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Abstract

:

Formic acid (FA) can easily be decomposed, affording molecular hydrogen through a controllable catalytic process, thus attaining great importance as a convenient hydrogen carrier for hydrogen energetics. Supported gold nanoparticles are considered to be among the most promising catalysts for such applications. However, questions remain regarding the influence of the catalyst support on the reaction selectivity. In this study, we have examined the catalytic activity of typical gold catalysts, such as Au/TiO2, Au/SiO2, and Au/Al2O3 in decomposition of FA, and then compared it with the catalytic activity of corresponding supports. The performance of each catalyst and support was evaluated using a gas-flow packed-bed reactor. It is shown that the target reaction, FA → H2 + CO2, is provided by the presence of gold nanoparticles, whereas the concurrent, undesirable pathway, such as FA → H2O + CO, results exclusively from the acid-base behavior of supports.
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1. Introduction


Formic acid (FA) is one of the liquid organic hydrogen carriers (LOHC), which contains 4.4 wt% of hydrogen. This chemical is persistent and thus, can be safely stored, transported, and applied as a source of hydrogen for the needs of hydrogen energetics instead of difficult to handle molecular hydrogen [1,2,3]. Sufficient stability combined with low toxicity and low flammability provides additional advantages for the practical use of FA. It is important that FA can be produced sustainably from biomass [4,5] or via reaction of CO2 with hydrogen, which can be obtained by electrolysis [6,7]. Another key point is that FA undergoes facile dehydrogenation over supported noble metal catalysts at mild conditions. In particular, it was reported that the activity of Au/Al2O3 catalysts was higher compared to that of Pt/Al2O3 catalysts in the gas-phase reaction [8]. Overall, the catalytic behavior of supported Au in the FA decomposition is influenced by the nature of the support [9,10], the gold dispersion [8,11], and the use of basic cocatalysts [12,13,14].



In principle, FA can be decomposed through the desired path (1) to afford a mixture of molecular hydrogen and carbon dioxide or alternatively, FA can undergo dehydration to give concurrently highly undesirable carbon monoxide (path 2):


HCOOH → CO2 + H2



(1)








HCOOH → CO + H2O



(2)





It is noteworthy that despite significant efforts in finding efficient homo- and heterogeneous catalysts to address pathway (1), the achievement of near-theoretical-maximum selectivity of this reaction is still a challenging task. On the other hand, it was demonstrated recently that gold catalysts with the same gold content (~2.5 wt%) and mean Au-particles size (2.4–3.0 nm) supported on MgO, La2O3, ZrO2, CeO2, and Al2O3 have exhibited a clear volcano-type dependence of the FA decomposition along path (1) on the electronegativity of the support’s cation, with the Au/Al2O3 on the top [9]. Moreover, the latter catalyst has demonstrated the best selectivity and practically CO-free hydrogen production. Based on these findings, it was suggested that dehydrogenation of FA should be catalyzed by gold nanoparticles but only in combination with the acid-base activity of the support. It is significant in this context that the acid-base reactivity of metal oxides themselves toward dehydration/dehydrogenation of FA is also generally known [15,16,17]. However, the relative contribution of oxide support as part of the gold catalyst to pathways (1) and (2) remained uncertain.



In order to fill that gap, in this study, we have examined the catalytic behavior of gold catalysts, such as Au/Al2O3, Au/TiO2, and Au/SiO2 in decomposition of FA, and then compared it with the catalytic activity of corresponding supports. It is found that the undesirable pathway (2) results exclusively from the acid-base behavior of supports, regardless of the presence of gold.




2. Materials and Methods


Commercially available Al2O3 (A-201 La Roche Industries Inc.), SiO2 (Merck), and TiO2 (Aerolyst 7708 Degussa AG) have been used as oxide supports. The deposition of gold on the oxide supports was implemented by a direct ionic exchange method using ammonia according to a procedure elaborated by Ivanova et al. [18]. An aqueous 5 × 10−4 M solution of HAuCl4 (99.9%, ABCR, Darmstadt, Germany) was mixed with a support in a ratio corresponding to the Au concentration of 2 wt%. After stirring at 70 °C for 2 h, a 4 M solution of ammonia was added. The suspension thus obtained was stirred at 70 °C for an additional 1 h, then filtered off and washed with water. The samples were dried overnight at 80 °C and calcined at 300 °C for 4 h.



The specific surface area of the catalysts was determined from N2 adsorption isotherms at 77.3 K on a Quadrosorb evo (Quantachrome Instruments, USA) analyzer after degassing the samples with the use of a FLOVAC Degasser (Quantachrome Instruments, USA) instrument.



XPS study was performed with a SPECS Phoibos 150 (Germany) photoelectron spectrometer. The spectra were recorded using an AlKα source with quantum energy of 1486.6 eV. The energy scale was calibrated against the binding energy of gold Au4f7/2 equal to 84.0 eV. A carbon C 1s peak for hydrocarbon impurities at 285.0 eV was used as a reference for the energy scale calibration.



The gold content in the catalysts was determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using an Optima 5300 DV (Perkin-Elmer) instrument. The samples (50 mg) were dissolved in 5 ml of imperial water (2HNO3 and 6HCl). The solutions obtained were diluted with water to 100 ml and then analyzed.



Transmission electron microscopy (TEM) was performed with a Zeiss LEO 912 OMEGA (Germany) microscope at an acceleration voltage of 120 kV. To determine the mean diameter of Au particles, more than 100 particles were chosen.



The gas-phase decomposition of formic acid was performed in a quartz tube flow reactor with an internal diameter of 6 mm. Activity tests were carried out at atmospheric pressure using 20 mg of a catalyst mixed with 0.5 mL of quartz sand (d = 0.25 mm). The overall length of the catalyst layer was ~20 mm. The gas mixture (5 vol% formic acid in He) was fed at a rate of 20 mL min−1. The experiments were carried out in the temperature-programmed mode. The heating rate was 2 °C min−1. The reaction temperature was measured with a thermocouple inserted into the catalyst bed. In order to achieve reproducible results, prior to activity measurements, the catalysts were pretreated in the reactor according to a standard procedure: heating at 300 °C in a flow of 5 vol% HCOOH in He for 15 min, which ensured the in situ reduction conditions. Then the catalysts were cooled in the same mixture to the reaction temperature. The progress of the reaction was monitored by gas chromatography, judged by the production of CO and CO2, as described earlier [19].




3. Results


3.1. Catalysts Characterization


It is known that the most active gold catalysts contain small gold particles, which are less than 10 nm in diameter, especially on such supports as reducible TiO2. With this in mind, samples of Au/TiO2, Au/Al2O3, and Au/SiO2 with a gold content of ~2 wt% and an average gold particle size below 3 nm were prepared. The gold particle size was estimated by TEM. The particle size distribution of Au/TiO2, Au/Al2O3, and Au/SiO2 samples are shown in Figure 1. The gold loading in the prepared samples was determined by using ICP-OES. The exact loadings of Au, the surface areas of the catalysts found by BET, and the average sizes of gold particles are stated in Table 1.



The Au catalysts were also characterized by XPS in order to gain insight into the electronic state of Au. The XPS showed the presence of Au in the metallic state only (Au 4f7/2~84.0 eV) (Figure 2), while the nature of the support did not influence notably the electronic state of Au. However, the deconvolution of the XPS spectra revealed the existence of metallic gold with peaks shifted towards lower binding energies. This can be related to divers phenomena—the electron transfer from the support to particles of gold [20,21] and/or to a dominant effect of the atoms at low coordinated sites present in small particles, as it was proposed by Radnik et al. [22,23].




3.2. Catalytic Activity


The catalytic performance of the oxide supported gold catalysts is shown in Figure 3. Despite the comparable content of gold (~2 wt%) and mean Au-particles size (~2 nm), the catalytic properties of Au/TiO2, Au/SiO2, and Au/Al2O3 samples in the FA decomposition are notably different. The relative activity of the catalysts turned out to be as follows: Au/TiO2 > Au/SiO2 > Au/Al2O3. Complete conversion of FA was achieved at 190 °C for Au/TiO2, whereas for Au/Al2O3 and Au/SiO2, the FA conversion had attained only 5 and 15% at the same conditions. However, decomposition of FA occurred by different pathways. The most active catalyst, Au/TiO2, provided mainly undesirable pathway (2) to give CO and H2O. For this catalyst, the selectivity towards H2 formation was below 5% at complete conversion of FA. In contrast, decomposition of FA on Au/Al2O3 and Au/SiO2 afforded mostly H2 and CO2 with a selectivity of ~80% (at complete conversion of FA).



For illustration, the long-term performance of Au/SiO2 in the FA decomposition is presented in Figure 4. As can be seen, the catalytic activity and reaction selectivity practically did not change, even after FA dehydrogenation for 5 h at 228 °C.



Figure 5 shows the catalytic activity of Au/SiO2, Au/Al2O3, and Au/TiO2 samples versus that of the corresponding oxide supports. It is definitely seen that the catalytic performance of Au/TiO2 relies almost entirely on the action of TiO2 (Figure 5c). Unfortunately, TiO2 (and therefore, Au/TiO2) is more inclined to catalyze dehydration of FA on its acid sites [17], thus demonstrating comparatively poor catalytic activity towards the desirable path (1).



In contrast, SiO2 itself has shown much lower catalytic activity compared to Au/SiO2 (Figure 5a). The selectivity to FA dehydrogenation on SiO2 is comparatively low and inversely associated with FA dehydration. Pure Al2O3 behaves in a similar way. The selectivity of FA conversion to H2 and CO2 is very low (Figure 5b). Thus, none of the oxide supports has demonstrated significant selectivity for H2 production. On the contrary, their acid-base properties lead mainly to the undesirable decomposition of FA by pathway (2).



In general, these observations are in accordance with recent findings on the enhanced selectivity to hydrogen formation in FA decomposition over gold and other metals supported on an inert support, such as carbon or carbon doped with nitrogen [14,24,25,26,27]. However, these results were considered mainly in terms of the increased catalytic activity of corresponding catalysts toward FA dehydrogenation. In our vision, the oxide supports, such as SiO2, Al2O3, and especially TiO2, strongly compete with the target reaction, promoting acid-catalyzed dehydration of FA.





4. Conclusions


It is shown that the oxide support (regardless of whether it is TiO2, Al2O3, or SiO2) does not affect the electronic state of the supported nanoparticles of gold, which exist in the metallic state. However, a notable effect of the oxide support on the selectivity of hydrogen production from FA decomposition is found. The target reaction (FA → H2 + CO2) competes strongly with dehydration of FA due to the acid-base properties of the supports in the order given: TiO2 > Al2O3 ~ SiO2. Hence, the results of this study can be applied for the development of supported gold catalysts with the diminished acidity of supports for the selective hydrogen production via FA decomposition.
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Figure 1. Particle size distribution of (a) Au/TiO2, (b) Au/Al2O3, (c) Au/SiO2 catalysts. 
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Figure 2. XPS of gold-containing catalysts in the Au 4f region. 
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Figure 3. Conversion of formic acid (FA) (a) and selectivity to H2 and CO2 formation (b) in the decomposition of FA as a function of temperature on gold-containing catalysts. 
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Figure 4. Long-term FA decomposition on Au/SiO2 at 228 °C. 
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Figure 5. Conversions of FA (cycles) and selectivities to H2 and CO2 formation (squares) in the decomposition of FA on (a) Au/SiO2 and SiO2; (b) Au/Al2O3 and Al2O3; (c) Au/TiO2 and TiO2. 
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Table 1. Characteristics of Au-based catalysts and corresponding supports.
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	Sample
	Au Loading (wt%)
	SBET (m2·g−1)
	Average Size of Au Particles (nm)





	TiO2
	-
	45
	-



	Au/TiO2
	1.9
	45
	2.4 ± 0.9



	Al2O3
	-
	200
	-



	Au/Al2O3
	1.8
	199
	2.2 ± 1.0



	SiO2
	-
	480
	-



	Au/SiO2
	2.1
	440
	1.6 ± 0.8











© 2019 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/).
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