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Abstract

:

A research and technological challenge for fuel processors integrated with High Temperature Polymer Electrolyte Membrane Fuel Cells (HT-PEMFCs), also known as Internal Reforming Methanol Fuel Cells (IRMFCs), operating at 200–220 °C, is the development of highly efficient catalysts, which will be able to selectively (low CO and other by-products formation) produce the required quantity of hydrogen at these temperatures. In this work, various amounts of platinum were dispersed via deposition-precipitation (DP) and impregnation (I) methods onto the surface of hydrothermally prepared ceria nanorods (CNRs) and titania nanotubes (TNTs). These nanostructured catalysts were evaluated in steam reforming of methanol process targeting the operation level of IRMFCs. The (DP) method resulted in highly (atomically) dispersed platinum-based catalysts, as confirmed with Scanning Transmission Electron Microscopy (STEM) analysis, with a mean particle size of less than 1 nm in the case of 0.35 wt.% Pt/CNRs catalyst. Ultra-fine dispersion of platinum species correlated with the presence of oxygen vacancies, together with the enrichment of CNRs surface with active metallic phase resulted in a highly active catalyst achieving at 220 °C a hydrogen production rate of 5500 cm3 min−1 per g of loaded platinum.
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1. Introduction


Methanol is an attractive energy source for portable and off-grid power applications, since it: (i) overcomes batteries or fuel cells fed with pure, stored H2, in terms of energy density; (ii) has low sulphur content; (iii) can be easily handled/stored/transferred; (iv) can be reformed to hydrogen-rich gas mixtures at low temperatures (<250 °C); and (v) with low CO production. The latter is a severe poison for Low-Temperature Polymer Electrolyte Membrane Fuel Cells (LT-PEMFCs) and must be removed usually via Water-Gas-Shift (WGS: CO + H2O = CO2 + H2) and PReferential CO OXidation (PROX: CO (or H2) + 1/2O2 → CO2 (or H2O)) catalytic processes to less than 100 ppm. However, if the fuel cell can operate at high temperatures (160–220 °C), which is the case for High Temperature Polymer Electrolyte Membrane Fuel Cells (HT-PEMFCs), then the WGS reactor can be eliminated. Moreover, this type of fuel cell can also tolerate high concentrations of CO, as high as 2 vol.%, in the reformed hydrogen-rich gas stream, thus making the methanol fuel processor more simple and lighter in weight and volume, since both WGS and PROX catalytic reactors and the accompanied heat exchangers and other peripherals will not be necessary [1,2]. Recently, Avgouropoulos et al. [1,2,3,4,5] demonstrated the functionality of an Internal Reforming Methanol Fuel Cell (IRMFC), where the methanol gets reformed by a Cu-based catalyst incorporated into the anode compartment of HT-PEMFC. This option offers more room for simplification of the design and control of a compact power unit, which will be very attractive for portable and off-grid applications.



Steam Reforming of Methanol (SRM) is an endothermic catalytic process that provides at relatively low temperatures (<250 °C) and ambient pressure, a hydrogen-rich gas stream (hydrogen up 75%) with low CO concentration (usually around 1–2%; mainly produced via methanol decomposition or/and reverse-WGS, thus diminishing hydrogen selectivity of SRM process) [6,7,8,9]:


CH3OH + H2O ⇆ CO2 +3H2   ΔH° = 49.4 kJ mol−1



(1)







Other by-products, such as methane, formaldehyde, methyl formate and dimethylether can also be present at ppm level in the outlet gas stream of the methanol processor. Operation of the fuel cell at high temperatures allows the utilization of “low quality” reformate gas streams, however elimination of these by-products is in advantage of the hydrogen selectivity. Therefore, highly efficient methanol reforming catalysts should be developed, matching the operation level of IRMFC (i.e., 200–220 °C). Towards this aim the research community employs new chemical synthesis methods for the preparation of nanostructured catalysts with high selectivity, extremely high activity, low energy demands and long-life time [4,5,10,11,12]. These properties can be achieved only by controlling the size, the shape, the particle size distribution, the composition and the electronic structure of the surface, the thermal and chemical stability of the specific nanocomponents.



Two different families of catalytic systems have been studied in methanol reforming: (i) Cu- [4,5,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30] and (ii) noble metal-based catalysts [8,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. Cu-based metal oxides, such as the commercially available Cu/ZnO(Al2O3), as well as Cu-Ce and Cu-Mn(Al) mixed oxides, have been extensively investigated in SRM, due to their low cost, high activity and low CO selectivity. Despite the fact that Cu/ZnO(Al2O3) catalysts are used in large H2 plants, there are several drawbacks that limit their application in mobile and portable fuel cell power units. Moreover, copper-based catalysts require a pre-reduction step in order to be activated and a post-passivation step in order to avoid pyrophoricity phenomena if highly dispersed metallic copper is exposed in air. These catalysts also have poor thermal stability above 300 °C and limited long-term stability under reaction conditions.



On the other hand, noble metal-containing catalysts, especially Pd/ZnO [8,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47], have been the subject of extensive research in SRM. In contrast with copper-based catalysts, the presence of noble metal offers long term stability and no pyrophoric behaviour. Moreover, the production of CO is suppressed to levels similar with copper-based catalysts, if PdZn alloy active species are predominant on the catalytic surface. Nevertheless, their cost is still a limiting parameter for practical fuel cell applications and alternatively, further research is necessary in order to develop highly efficient catalysts with ultra-low noble metal loadings. The goal of reducing the amount of precious metals in various catalytic processes, especially in hydrogen-related technologies, is closely related with the growing research interest in atomically dispersed catalytic sites, where the theory of strong metal-support interactions has been “re-activated,” offering strong arguments on how clusters of precious metals (such as platinum and gold) with very small size, even atomically dispersed, are stabilized on various reducible supports, such as ceria, resulting in catalytically active and stable arrangements for various reactions [48,49,50]. In this context, a general way for enhancing the catalytic activity of materials oxides takes advantage of the synergistic effect at the interface between two phases, while recent development of morphology-controlled synthesis of nanostructured materials, via non-conventional chemical routes, such as hydrothermal method in alkali solutions, indicate that catalysts with well-defined reactive sites may be designed [51,52,53].



TiO2 and CeO2 are attractive reducible metal oxides used as supports for the active metal nanoparticles of heterogeneous catalysts and are well known to influence the catalytic activity through strong metal–support interactions. The strong interaction leads to the stabilization of small metal particles through a wider contact area and often gives the longest perimeter interface around them. These oxides play an important role in the catalysis by precious metals providing additional sites at the interface for the adsorption of the reactants close to the precious metal sites. Nanostructured titania materials show high photocatalytic activity and are widely used as a catalyst and carrier of catalysts in various reactions where the tuning of the pore size and overall morphology are crucial [54,55]. It is inferred that a catalyst based on TiO2 with different structures might exhibit different physicochemical properties and catalytic activities. Titania nanotubular structure offers significant advantages which seem to be related to the property that a high value of specific surface area and structural peculiarities increase the number of potentially active centres in the nanotubes.



Ceria with its distinct defect chemistry and the ability to exchange lattice oxygen with the gas phase offers a unique catalytic support which promotes active metal dispersion and enhances the catalytic activity at the metal–support interface [30,34,51,52,53,56,57]. The type, concentration and distribution of oxygen vacancies dominate the redox properties of ceria-based materials, accounting for the final performance of catalysts. Moreover, strong metal–support interactions, which depend strongly on the morphology or exposed surface planes of the supports, may significantly promote the activity and selectivity induced. The exposed surface of CeO2 can be enriched with oxygen vacancies, where the metal nanoparticles or nanoclusters bind strongly [3,4,5,12,13,14]. Recent studies have demonstrated the high impact of surface nanostructuring on the performance of ceria and titania as supports of precious metals [51,52,53,54,55,56,57]. Surface crystallography can affect the final electronic state and catalytic performance of the deposited active phase and in this respect, there have been intensive research efforts in the investigation of the structure sensitive behaviour of ceria-based catalytic systems [29,30,31,32,33,34,35,36,37,38,39,40,41,42]. Recent reports have confirmed the strong shape/crystal plane effect of CeO2 in various catalytic reactions, such as CO oxidation and water-gas-shift [48,49,50,51,52,53].



In view of the IRMFC energy applications, research efforts on methanol reforming catalysts should focus on their: (i) activity at ~200–220 °C and (ii) ability to avoid pre-activation treatments [1,2,3,4,5,10,11,12]. In this work, the main idea was to develop low-loading platinum-based catalysts, which will have high activity and selectivity in SRM reaction, in order to be potentially used as anode electrocatalysts in high-temperature PEM fuel cells offering great cost savings as compared with typical fuel processor-fuel cell systems. The fact that the electrocatalyst will be able to (i) reform methanol and at the same (ii) oxidize hydrogen (bifunctional operation), will be of high importance, since the operation characteristics of the fuel cell change significantly in the presence of small amounts of unconverted methanol in the H2 stream due to the poisoning effect of adsorbed methanol on the electrocatalyst and the proton conductivity of the membrane [4,5,12]. Here, a hydrothermal, synthesis route was applied for the preparation of titania nanotubes (TNTs) and ceria nanorods (CNRs) as catalyst supports. Platinum nanoparticles were finely dispersed on the oxide nanostructures via wet impregnation (I) and deposition precipitation (DP) methods. The catalytic activity and selectivity of Pt/TiO2 and Pt/CeO2 nanomaterials was evaluated in the steam reforming of methanol and correlated with the physicochemical properties, characterized with various techniques, thus demonstrating their functionality in the title process.




2. Results and Discussion


2.1. Chemical Analysis (XRF)


Metal composition of all the Pt/TNTs and Pt/CNRs catalysts, determined by X-ray fluorescence (XRF) technique, is shown in Table 1 and Table 2, respectively. These values are almost identical to the corresponding nominal values in the case of the impregnated samples, while filtration of the (DP) pastes resulted in approximately 20% lower platinum loadings.




2.2. Microscopic Analysis (SEM, TEM, STEM, EDX)


Hydrothermal treatment of TiO2 (Degussa P25) powder resulted on the formation of Titanium Nanotubes (TNTs) with an outer diameter of 8–10 nm and a length of 20–50 nm, as it can be observed in the SEM (Scanning Electron Microscopy), TEM (Transmission Electron Microscopy) and STEM (Scanning Transmission electron Microscopy) images presented in Figure 1. The ends of the nanotubes are open, while the inner channel is unblocked and the walls, of approximately 1 nm thickness, are quite smooth. Hydrothermally prepared TNTs with similar diameter size and lengths varying from 20 up to a few hundreds of nanometres, have been also reported by other groups [58,59,60]. The structure of TiO2 remains stable after calcination at 400 °C, however, it has been reported that higher calcination temperatures (>500 °C), result in fractured nanotubes with dramatically lower surface area [58]. In this work the morphology of the TNTs is maintained very well up to 3 wt.% of Pt loading regardless the method used (I or DP), as it can be confirmed with electron microscopy analysis (Figure 2). Pt nanoparticles are distinguished as dark dots in the TEM images and as bright dots in the STEM ones. The dispersion of platinum nanoparticles onto the surface of TNTs is fine and uniform in both synthesis methods, though the mean particle size is different (Figure 2e,f). A mean metal particle size of 2.6 nm was obtained in the case of Pt/TNTs (I) catalyst, while the corresponding size is smaller, that is, 1.5 nm, for (DP) sample. The bigger platinum particle size of the impregnated sample was also confirmed by the EDX (Energy-dispersive X-ray) micrographs, presented in Figures S1 and S2.



Hydrothermal method was also applied in order to prepare the CeO2 nanostructured substrate. This chemical route resulted in the formation of ceria nanorods (CNRs), as it can be confirmed via SEM, TEM and STEM images shown in Figure 3.



TEM images revealed a mean width of 5–7 nm for CNRs, while their length varies from 100 up to 150 nm, in line with the literature [61,62,63,64]. The outer surface of the nanorods seems quite rough with small defects (pores), probably due to oxygen vacancies. These defects are disclosed in the TEM images as low contrast regions, while in the STEM images as darker areas, indicating lower mass in these regions. It has been reported [61,65] that these features could arise from voids in the nanostructure or surface steps. This defective surface is believed to provide enriched nucleation sites for the growth and the improved dispersion of the loaded metal nanoparticles. On this basis, Tao et al. [66] used plasma etching to create such defects on the as-prepared ceria substrate. Herein, since the aspect ratio of length to width is above 15, the primary exposed surface of ceria is along the length of the rods; hence rods expose their (111) planes, as it was observed in most of the obtained images. Facet (220) is observed in Figure 3b, indicating that the growth direction of the nanorods is the (110), in accordance with the literature [61,67,68]. Apart from the predominant (111) facet, (200) can be also distinguished in few cases, as also reported in the literature for hydrothermally synthesized CNRs [69,70]. Similarly to the TNTs, 3 wt.% Pt was also dispersed onto the surface of CNRs via impregnation and deposition precipitation methods. Moreover, a catalyst with very low loading of platinum (i.e., 0.3 wt.%) was also prepared by (DP) method.



The morphology of Pt/CNRs was also characterized with electron microscopy (Figure 4 and Figure 5). The structure of the substrate has not been affected by the addition of platinum via both methods. The nanorods nature is maintained and the aforementioned defects are still visible in all the samples. Due to the low metal loading, the ultra-fine dispersion of Pt species and the low contrast with ceria, it was difficult, even with HRTEM (High Resolution TEM), to distinguish these species and obtain a particle size distribution. A closer look at the STEM images in Figure 5, few platinum nanoparticles with an atomic size (<1 nm) can be revealed. It is worth noting that this is also the size of the defects (dark round areas). This confirms the correlation proposed by many groups, between ultra-fine metal dispersion and surface defects (oxygen vacancies). This uniform and ultra-fine dispersion of Pt nanoparticles was also verified by EDX analysis shown in Figures S3 and S4.




2.3. Surface Area, Pore Size and Particle Size (N2 Isotherms, XRD)


The specific surface areas for all the substrates and the Pt-loaded samples are summarized in Table 1 and Table 2. The N2 isotherms and the pore size distribution of all the samples are shown in Figures S5–S8. In the case of TNTs, a surface area of ca. 200 m2 g−1 was obtained by the hydrothermal method, almost 5 times higher than the surface area of the mother material of TiO2 P25 powder, which was used as a precursor. This surface area was maintained after both (I) and (DP) methods, even though these samples were calcined at 400 °C. The deposition of Pt nanoparticles did not block the pores of the nanotubes, as suggested by the mean pore size values. In the case of CNRs samples, the deposition of Pt onto the surface of the nanorods increased both the surface area and the pores of the samples. Similar findings were observed by other groups under similar synthesis conditions [58,71]. Pure CNRs had a specific surface area of 88 m2 g−1, while the Pt loaded catalysts showed increased surface area, with both (I) and (DP) methods, as shown in Table 2. This is in accordance to the literature where ceria nanorods were found to have high specific surface areas (~100 m2 g−1) [62,72]. The nitrogen adsorption-desorption measurements at −196 °C showed type II isotherms with type B hysteresis loops as shown in Figures S5–S8.



Figure 6 shows the XRD (X-ray Diffraction) patterns of Pt- loaded materials together with the pure nanostructured substrates prepared via the hydrothermal method. Crystallite sizes of TNTs, CNRs and platinum metal, as calculated using Scherrer’s equation, are reported in Table 1 and Table 2. In agreement with Baiju et al. [73], the characteristic diffraction peaks of the monoclinic crystal structure of layered trititanic acid, H2Ti3O7 (JCPDS 41-0192), can be clearly identified in the titania substrate, even though it is calcined at 400 °C. Other groups have reported that hydrogen titanate is transformed into anatase-TiO2 after calcination at such temperatures [58]. Treatment of TNTs with H2PtCl6 during (I) method, leads to the formation of NaCl, as revealed in Figure 6. Remaining Na+ ions from the washing step following the hydrothermal treatment of TiO2, reacted with the Cl- ions from the metal precursor to form NaCl. Additionally, in the case of the impregnated sample, Pt (111) peak can be observed, corresponding to a mean Pt particle size of ~7 nm, as calculated using Scherrer’s equation. This is in accordance with the TEM measurements, where a small number of Pt particles were measured to have a size of 6 nm, while the mean size was calculated to be 2.6 nm. In the catalysts prepared via the (DP) method, no other phase apart from hydrogen titanate was observed, since Pt was finely dispersed and the size of Pt nanoparticles was too small, as confirmed by TEM analysis. For the pure CNRs and the Pt/CNRs catalysts, distinct fluorite-type oxide structure of CeO2 (JCPDS 81-0792) is present in the diffraction patterns. Platinum nanoparticles were highly dispersed on the surface of ceria nanorods via (I) and (DP) methods, thus no detectable diffractions of platinum metal crystallites could be distinguished at loadings lower than 3 wt.%. In this respect, platinum species may be considered to be in highly dispersed form in these samples with primary crystallite sizes less than ~1–2 nm, in agreement with TEM analysis. Especially for the 0.35%Pt/CNRs catalyst, a small shift is observed in the CeO2 (111) diffraction peak, which implies the distortion of the cell by incorporation of Pt nanoparticles into the lattice.




2.4. Raman Analysis


Raman spectroscopy was applied in order to distinguish among different titania polymorphs as well as to receive some surface information about the defect sites in CeO2. As can be observed in Figure 7a, Raman spectra of the pure TNTs is consisted of the characteristic Raman bands of anatase phase at 144, 393, 513 and 638 cm−1 coexisting with Raman vibrations at 195, 280, 450 cm−1 and three weak broad bands at 650–710, 800–840 and 900–930 cm−1, characteristic of the hydrogen titanate nanotubes [74,75]. Titanate phase is associated with the Ti–O–H (278 cm−1) and Ti–O–Ti (450 cm−1) bond. The three broad bands above 600 cm−1 are related to surface vibrational modes [75]. Deposition of Pt nanoparticles onto the surface of TNTs did not alter the structure of the support, as all bands assigned to the titanate phase are still observed in the Raman spectra. On the contrary, the intensity of the Raman bands corresponding to anatase phase decreased after platinum addition and took the lowest value in the impregnated sample. Similar findings were observed by Toledo-Antonio et al. [74], who reported that Raman bands corresponding to anatase, strongly decreased upon Ir and Pt-Ir addition, suggesting that this phase, or the vibrating bonds of the structure are being extinguished by the presence of highly dispersed particles on the surface.



Analysis of the Raman spectra of CNRs and Pt/CNRs (Figure 7b) confirmed the presence of the cubic fluorite structure via the characteristic Raman bands at 260, 461, 592 and 1150–1200 cm−1. It is well documented that the main band at 461 cm−1 is attributed to the Raman-active vibrational mode (F2g) of fluorite type structure, while the band at 592 cm−1 is considered to be the band of the defect-induced (D) mode and the last broad band is a second-order longitudinal optical (2LO) mode [62,70,76]. Concerning the weak band at 833 cm−1, it has been reported in the literature that it is observed on ceria samples after reduction in H2 streams and was assigned to the v(O–O) stretching vibration of peroxo species (O2)2- formed on ceria [77,78].



Addition of Pt with different loadings via various chemical routes resulted in changes in the corresponding Raman spectra. When (DP) method was employed, all four bands assigned to the fluorite type structure were still apparent, not shifted and with no other new bands added. In the case of 3%, all intensities were dramatically decreased, while in the case of 0.3 wt.% only the F2g band was slightly increased. After Pt addition via (I) method, a new broad band (consisting of two bands at ~560 and 650 cm−1) appeared at 580–660 cm−1. Tong et al. [70] reported that after calcination of Pt/CeO2 nanorod catalysts, synthesized by the same technique, two additional Raman bands appeared at 550 cm−1 and 665 cm−1. They attributed them to the strong interaction between PtOx and CeO2, so they assigned them to Pt–O–Ce and Pt–O bands, respectively. They demonstrated that after reduction of the catalysts, under similar conditions to the ones we apply here, these two bands partially remained present.




2.5. XPS Analysis


X-ray photoelectron spectra (XPS) of Pt 4f, Ti 2p, Ce 3d and O1s core level regions of Pt/CNRs and Pt/TNTs catalysts with various platinum loadings were collected. The regional spectra of Pt 4f were deconvoluted into two or three sets of spin orbital doublets, depending on the oxidation state of the noble metal. As shown in Figure 8, a negative shift of ~0.5 eV is observed in the Pt 4f spectra for both the Pt/TNTs samples. XPS peaks at 70.7 and 74.0 eV are attributed to Pt0 in comparison to the binding energy of 71.2 and 74.3 eV for bulk metallic Pt, while the peaks located at 72.8 and 76 eV, attributed to Pt2+. In agreement with the literature, this negative shift resulted from the electron transfer from TiO2 to Pt [79,80,81,82]. Surface elemental composition and chemical state of Pt/TNTs are listed in Table 3. It can be noted that both catalysts have almost the same surface concentration of metallic platinum and total platinum species, the latter expressed as Pt/(Pt + Ce) ratio, even though the applied nominal ratio is a little bit different.



The negative shift observed at the XP spectra of Pt/TNTs catalysts is not the case for the Pt/CNRs samples. On the contrary, metallic Pt for Pt/CNTs (DP) samples, is observed at a binding energy of 71.8 eV, which is higher than the typical binding energy for metallic platinum. Analysis of these spectra suggested the presence of partially positive charged platinum (Ptδ+), in agreement with a previous report for XP spectra of Pt 4f on CeO2 nanorods [70]. Accordingly, Pt2+ XPS peaks are also shifted to higher binding energies, that is, at 73.6 eV. Loading platinum on CNRs via (I) affected in a different way the surface chemical state of the catalyst. Not only the XPS peaks assigned to Pt° and Pt2+ species are shifted at even higher binding energies but one more chemical state of platinum can be distinguished and this is Pt4+. It has to be underlined that Raman analysis of Pt/CNRs (I) catalyst indicated the co-existence of Pt–O–Ce and Pt–O bands. The surface elemental composition of the Pt/CNRs samples is shown in Table 3. In line with the Raman analysis for the CNRs-based samples, the impregnated one exhibits the lowest surface Pt° amount and the lowest Pt/(Pt + Ce) ratio. (DP) method promoted the enrichment of the CNRs surface with platinum species, while ultra-low loaded catalyst contains even more metallic platinum species. These results are expected to play a significant role in the catalytic activity and selectivity in the steam reforming of methanol.




2.6. Catalytic Activity/Selectivity


The catalytic activity and selectivity of Pt/CNRs and Pt/TNTs catalysts for the steam reforming of methanol are presented in Figure 9 and Table 4. For all the catalysts tested in the temperature region of 190–220 °C, the main products of SRM were H2 and CO2, while CO was also produced in significant concentrations. Other by-products such as methane, formaldehyde and methyl formate were also formed in much smaller quantities and were favoured by the reaction temperature and/or low reaction temperatures and/or low methanol conversions. High CO selectivity implies higher activity of these catalysts for the decomposition of methanol or/and the reverse water-gas shift reaction. We should note that in the case of HT-PEMFCs, the employed membrane-electrode-assemblies can tolerate up to 2%, or even higher concentrations of CO, depending on the water and methanol content in the anode feed stream [5,12,83,84,85] and this is an advantage of this type of fuel cells. Under our experimental conditions, CO selectivity was much higher than its equilibrium value in water-gas shift reaction, suggesting that CO was also a primary product of methanol steam reforming, produced mainly via methanol decomposition, while reverse WGS reaction might also take place, especially at higher temperatures. Nevertheless, these concentrations of produced CO were kept in the range of 0.5–3.5%, which can be tolerated from HT-PEMFCs operating at such high temperatures (i.e., 200–220 °C). Higher methanol conversions and hydrogen yields were obtained over the CNRs-based catalysts, while the (DP) method resulted in more efficient samples, as compared with the wet-impregnation method. Highly dispersed catalysts were synthesized with both techniques, however the former method favoured the formation of smaller platinum nanoparticles, which were atomically dispersed over the surface of ceria nanorods, in agreement with S/TEM and XPS analysis.



Atomic dispersion promoted the metal-support interactions and this is depicted in the Pt/CNRs (DP) catalyst with ultra-low loading of 0.3 wt.% for platinum, where similar methanol conversion and selectivity were achieved in comparison with the 2.45 wt.% Pt/CNRs (DP) catalyst. As discussed above, and considering the Raman analysis for the CNRs-based catalysts, the (DP) samples exhibit higher amount of surface Pt0 species and also higher Pt/(Pt + Ce) ratio. Among these samples, the ultra-low loaded catalyst contains even more metallic platinum species. Moreover, if the reaction rate for the production of hydrogen is expressed per g of loaded platinum (Table 4), then a value of 5500 cm3 min−1 g−1Pt was achieved at 220 °C for the former catalyst, which is 7–18 times higher as compared with the other synthesized catalysts.





3. Materials and Methods


3.1. Synthesis of Catalysts Supports


Ceria nanorods (CNRs) and titania nanotubes (TNTs) were prepared by hydrothermal method using (a) Ce(NO3)3·6H2O (Aldrich, Darmstadt, Germany) and (b) TiO2 P25 powder (Degussa, Frankfurt, Germany) as precursors and NaOH (Alfa Aesar, Karlsruhe, Germany) as precipitating agent [64,72]. Both cerium and titanium reagents were diluted in specific amounts of triple distilled water and then mixed with appropriate aqueous NaOH solutions (CNaOH: 6 M and 10 M, respectively) in a Teflon container. After stirring of the solution for 20 min, the vessel was sealed in a laboratory made stainless steel autoclave and heated at 100 °C (for CNRs) and 120 °C (for TNTs) for 24 h and 48 h, respectively. The resulting paste was washed several times with 3D water until pH = 7, then filtered, dried under vacuum overnight at 70 °C and finally calcined in static air at 400 °C (1 h for TNTs and 4 h for CNRs) in order to obtain the nanostructured catalytic supports.




3.2. Synthesis of Catalysts


Wet impregnation (I) and deposition-precipitation (DP) methods were employed for the deposition of platinum onto the hydrothermally prepared nanostructured supports. Proper amounts of an aqueous solution of H2PtCl6∙6H2O and CNRs or TNTs powders were used to yield 0.3–3 wt.% Pt (see Table 1 and Table 2; platinum content confirmed via XRF analysis) metal loading in the final catalysts. Regarding (DP) method, a precipitating agent ((NH4)2CO3, Alfa Aesar; 1 M in the case of CNRs and 2 M in the case of TNTs) was added dropwise in the solution of platinum precursor and support, while a constant pH of 9.0 and temperature of ~80 °C were maintained. The precipitates were aged for 4 h at 80 °C, filtered and washed carefully until no chloride ions were present. All the pastes from both preparation methods were dried under vacuum at 80 °C and calcined in air at 400 °C for 2 h. The obtained solids were activated by reduction in flowing 20% H2/N2 (100 cm3 min−1) at 300 °C, for 2 h. All the powders were sieved to obtain the desired fraction, with diameter between 90 and 180 mm. This particle size was chosen so that pressure drop, concentration and temperature gradients over the catalyst bed were negligible.




3.3. Catalysts Characterization


The specific surface area (SSA), the pore volume (VP) and the pore size distribution of the samples were determined from the adsorption and desorption isotherms of nitrogen at −196 °C using a TriStar 3000 Micromeritics Autosorb-1 instrument (Micromeritics, Athens, Greece).



The crystalline structure of the catalysts was analysed by means of an X-ray powder diffractometer (Bruker D8 Advance, Bruker, Birmingham, UK) employing Cu Kα radiation (40 kV, 40 mA), Ni filter and Bragg-Brentano geometry.



X-ray photoelectron spectra (XPS) of Pt-based catalysts were recorded with experiments carried out in a commercial ultrahigh vacuum system, equipped with a hemispherical electron energy analyser (SPECS LH-10, Berlin, Germany) and a twin anode X-ray gun for XPS measurements. The base pressure was 5 × 10−10 mbar. Unmonochromatized Al Kα line at 1486.6 eV and an analyser pass energy of 97 eV were used in all XPS measurements. The binding energies were calculated with reference to the energy of C 1 s peak of contaminant carbon at 285 eV and the highest binding energy peak for Ce4+ d3/2 at 916.5 eV. The surface composition of all samples in terms of atomic ratios was calculated, using a Shirley-type background and empirical cross section factors for XPS.



The platinum content of all the catalysts was determined by an X-ray Fluorescence (XRF) spectrometer (Canberra 1510, Mirion Technologies, München, Germany) equipped with Si/Li detector at 22 keV. The powders were mixed with silica, while tellurium oxide was used as reference.



The morphology of the nanostructured carriers and catalysts was observed by scanning electron microscopy (SEM, LEO SUPRA 35 VP (Carl Zeiss SMT AG Company, Oberkochen, Germany), and transmission electron microscopy (TEM, FEI Titan G2 60–300, FEI, Gräfelfing, Germany), equipped with a field emission gun (FEG), a monochromator, three condenser lenses system, an objective lens system, image correction (Cs-corrector), HAADF (High-Angle Annular Dark-Field) detector (FEI, Gräfelfing, Germany) and EDS (Energy Dispersive X-ray Spectroscopy) spectrometer (FEI, Gräfelfing, Germany) with a Si (Li) detector and maximum of 20,000 cps. Particle size distribution was obtained by measuring diameter of at least 200 particles in different areas of the catalyst. Phase identification was performed by using the FFT generated from high-resolution TEM images. The elements mapping was carried out in the STEM mode by collecting point by point EDS spectrum of each of the corresponding pixel in the map.




3.4. Catalysts Evaluation in Steam Reforming of Methanol


The catalytic performance for the steam reforming of methanol (SRM) was studied in a laboratory flow system with a fixed-bed reactor, at atmospheric pressure, in the temperature range of 190–220 °C, previously described [27]. The catalyst weight was 0.3 g and the total flow rate of the reaction mixture (5 vol.% CH3OH/7.5 vol.% H2O/He) was 70 cm3 min−1 (W/F = 0.257 g·s·cm−3). Product and reactant analysis were carried out by an Agilent Technologies (Waldbronn, Germany), 6820 GC System, equipped with TCD (Thermal Conductivity Detector) and FID (Flame Ionization Detector). Catalytic activity was evaluated in terms of methanol conversion and reaction rate either per g of catalyst or per g of loaded platinum. Selectivity to the carbon-containing product was determined based on carbon mol: Si = niCi/ΣniCi, where ni is the number of carbon atoms in product i and Ci is the concentration of carbon-containing product i. The selectivity of H2 was calculated as follows:


  H y d r o g e n   s e l e c t i v i t y    ( % )  =   3  C  C  O 2    + 2  C  C O   −  C  C  H 4    + 2  C  H C O O C  H 3    +  C  H C H O   + 2  C  H C O O H       3 (  C  C  O 2    +  C  C O   +  C  C  H 4    ) + 6  C  H C O O C  H 3    + 3  C  H C H O   + 3  C  H C O O H     × 100  



(2)









4. Conclusions


Highly active and selective nanostructured catalysts for the steam reforming of methanol at low temperatures (T < 220 °C), were prepared via the impregnation and deposition-precipitation methods. Various amounts of platinum were uniformly and finely dispersed onto the surface of hydrothermally synthesized titania nanotubes and ceria nanorods, as confirmed via HRTEM and S/TEM analysis. Significant enrichment of the CNRs surface was obtained in the case of the (DP) method, more intent in the sample with low loading of platinum, which also contained the highest percentage of active metallic species. Ultra-fine dispersion of platinum species with size of less than 1 nm in the case of 0.3 wt.% Pt/CNRs catalyst, strongly interacting with surface defects of similar size, in agreement with the STEM, HR-TEM, XRD and Raman analysis, resulted in a highly efficient catalyst for steam reforming of methanol reaction, targeting the operation level of high temperature PEM fuel cells.
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Figure 1. TEM (a,b), STEM (c) and SEM (d) images of TNTs after calcination at 400 °C. 






Figure 1. TEM (a,b), STEM (c) and SEM (d) images of TNTs after calcination at 400 °C.



[image: Catalysts 08 00544 g001]







[image: Catalysts 08 00544 g002 550] 





Figure 2. TEM (left), STEM (right) images and particle size distribution (bottom) of reduced Pt/TNTs prepared by deposition-precipitation (a,b,e) and impregnation (c,d,f) methods. 
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Figure 3. TEM (a,b), STEM (c) and SEM (d) images of CNRs after calcination at 400 °C. 
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Figure 4. TEM (left), STEM (right) images of reduced Pt/CNRs prepared by (I) (a,b) and (DP) (c,d) methods. The (DP) catalyst prepared with low Pt loading is depicted in (e,f). 
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Figure 5. STEM images of reduced 3% Pt/CNRs (DP) catalyst. Defects, Pt nanoparticles and CeO2 (111) lattice fridges, are pointed out with arrows. 
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Figure 6. XRD patterns of Pt/TNTs (left) and Pt/CNRs (right) catalysts prepared with (DP) and (I) methods. Pure substrates are also presented for comparison reasons. 
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Figure 7. Raman spectra of Pt/TNTs (a) and Pt/CNRs (b) catalysts prepared with DP and I methods. Pure substrates are also shown for comparison reasons. 
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Figure 8. XPS of Pt 4f core level regions of Pt/TNTs (a) and Pt/CNRs (b) catalysts. 
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Figure 9. Activity and selectivity for SRM process over Pt/CNRs (a,b) and Pt/TNTs (c,d) catalysts. 
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Table 1. Physicochemical characteristics of Pt/TNTs catalysts prepared by both impregnation (I) and deposition precipitation (DP) method.






Table 1. Physicochemical characteristics of Pt/TNTs catalysts prepared by both impregnation (I) and deposition precipitation (DP) method.





	Sample
	Pt Loading a (wt.%)
	Pt Loading b (wt.%)
	SBET (m2/g)
	VP (cm3g−1)
	dPt (111) (nm) c
	dTNTs (020) (nm) d





	TNTs
	-
	-
	199.3
	0.49
	-
	12.7



	Pt/TNTs (I)
	3.0
	2.97
	170.1
	0.42
	6.9
	15.3



	Pt/TNTs (DP)
	3.0
	2.35
	193.3
	0.48
	n.o.
	11.3







a Nominal loading; b Metal composition determined by XRF analysis; c Estimated by the Scherrer equation applied to the (111) reflection of Pt; d Estimated by the Scherrer equation applied to the (020) reflection of TNTs.
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Table 2. Physicochemical characteristics of Pt/CNRs catalysts prepared by both impregnation (I) and deposition precipitation (DP) method.






Table 2. Physicochemical characteristics of Pt/CNRs catalysts prepared by both impregnation (I) and deposition precipitation (DP) method.





	Sample
	Pt Loading a (wt.%)
	Pt Loading b (wt.%)
	SBET (m2/g)
	VP (cm3g−1)
	dPt (111) (nm) c
	dCeO2 (111) (nm) d





	CeO2
	-
	-
	88.2
	0.19
	-
	10.08



	Pt/CNRs (I)
	3.0
	3.02
	100.8
	0.36
	n.o.
	10.17



	Pt/CNRs (DP)-low e
	0.35
	0.30
	107.5
	0.41
	n.o.
	9.68



	Pt/CNRs (DP)
	3.0
	2.45
	114.2
	0.43
	n.o.
	8.9







a Nominal loading; b Metal composition determined by XRF analysis; c Estimated by the Scherrer equation applied to the (111) reflection of Pt; d Estimated by the Scherrer equation applied to the (111) reflection of CNRs; e Low denotes low loading of platinum.
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Table 3. Nominal and XPS calculated, elemental composition of Pt/TNTs, Pt/CNRs (I) and (DP) catalysts, expressed as Pt/(Pt + Ce).






Table 3. Nominal and XPS calculated, elemental composition of Pt/TNTs, Pt/CNRs (I) and (DP) catalysts, expressed as Pt/(Pt + Ce).





	Catalyst
	Nominal
	XPS
	Pt0





	3% Pt/CNRs (I)
	0.027
	0.010
	55.3%



	0.35% Pt/CNRs (DP)
	0.002
	0.080
	67.0%



	3% Pt/CNRs (DP)
	0.020
	0.049
	60.7%



	3% Pt/TNTs (I)
	0.012
	0.010
	55.6%



	3% Pt/TNTs (DP)
	0.007
	0.010
	56.0%
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Table 4. Activity and selectivity for SRM reaction1 over Pt/CNRs and Pt/TNTs catalysts.
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Catalyst

	
Pt Content

	
MeOH

	
CO

	
H2

	
H2 Production Rate




	
wt.% 2

	
Conversion, %

	
Selectivity, %

	
Selectivity, %

	
cm3/min/gcat

	
cm3/min/gPt






	
Pt/CNRs (I)

	
3.02

	
37.3

	
58.9

	
79.7

	
10.0

	
331.1




	
Pt/CNRs (DP)

	
2.45

	
65.0

	
21.7

	
92.6

	
20.5

	
836.7




	
Pt/CNRs (DP)

	
0.3

	
53.4

	
26.2

	
91.0

	
16.5

	
5500.0




	
Pt/TNTs (I)

	
2.97

	
40.2

	
70.3

	
76.0

	
10.2

	
343.4




	
Pt/TNTs (DP)

	
2.35

	
32.6

	
37.3

	
87.0

	
7.0

	
297.9








1 Conversion, selectivity and reaction rate values obtained at T = 220 °C. 2 determined by XRF.
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