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Abstract

:

Characteristics and catalytic activity in hydrogen production from formic acid of Au catalysts supported on porous N-free (Au/C) and N-doped carbon (Au/N-C) have been compared with those of Au/SiO2 and Au/Al2O3 catalysts. Among the catalysts examined, the Au/N-C catalyst showed the highest Au mass-based catalytic activity. The following trend was found at 448 K: Au/N-C > Au/SiO2 > Au/Al2O3, Au/C. The trend for the selectivity in hydrogen production was different: Au/C (99.5%) > Au/Al2O3 (98.0%) > Au/N-C (96.3%) > Au/SiO2 (83.0%). According to XPS data the Au was present in metallic state in all catalysts after the reaction. TEM analysis revealed that the use of the N-C support allowed obtaining highly dispersed Au nanoparticles with a mean size of about 2 nm, which was close to those for the Au catalysts on the oxide supports. However, it was by a factor of 5 smaller than that for the Au/C catalyst. The difference in dispersion could explain the difference in the catalytic activity for the carbon-based catalysts. Additionally, the high activity of the Au/N-C catalyst could be related to the presence of pyridinic type nitrogen on the N-doped carbon surface, which activates the formic acid molecule forming pyridinium formate species further interacting with Au. This was confirmed by density functional theory (DFT) calculations. The results of this study may assist the development of novel Au catalysts for different catalytic reactions.
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1. Introduction


Supported highly dispersed gold attracts a lot of attention as a catalyst—the properties of which could be better than those of the dispersed Pt-group metals. Scurrell [1] noted that gold recovery is to a large extent much easier than that of Pt-group metals. These factors can make the economics of using expensive gold rather than the Pt-group metals attractive. Carbon supports might provide some beneficial properties as compared to oxide supports like a very high surface area leading to a high dispersion of metal, high inertness with respect to reactants, basic and acidic media, the presence of specific surface sites able to interact strongly with metals, and the possibility to regenerate easily an expensive metal by simply burning the support away [2,3,4]. Additionally, carbon supports could be obtained from carbon containing wastes and biomass. Nevertheless, carbon supported Au is relatively rarely studied. One of the reasons for this is the difficulty of synthesizing highly dispersed (<3 nm) gold nanoparticles with a narrow particle size distribution [4,5,6,7,8,9,10].



Formic acid is a liquid organic hydrogen carrier containing 4.4 wt% of hydrogen, which can be easily stored, transported, and used as compared to molecular hydrogen [11,12,13]. Low toxicity, high stability, low flammability, and biodegradability provide additional advantages for the utilization of formic acid as a hydrogen carrier. It is important that formic acid can be produced sustainably at low temperatures (<373 K) using catalysis from biomass [14,15] as well as by hydrogenation of carbon dioxide with hydrogen produced by electrolysis [16,17]. Hydrogen can be liberated from formic acid using supported metallic catalysts at mild conditions. Ojeda and Iglesia [18] reported that the activity of Au/Al2O3 catalysts for the gas-phase reaction was higher than that of Pt/Al2O3 catalysts. The activity of supported Au catalysts in formic acid decomposition depends on the type of the support [19,20], Au dispersion [18,21], and doping with alkali metal formates/carbonates [22,23].



The dispersed gold catalysts on carbon might be beneficial for the hydrogen production from formic acid decomposition taking into account the advantages of utilization of carbon support mentioned above. Earlier, some Au/C catalysts were tested in the gas-phase [20,24] and in liquid-phase [10] formic acid decomposition. The former experiments showed high selectivity for the hydrogen production, even at relatively high temperatures (≥473 K). Thus, it was significantly higher over an Au/C catalyst (about 95%) than that over an Au/TiO2 catalyst (<70%) [24], where the TiO2 support could participate in the reaction decreasing the selectivity through the conversion of formic acid into CO and H2O.



It is important that carbon supports can be functionalized by the insertion of nitrogen [25,26,27,28], which may affect the gold dispersion and change the activity, selectivity, and stability of the catalyst. Despite gold supported on the N-doped carbon, carbon nitride has attracted the attention of researchers for its utilization as a catalyst for different reactions [9,29,30,31]. The effect of nitrogen on the catalytic performance of Au catalysts in formic acid decomposition is not known. Recently, we demonstrated that N-doping of carbon supports for Pd [32,33,34], Pt [35], Ru [35,36], and Cu [37] catalysts significantly promoted the gas-phase formic acid decomposition. The promotion was assigned to improving the metal dispersion for Cu [37] and appearance of novel active sites—single metal atoms of Pt-group metals stabilized by N-species of the support [32,33,34,35,38]. Liquid-phase formic acid decomposition over some Pd/C catalysts was also reported to be improved by N-doping of the carbon support [25,26,39,40]. Hence, we could expect that the promotional effect of nitrogen in the carbon support will also take place for this reaction over Au catalysts.



Therefore, we studied the effect of N-doping of the carbon support on the properties of Au catalysts in formic acid decomposition. We compared the catalytic performances of the Au catalysts supported on the N-doped and N-free carbon, SiO2 and Al2O3 supports. Using high-angle annular dark field scanning transmission electron microscopy (HAADF/STEM) and X-ray photoelectron spectroscopy (XPS) we determined the Au particle size distributions and Au electronic state in the catalysts. Density functional theory (DFT) calculations allowed elucidation of the basic steps of the mechanism of the formic acid conversion on the Au/N-C catalyst.




2. Results and Discussion


2.1. Electron Microscopy Study


Table 1 shows the characteristics of the studied catalysts. It is seen that the content of gold was the same in all the samples (~2%) except of the Au/N-C sample (0.7%). The surface concentration of gold in the carbon supported catalysts was determined by XPS and a good correspondence with the bulk chemical analysis data was obtained. The smaller content of Au in the Au/N-C sample indicates that the N-doped carbon support contains a smaller concentration of surface sites able to interact strongly with the Au precursor as compared to alumina and silica supports.



The mean Au particle size determined from low magnification images was relatively high for the Au/C catalyst (~10 nm, Figure 1a). However, for the Au/N-C (Figure 2a) and Au/Al2O3 (Figure 3) catalysts it was low and corresponded to 2.2 nm. For the Au/SiO2 catalyst, it was by a factor of 1.4 lower (1.6 nm, Figure 3). Hence, the N-C support demonstrated the Au dispersion similar to those for the oxides, but not to that for the N-free carbon support.



Using a higher magnification, single Au atoms and few-atoms clusters are seen in HAADF/STEM images of the Au/C catalyst (Figure 1b) and of the Au/N-C catalyst (Figure 2b). For the latter sample, the contribution of these Au species could be even higher due to a higher overall dispersion of Au. It is important that the single atoms are not stabilized by chlorine as no chlorine was found in the samples by XPS [41]. Hence, gold in the both carbon supported catalysts is presented as single metal atoms and nanoparticles. These particles are of about 2 nm sizes for the N-doped carbon, SiO2 and Al2O3, and about 10 nm for the N-free sample (Table 1, Figure 1, Figure 2 and Figure 3). Thus, N-doping of the carbon support led to a significant improvement of the Au dispersion.




2.2. XPS Study


Synchrotron radiation based N 1s XPS spectrum of the Au/N-C sample is presented in Figure 4. The spectrum was fitted by four components corresponding to pyridinic N (398.3 eV, 30 at%), pyrrolic N (400.0 eV, 49 at%), graphitic N (401.0 eV, 15 at%), and pyridine-N-oxide (402.8 eV, 6 at%) states. The total surface content of nitrogen in the sample was 4.6 at%. No nitrogen was found in the Au/C sample.



The Au catalysts after the reaction were studied by a laboratory XPS to understand the electronic state of Au. These studies showed the presence of Au only in metallic state (Au 4f7/2~84.0 eV) (Figure 5). The position of the Au 4f7/2 peaks for all the catalysts was the same within experimental error (±0.1 eV). Much narrower Au 4f7/2 lines for the Au/C catalyst as compared to other catalysts should be assigned to a much bigger size of the metallic Au nanoparticles in this sample (Table 1) in accordance with the data in the literature [42]. The presence of chlorine atoms was not found in the samples.



Single Au atoms as well as single Pt-group metals atoms are known to be present in a cationic state and not in a metallic state on different supports [9,32,34,35,38,43,44,45,46]. Single Au atoms observed by HAADF/STEM (Figure 1 and Figure 2) either present in a small concentration, or present initially in a cationic state but can be photo-reduced during the XPS measurements [44].



Therefore, the support nature does not affect noticeably the electronic state of Au. The state of Au after the reaction in all the catalysts is metallic. Nitrogen is present in different forms in the N-doped catalyst.




2.3. Catalytic Activity


The conversion-temperature curves for the carbon supported Au catalysts and the N-C support are shown in Figure S1. The N-C support was studied because N-C materials may participate in some catalytic reactions in the absence of supported metal [47,48,49]. However, in our case the activity of the N-C material was by a factor of 10 lower than that of the Au containing materials. The conversion curves for the Au/C and Au/N-C catalysts are almost similar despite a significantly smaller content of Au in the N-doped sample (Table 1). This indicates that the reaction rate based on the Au mass is significantly higher for the N-doped catalyst (Table 1). This result could be provided by a higher Au dispersion in this catalyst. Ojeda and Iglesia [18] as well as Singh et al. [21] showed that the reaction rate increases with a decrease of the Au mean particle size for the Au catalysts supported on alumina and silicon carbide, respectively. The former authors supposed that the content of active sub-nanometric Au species increases with an increase of the dispersion, while the latter authors supposed that low-coordinated Au sites present in nanoparticles are the active sites of the reaction and their content increases with an increase of the dispersion.



The conversion—temperature curves for the oxide supported Au catalysts are compared in Figure S2. The conversion of formic acid over the SiO2 supported catalyst is higher than that over the Al2O3 supported catalyst. Lower sample charges to the reactor were used for these catalysts as compared to the carbon supported samples (Figure S1). Hence, the reaction rates determined per the total content of Au atoms have been calculated for all four samples and the following trend of the activity was obtained: Au/N-C > Au/SiO2 > Au/C, Au/Al2O3 (Table 1, Figure 6). Thus, the reaction rate for the Au/N-C catalyst at 448 K was by a factor of 2.5 higher than that for the Au/C and Au/Al2O3 samples. This difference is clearly seen in Figure 6 representing the Arrhenius plots. The rates per the number of surface sites (turnover frequencies) were not calculated, as a contribution of single Au atoms to the content of Au in the samples is not known and cannot be estimated using, for example, CO adsorption like in the case of supported Pt-group metals [33,35].



The apparent activation energies (Ea) for the studied Au catalysts are in the range from 48 up to 63 kJ mol−1 (Table 1). These values correspond well to the literature values for different supported Au catalysts [18,19,21,24]. Earlier, we showed that the alumina supported Au catalysts were more active than the Au catalysts supported on amphoteric and basic supports like ZrO2, CeO2, La2O3, and MgO oxides [19]. However, the present study indicated that the activity of the Au/Al2O3 catalyst was lower than that of the Au catalysts supported on the N-C and SiO2 supports despite the lowest apparent activation energy for this catalyst (48 kJ mol−1, Table 1). These data probably show that a smaller ratio of the surface Au atoms is active in this sample than in the other samples. These could be low coordinated Au or Au-support interface sites the concentration of which could depend on the particle size and particle shape determined by the support nature.



The selectivity for the hydrogen production from formic acid at 448 K is shown in Table 1. The Au/C catalyst demonstrated the best selectivity (99.5%) implying almost complete conversion of formic acid into H2 and CO2. The Au/N-C and Au/Al2O3 catalysts showed slightly lower selectivities of 96.6 and 98%, respectively; while the selectivity over the Au/SiO2 catalyst was the lowest (83%). The low selectivity for the latter catalyst may indicate that in this catalyst there is a higher ratio of the sites able to convert formic acid not into CO2 and H2, but into CO and H2O.



The presented data confirmed that the catalyst support strongly affects the catalytic performance of the Au catalysts despite the electronic state of Au in the studied samples determined by XPS being the same and corresponding to metallic Au (Figure 5). The Au/N-C catalyst showed a higher hydrogen yield from decomposition of formic acid as compared to the Au catalysts supported on the N-free carbon, alumina or silica. Additionally, the gold in the N-doped Au sample could be used more efficiently for catalysis than that in the Au/C sample as the dispersion of Au is higher (53% and 12%, respectively).



Earlier, different research groups proposed that sub-nanometer Au clusters [18,50,51] or single Au atoms [45] supported on some oxide supports (CeO2 [45,50], ZrO2 [51] and Al2O3 [18]) are the active sites in formic acid decomposition. Hutchings et al. [43,44] showed that single Au cations stabilized by chlorine on carbon supports are the active sites for acetylene hydrochlorination. Lin et al. [9] demonstrated that single Au atoms in N-doped carbon can be efficient in semi-hydrogenation of different alkynes. Single Au atoms and small Au clusters were observed in our carbon supported samples in the absence of chlorine by HAADF/STEM (Figure 1b and Figure 2b). It is an interesting question whether they can be the key active sites for the reaction. Recently, we have considered interaction of the formic acid molecule with the single Au atoms attached to different positions of the N-doped graphene fragment using DFT calculations [41]. In contrast to the single atoms of the Pt-group metals which are able to break the bonds in the incoming formic acid molecule [32,33,35], the single Au atoms were found to coordinate the molecule through the oxygen atom. In the present study, using DFT calculations, we have considered the interaction of the formic acid molecule through the hydrogen atom directed to the pyridinic atom located near the Au atom (Figure S3).




2.4. DFT Calculations


The DFT calculations have been performed with a goal to understand whether nitrogen species in the support can activate the formic acid molecule for interaction with Au species. Our calculations showed no adsorption of the formic acid molecule at the graphitic and pyrrolic N species. The molecule moved away from these N species during the optimization process. However, the molecule was stabilized at the edge pyridinic N atom via the hydrogen atom of the hydroxyl group (Figure 7). The binding energy between the molecule and the N-graphene fragment was relatively strong (0.81 eV). The N···H(O) distance was small (1.50 Å) indicating the formation of the bond. The calculated length of the O-H bond in the free formic acid molecule is 0.965 Å and this length increased to 0.989 Å when the molecule was adsorbed. From the literature, it is known that a relatively stable, up to 386 K, pyridinium formate ([C5H6N+][HCOO−]) could be formed by a reaction of formic acid and pyridine [52]. We suppose the breaking of the O-H bond at elevated temperature with protonation of the pyridinic nitrogen atom and formation of the formate species with a structure similar to that of pyridinium formate. In this way, the N-C support may activate the formic acid molecule.



Optimization of the geometry of the formic acid molecule and the catalyst fragment (Au at N-graphene fragment, Figure 8a) also found a local energy minimum corresponding to adsorption of the molecule at the pyridinic nitrogen atom located near the Au atom on the edge of the fragment. In the optimized position, the N···H(O) distance was equal to 1.76 Å. In this case the protonation of the pyridinic N atom takes place as well as for the N-doped fragment without the Au atom (Figure 7). The binding energy of the molecule with this fragment was stronger than that with the fragment without Au and equal to 0.88 eV. This value was also higher than the value in the case when the formic acid molecule was adsorbed through the oxygen atom of the OH group directly on the Au atom in a similar configuration (0.72 eV) [41].



Therefore, at elevated temperatures, the interaction of the formic acid molecule with the pyridinic N atom results in the rupture of the O-H bond accompanied by attachment of the released hydrogen atom to nitrogen. Interaction of the formate species with a fragment containing the protonated pyridinic nitrogen atom and the Au atom present nearby was also considered (Figure 8b). The results indicated that the oxygen atom of the formate species may form a hydrogen bond with the hydrogen atom of the protonated nitrogen atom. The energy gain obtained due to the reconstruction of the structure depicted in Figure 8a into the structure with the adsorbed formate (Figure 8b) is equal to 1.20 eV. The calculated distance between the oxygen atom in the formate species and the hydrogen atom of the protonated pyridinic N atom is equal to 1.93 Å. Therefore, the interaction of the formic acid with the pyridinic nitrogen atom leads to its protonation and formation of the formate species.



Moreover, the calculations showed that the formate species can be further converted to adsorbed hydrogen species and gaseous CO2. The energy determining step in the formation of the CO2 molecule could be decomposition of the formate species at the single Au atom accompanied by the formation of the Au-H bond (1.65 Å) (Figure 8c). The energy of such a structure is only by 0.46 eV higher than the total energy calculated for the structure shown in Figure 8b indicating the possibility of this reaction. Schmidbaur et al. [53] reported the Au-H bond lengths in the range from 1.542 to 1.706 Å for different Au hydrides and Au hydride complexes in accordance with the results obtained in this study.



Hence, the pyridinic nitrogen atom present near the single Au atom can play an important role in the formic acid molecule conversion to the CO2 and H2 products. This reaction occurs through the protonation of the pyridinic N atom and formation of the formate species, which further converts on the single Au atom to gaseous CO2 and the hydrogen atom adsorbed on that Au atom. The following reaction steps probably take place:

	
>N + HCOOH → >NH+HCOO−



	
>NH+HCOO− + Au → >NH + AuH + CO2



	
>NH + AuH → >N + Au + H2.





Yet, more evidence is needed for the third step.



A similar mechanism can be valid also for Au clusters located near the pyridinic nitrogen species. This mechanism could provide a benefit in the activity of the Au/N-C catalyst as compared to other Au catalysts containing Au nanoparticles of the same mean particle size (Figure 6).





3. Materials and Methods


3.1. Materials


Commercial SiO2 (Merck) and Al2O3 (A-201 La Roche Industries Inc., Baton Rouge, LA, USA) have been used as oxide supports. N-free and N-doped porous carbon materials were synthesized by chemical vapor deposition from ethanol at 1073 K and acetonitrile at 973 K, respectively, using the product of thermolysis of iron-doped (1.4 wt%) calcium tartrate as a template, as is described earlier [32,33,54]. Both carbon supports were mesoporous [32]. The Brunauer-Emmett-Teller (BET) surface areas of all the catalyst supports used are shown in Table 1.



Gold was deposited on the oxide supports by an adsorption method using a procedure described by Ivanova et al. [55]. A water solution of HAuCl4 (99.9%, ABCR, Darmstadt, Germany) with a concentration of 5 × 10−4 M was mixed with a support in a ratio corresponding to the Au concentration of 2 wt%. After stirring at 343 K for 2 h, a 4 M solution of ammonia was added. The suspension was stirred again for 1 h at 343 K, then filtered and washed in water. The samples were dried for a night at 353 K and calcined at 573 K for 4 h.



Gold was deposited on the carbon supports using a similar method. Thus, the carbon support was placed into a water solution of HAuCl4. After interaction for 1 h at 343 K, the precipitate was separated by centrifugation and placed into a 10 wt% NH3-water solution at 333 K for 1 h. The obtained precipitate was washed with water, centrifuged, and dried in air at room temperature and then for a night at 353 K.




3.2. Characterization


X-ray photoelectron spectroscopy (XPS) measurements of the samples were performed on a SPECS Phoibos 150 (Berlin, Germany) laboratory spectrometer using a monochromatized AlKα radiation (1486.6 eV). A carbon C 1s peak for hydrocarbon impurities at 285.0 eV was used as a reference for the energy scale calibration.



The fine N 1s lines of the samples were recorded at the Berliner Elektronen-Speicherring für Synchrotronstrahlung (BESSY) using radiation from the Russian-German beamline. The spectra were measured at the energy of monochromatized synchrotron radiation of 830 eV. In this case, the binding energies were calibrated to the Au 4f7/2 line from a gold foil peaked at 84.0 eV.



To determine the particle size distributions, the samples were studied using a conventional transmission electron microscope Zeiss LEO 912 OMEGA (Freiburg, Germany) at acceleration voltage of 120 kV and a FEI Titan 60–300 (Eindhoven, The Netherlands) microscope at acceleration voltage of 300 kV in HAADF/STEM mode. At least 100 metal particles have been measured for particle size distribution analysis.




3.3. Catalytic Measurements


Gas-phase formic acid decomposition was carried out in a fixed-bed tubular glass reactor. Activity tests were performed at atmospheric pressure with 20 or 50 mg of a catalyst. All catalysts were pretreated in a flow of 5 vol% formic acid in He (20 cm3 min−1) while heating with a ramp rate of 2 K min−1 up to 573 K, keeping for 15 min at this temperature and cooling in the same mixture to the reaction temperature (first heating cycle). A second heating cycle was performed in order to get a temperature dependence of the formic acid conversion for comparison of the catalytic activity of the samples.



The components of the reaction mixture were analyzed by gas chromatography as described earlier [37]. The reaction rates and apparent activation energies were calculated at low conversions (<25%).




3.4. DFT Calculations


Theoretical modeling was carried out using the hybrid functional M06, parameterized for metal-organic systems [56], with inclusion of a dispersion correction developed by Grimme et al. [57,58] (M06-D3 method). The calculations were carried out within the quantum-chemical program package Jaguar (Jaguar, version 9.8, Schrödinger, LLC, New York, NY, USA, 2017). A set of LACVP** basis functions with polarization functions on all elements except for Au was used.



An N-doped carbon substrate was presented by a nitrogen-containing graphene fragment C69N3H13 with hydrogen-terminated edges (Figure S3). Based on XPS data, three types of nitrogen defects were inserted in the fragment: Three-coordinated graphitic N in the center of the fragment (1), two-coordinated pyridinic N (2), and three-coordinated pyrrolic N (3).



A catalyst substrate with a gold atom substituting hydrogen atom near the pyridinic N atom was presented by a fragment shown in Figure S3. This model was constructed based on our previous DFT studies, which showed that an Au atom does not like pyridinic N at the graphene edge and prefers to attach to the neighboring naked carbon atom [41].



The binding energy of the formic acid molecule with the Au containing N-doped graphene fragment was calculated as: Ebin = Etot(fragment) + Etot(FA) − Etot(model), where Etot(fragment), Etot(FA) and Etot(model) are the total energy of the graphene fragment, the energy of the formic acid molecule, and the energy of the model, respectively.





4. Conclusions


The present work showed that the nature of the support (C, N-C, SiO2, Al2O3) does not affect the electronic state of supported Au nanoparticles present in the metallic state. At the same time, a significant effect of the support for the hydrogen production from formic acid decomposition was found. The Au/N-C catalyst showed a higher hydrogen yield than those for the Au/C, Au/SiO2, and Au/Al2O3 catalysts. For the Au/N-C sample, interaction of the formic acid molecule takes place with the basic pyridinic nitrogen atom transforming it to the protonated state and simultaneous formation of the formate species. The breakage of the C-H bond in the formate species on the single Au atom as compared to the breakage of the bonds in the formic acid molecule takes place more easily, explaining the high activity of the Au/N-C catalyst in the reaction. The results of this paper could be used for the development of highly dispersed Au catalysts for different valuable reactions including energy related reactions.
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Figure 1. (a) Low- and (b) high-magnification HAADF/STEM images of the 1.9% Au/C sample after the reaction. The insert shows Au particle size distribution. (b) Some single Au atoms are indicated by arrows. 
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Figure 2. (a) Low- and (b) high-magnification HAADF/STEM images of the 0.7% Au/N-C sample after the reaction. The insert shows Au particle size distribution. (b) Some single Au atoms are indicated by arrows. 
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Figure 3. TEM images and particle size distributions for the Au/Al2O3 and Au/SiO2 catalysts after the reaction. Some Au particles are indicated by arrows. 
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Figure 4. Synchrotron radiation based XPS N 1s spectrum of the 0.7% Au/N-C catalyst after the reaction. 
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Figure 5. XPS spectra of the Au 4f region of the studied catalysts after the reaction. 
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Figure 6. Arrhenius plots for formic acid decomposition over the studied Au catalysts on different supports. The mean Au particle sizes are indicated. 
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Figure 7. Optimized position of the formic acid molecule with respect to the N-doped graphene fragment. 
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Figure 8. (a) Interaction of the formic acid molecule with the Au containing N-doped graphene fragment, (b) interaction of the formate species with the protonated pyridinic nitrogen atom located near the Au atom and (c) decomposition of the formate species. 
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Table 1. Some characteristics and kinetic data for the supported Au catalysts.
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	BET Surface Area of Support, m2 g−1
	Au Bulk Content, wt%
	Au Surface Content, 3 wt% (XPS)
	Au f7/2 (FWHM), 