital Hamiltonian populations of Pt–H bonds at 25% (a), 50% (b), 75% (c), and 100% (d) fcc-H coverage. 
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Figure 5. The adsorption free energy values of hydrogen atoms on different d-band central atoms. 
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Figure 6. The adsorption energy values of PhNO2 and PhC2H3 (a) and of C2H4 and C6H6 (b) on Pt atoms with different fcc-H coverage rates. (c) The reaction path of C2H4 hydrogenation on Pt atoms with different fcc-H coverage rates. (d) The first-step hydrogenation reaction path of PhNO2 on Pt atoms with 0%, 25% and 50% fcc-H coverage. 
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Figure 7. (a) The d-band center values of different Pt-based alloys. (b) The adsorption performances of pure Pt, Pt3Sn1, and Pt3Zn1 on PhNO2, C2H4, and H*, respectively. 
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Figure 8. Transmission electron microscope (TEM) images of PtSn/CN at different scales: (a) 50 nm; (b) 10 nm. Scan of the atomic distribution of Pt and Sn on the TEM: (c) Pt; (d) Sn. (e) The hydrogenation performance results of Pt/CN and PtSn/CN catalytic nitrostyrenes on 40 min at 40 °C with 8 bar hydrogen pressure. 
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