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Abstract

:

New Pt-Co catalysts of hydrogen purification from CO impurities for fuel cells were fabricated via the deposition of monodispersed 1.7 nm Pt nanoparticles using laser electrodispersion on Co-modified ZSM-5 prepared by the Co(CH3COO)2 impregnation. The structure of prepared Pt-Co zeolites was studied by low-temperature N2 sorption, TEM, EDX, and XPS methods. The comparative analysis of samples with different Pt (0.01–0.05 wt.%) and Co (2.5–4.5 wt.%) contents on zeolites with the ratio of Si/Al = 15, 28, and 40 was performed in the CO-PROX reaction in H2-rich mixture (1%CO + 1%O2 + 49%H2 + 49%He). The synergistic catalytic action of Pt and Co on zeolite surface makes it possible to completely remove CO from a mixture with hydrogen in a wide temperature range from 50 to 150 °C; the high efficiency of designed composites with low Pt loading is maintained for a long time. The enhancement of PROX performance originates from the formation of new active sites for the CO oxidation at the Pt-Co interfaces within zeolite channels and at the surface. In terms of their activity, stability, and selectivity, such composites are significantly superior to known supported Pt-Co catalysts.
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1. Introduction


The most promising technologies to obtain energy are based on proton exchange membrane fuel cells (PEMFC), which are clean and sustainable energy sources [1]. Pure hydrogen is the ideal fuel for the PEMFC. High concentrations of CO can be removed from the reformate streams by the water–gas shift reaction (WGS), during which it reacts with water to yield CO2 and H2. However, the residual concentration of CO is too high to feed the PEMFCs. Even traces of CO in the hydrogen-rich feed gas poison the platinum anode electrode and dramatically decrease the power output. The preferential CO oxidation (CO-PROX) in H2-rich mixture is a necessary step in the purification of hydrogen-rich reformates in order to use them as feeds for PEMFCs. It allows reaching tolerable CO values for the fuel cell (below 10 ppm) [2,3,4,5,6,7]. PEMFCs usually operate in the temperature range of 60–80 °C, and conversion of CO to CO2 without oxidation of H2 should proceed at these working temperatures. This should reduce the number of cooling stages, eliminate losses due to undesirable H2 oxidation, and optimize the path from production to use of hydrogen.



Furthermore, the key factors in the design of CO-PROX catalysts are high activity at moderately low temperatures and a wide range of their selective and stable operations. Two main types of PROX catalysts with high activity for carbon monoxide removal and relatively lower hydrogen consumption have been reported in the literature. They include noble metal catalysts; among them, platinum is the most promising one [8]. Only platinum catalyst made it possible to completely remove CO from the mixture with H2, under the same conditions Pd- and Ru-supported catalysts turned out to be inefficient [9]. The easy formation of the hydride phase increases the Pd catalyst activity in the H2 oxidation, and accordingly, reduces the selectivity of CO oxidation [10]. The other group of catalysts is based on transition metals, such as Co, Ni, Cu, and their oxides [11,12,13]. In terms of their activity in CO oxidation, catalysts based on cobalt oxides are only slightly inferior to noble metal ones [14]. For example, mixed oxides of cobalt with cerium are successfully used in CO-PROX [15,16]. However, they are often inferior to platinum-based catalysts in their selectivity and stability. Carbonate formation in the presence of CO2 and water may be responsible for their deactivation. Recent studies have shown that Co- and Co/Ce-modified zeolites obtained by impregnation are active in the CO oxidation in both in the absence and presence of hydrogen [17,18,19].



The Pt catalysts exhibit high activity and selectivity, while improvement on its low temperature activity is needed. However, the high CO adsorption of Pt catalysts blocking its active sites toward the O2 adsorption leads to the fact that 100% CO conversion on Pt/Al2O3 catalysts is achieved only at elevated temperatures of 170–200 °C, when hydrogen oxidation starts. Therefore, the selectivity of unmodified Pt catalysts is not very high [20,21]. Another significant disadvantage of Pt catalysts is their high cost. Many attempts are being made to reduce the platinum content in catalysts. Design of low loaded but highly efficient Pt catalysts for the CO oxidation requires the use of precise methods to produce finely dispersed catalysts with a special local structure of platinum [22,23,24,25,26,27]. Single atom catalysts that allow the most efficient use of noble metals are attracting attention as an alternative to supported catalysts based on metal nanoparticles [4,28,29]. However, there is a problem of a low stability for highly dispersed systems.



Recently, the interest in PROX catalysts has concentrated on Pt-based bimetallic catalysts, which show much better activity, selectivity, and stability than monometallic ones. Different metals and promoters, such as Ru, Ni, Sn, Fe, Ce, Co, and others, have been tested for their ability to increase catalytic activity in PROX [30,31,32,33,34,35,36]. Among the promoters, Co is the most common additive in Pt-supported catalysts as it shows good performance with PROX, but most often a high Pt content (about 1% or more) is required [37,38,39,40,41]. The important problem to design high-performance PROX catalysts with a reduced noble metal content remains unresolved. To solve it, it is necessary to take into account the main factors that control the structure and properties of the catalytic system, and accordingly, the mechanism of the catalytic action. Although CO oxidation is one of the most studied catalytic processes [42], the nature of active states, especially in bimetallic supported catalysts (metallic states or cations and oxides, alloyed particles or solid solutions), is still under discussion [38,39,40,41,43,44,45,46]. The high performance of both (alloyed and not alloyed) Pt-Co bimetallic systems exhibits the key role of Pt-Co interface.



Support type and synthesis method play a key role in achieving the high degree of interaction of active components [47,48,49]. Many studies have indicated that the use of zeolites as supports for platinum catalysts is promising to improve the catalyst activity, selectivity and stability for the oxidation of CO and some other pollutants [7,9,50,51,52,53,54,55,56,57,58,59]. The role of metal-support interactions increases with a decrease in the metal content. Therefore, the problem of the formation of uniform centers on the catalyst surface becomes much more complicated, especially in the case of bimetallic systems. Special synthesis methods, such as inorganic colloidal synthesis [22,60], are useful to control particle size and composition. Recently, physical methods based on laser ablation are considered to be a more controlled and environmentally friendly alternative to chemical synthesis [61]. Among them, the method of laser electrodispersion (LED) has been successfully used for the fabrication of highly active “crust-like” catalysts [62,63]. The selective deposition of one-size nanoparticles only on the outer support surface makes the active phase available for reagents and for structural studies. Low loaded Pt and Pd catalysts were unusually active in the CO oxidation in an inert atmosphere compared to counterparts prepared by standard chemical synthesis [64,65,66]. In activity, Pd-modified HZSM-5 zeolites outperformed samples on aluminum oxide with the same particle size also prepared via LED.The best activity of catalysts on zeolite originates from the optimal electronic state of metal containing metallic and oxidized states favorable for oxidation.



In this work, we combine the advantages of two methods of introducing active Pt and Co components into the zeolite to design high-performance CO-PROX catalysts with a low Pt loading. For this purpose, we applied the original method of laser electrodispersion for selective deposition of small amounts of finely dispersed Pt on Co/ZSM-5 pre-modified by the Co(CH3COO)2 impregnation. The use of zeolites with different Si/Al ratio allows for the stabilization of Co in the form of oxo-cations that are more active in the CO oxidation compared with Co3O4 and CoO, and additionally, to achieve the close Pt-Co contacts. New active sites at the Pt-Co interfaces make it possible to reduce the CO concentration in H2-rich gas streams below 10 ppm at relatively low temperatures.




2. Materials and Methods


2.1. Catalyst Preparation


Zeolites NH4ZSM-5 (“Zeolyst”, Si/Al = 15, 28, 40) were used to obtain the HZSM-5 (HZ) by calcination at 550 °C in an air stream for 8 h. Cobalt modified zeolites (Co/Z) were synthesized in accordance with [17,18] by the incipient wetness impregnation of dried HZSM-5, with the aqueous solution of desired amount of Co(CH3COO)2·4H2O then dried for 1 day at room temperature and for 8 h at 120 °C. Finally, they were calcined at 450 °C for 3 h in flowing air. The Co content in zeolites was 2.5 or 4.5 wt.%.



Monodispersed Pt nanoparticles were deposited on HZ or Co/Z using laser electrodispersion (LED) technique, described in detail in [62,63]. The deposition time was chosen based on the rate of Pt deposition determined previously [65]. It was 110 or 550 s to load 0.01 or 0.05 wt.% Pt on 1g of zeolite. In some cases, the order was reversed—first platinum was deposited by LED, and then cobalt was introduced by impregnation. Depending on the synthesis procedure, the samples were designated as Pt/Co/Z or Co/Pt/Z. The schematic diagram of the typical synthesis of Pt/Co/Z catalysts is shown in Figure 1. The catalysts were stored in air and activated before catalytic tests by heating for 1 h at 350 °C in He. All prepared catalysts are listed in Table 1.




2.2. Catalyst Characterization


Thermo iCE 3000 spectrometer (Thermo FisherScientific Inc., Intertech Corporation, Waltham, MA, USA) was used to analyze Pt and Co contents in the catalysts. The results of AAS measurements agreed with the calculated values given in Table 1.



The SEM analysis of the catalyst surfaces was carried out on a JSM-6000 NeoScope scanning electron microscope (JEOL, Akishima, Japan) with an EX-230 energy dispersive X-ray analyzer. Images were recorded in a high vacuum mode with an accelerating voltage of 10–15 kV. Secondary electron image (SEI) detection was used.



The samples were studied by transmission electron microscopy (TEM) on a JEOL JEM 2100F/UHR instrument (JEOL Ltd., Tokyo, Japan) integrated with a JEOL JED-2300 Analysis Station Plus EDX system. Sample preparation for TEM studies was described in detail [64]. The average particle size was determined from the particle size distribution histograms. Data for a total of 300 particles were processed statistically. Lattice spacing (d) was determined using the ImageJ 1.47 program (https://imagej.nih.gov/ĳ/download.html, accessed on 10 July 2021). The crystal structures of the ordered atomic domains were identified using the ICDD data base (https://www.icdd.com (PDF-2) accessed on 10 July 2021).



The texture characteristics of the zeolites were determined after heating in vacuum at 350 °C; for 3 h by low-temperature nitrogen adsorption using an Autosorb–1 sorption analyzer (Quantachrome, Boynton Beach, Fl, USA). The specific surface area was calculated by the BET and V-t methods, while the total pore volume was determined at P/Po = 0.995.



X-ray photoelectron spectroscopy (XPS) study was performed on an Axis Ultra DLD spectrometer (Kratos Analytical Limited, Manchester, UK) with a monochromatic Al Kα source (hν = 1486.7 eV, 150 W) at a transmission energy of 160 and 40 eV. To reduce the effect of sample charging, the energy scale of the XPS spectra was preliminarily calibrated using the characteristic Si 2p peak at 103.6 eV.



Powder X-ray diffraction patterns were collected within the 10 to 40 2θ range on a DRON-3M diffractometer with Cu Kα radiation.



The infrared spectra (FTIR) of the samples were obtained on an Infralum FT-801 (Lyumeks–Sibir, Russia) Fourier spectrometer with a resolution of 2 cm−1 in the spectral range of 450–2000 cm−1 in the KBr phase.




2.3. Catalytic Tests


The catalytic oxidation was performed at 50–250 °C with the initial gas mixture CO:O2:H2:He=1:1:49:49 (v/v) in a fixed-bed quartz reactor in the flow regime, as was described [19]. Heating –cooling cycles were carried out, temperature was changed in steps of 20 °C, and each temperature was maintained for 20 min. Catalyst (250 mg of 40–60 mesh fraction) mixed with an equivalent amount of quartz sand was used. The composition of the gas mixture at the reactor outlet was analyzed using a Crystal 2000 chromatograph (Chromatec SDO JSC, Russia) equipped with a thermal conductivity detector (flow rate 10 cm3 min–1). Methane was not found in the reaction products.



The CO conversion was found from the formula


   X  CO   =    [  CO  ]  i n   −  [  CO  ]  o u t       [ CO ]   i n     · 100 % ,  








where [CO]in and [CO]out are the concentrations of CO (vol. %) at the reactor inlet and outlet, respectively. The catalytic activity was assessed from the temperature dependences of the CO conversion, the temperatures corresponding to 50% and maximum conversion of CO (T50 and Tmax, respectively) and operating window ΔT100 of the 100% conversion of CO were used.





3. Results and Discussion


3.1. The Structure of Catalysts


3.1.1. Catalysts Morphology


The structure of the zeolite is preserved when modified with Co and Pt using methods of impregnation and LED, respectively. It is confirmed by the presence of XRD reflexes corresponding to ZSM-5 (Figure S1). The absence of reflexes corresponding to crystalline Co metal and the oxide phases of CoO or Co3O4 indicates that samples of ZSM-5 zeolite modified with 2.5–4.5% Co contain mainly ionic or highly dispersed cobalt species [17,67].



Pt nanoparticles formed by the LED method have a size of 1.7–1.9 nm, regardless of the metal loading and the support type, as was previously shown [62,65]. They remain in the form of single particles even in dense coatings. High resistance to aggregation is an important common feature of amorphous nanoparticles formed by the LED method from liquid metal droplets [62,63,64,65,66]. Co-modified zeolite Co/ZSM-5 may contain three types of Co species depending on the Co/Al ratio: bare Co2+ cations or oxo-cations [CoxOy]n+ with n = 1, 2 within zeolite channels and cobalt oxides on the outer zeolite surface [17,18,19]. Only small spherical Co species of 2 nm in size with a regular surface distribution are predominant in the zeolites prepared by impregnation when Co/Al < 1. In accordance with [17,18,67] such type of particles was associated with the Co counter ions or oxo-cations originally located in zeolite channels. Exposure to high-energy TEM beam leads to the migration of Co to the surface of the zeolite grains and sintering of cobalt particles of about 2 nm. When Co/Al > 1, the slightly larger particles with distinct crystal faces of cobalt oxides can be seen in HRTEM images at the edges of zeolites.



Typical images of monometallic Pt- and Co-modified zeolites are shown in Figures S2 and S3. They also indicate that ZSM-5 structure is preserved during the Pt deposition. Only highly dispersed spherical particles are clearly visible in the Pt images (Figure S3a,b). For some locations of ordered atoms in Pt particle images, the lattice spacing of 2.7 Å was found, which is close to the value for the PtO (111) face (d = 2.67 Å, https://materialsproject.org, DOI 10.17188/1188047). Two types of particles are present in the Co images: faintly distinguishable small particles and larger particles located predominantly at the edge of zeolite (Figure S3c,d). The lattice spacing for the regions of ordered Co atoms were 2.8 and 4.9 Å, which are close to that in the Co3O4 (220) and (111) faces (JCPDS 80-1543, d = 2.88 and 4.77 Å).



Figure 2 presents the typical TEM images of bimetallic Pt/Co/Z zeolite; other examples are given in Figures S4–S7. All images demonstrate highly dispersed dark species uniformly distributed on the gray surface of zeolite matrix. According to EDX data (Figure 2d,e and Figures S4, S6 and S7b), they correspond to Pt- and Co-containing nanoparticles. The lattice spacing determined for some ordered atomic domains in the supported particles equal 2.3 and 2.7 Å (PtO), as well as 3.0 and 4.9Å (Co3O4), which are associated with neighboring Pt and Co oxides. Typical histograms of the particle size distribution (Figure 2f and Figures S5b and S7c) are bimodal, and approximately half of the particles have a size of 1.7 ± 0.3 nm, whereas the remaining particles have a wide size distribution with an average size of 7 nm. In accordance with previous data [17,62,63], highly dispersed particles can be attributed to both Pt species and Co-cations or oxo-cations originally located in zeolite channels; the large particles most likely correspond to Co oxides closely located with Pt oxides (Figure 2b) or mixed Pt-Co oxides (Figure S5a) on the zeolite surface.



Typical SEM images of modified zeolites (Figure S8), as well as TEM ones, indicate that both Co and Pt species are uniformly distributed at the same locations on the zeolite surface.



The textural characteristics of parent and Pt- and Co-modified zeolites are presented in Table 2. The Pt deposition changes the textural characteristics of all zeolites just a little. When a small amount of platinum (0.01%) is deposited on a more acidic Z-15 zeolite, platinum interacts with the acid sites of the support and partially penetrates into the channels of the zeolite. This slightly reduces the specific surface, especially the values of Smicropore and Vpore. The deposition of a larger amount of highly dispersed platinum particles mainly on the outer surface of a less acidic zeolite leads to a slight increase in the surface size of 0.05Pt/Z-28. In contrast, the introduction of cobalt via an impregnation noticeably reduces the surface area and pore volume of the zeolite. This reduction is more pronounced for the zeolite with the lowest Si/Al ratio of 15. This is consistent with previous adsorption and spectral studies of Co-modified zeolites [17,18,19]. When Co/Al < 1 (see Table 1), a significant Co part is located inside the channels of the zeolite. In this case textural characteristics of bimetallic Pt-Co samples are close to those of cobalt-modified zeolites.




3.1.2. FTIR Spectroscopy Studies


Figure 3 shows the FTIR transmittance spectra of initial and Pt/Co-modified zeolites Z-28 and Z-30 in the ranges 450–2000 and 500–900 cm−1. The bands near 1100–1200, 797, and 458 cm−1 are assigned to vibrations of TO4 (T = Si or Al) tetrahedra; the bands at 620 and 550 cm−1 are characteristic of double-rings of tetrahedra in the framework [68]. As can be seen in Figure 3, the position of the bands at 550 and 797 cm−1 did not change in all samples, indicating that the structure of ZSM-5 did not alter after loading Co by impregnation and Pt by LED methods.



In the samples containing 4.5% Co a small band appears near 669 cm–1 due to stretching vibrations of the metal–oxygen bond in Co3O4 [69,70]. This band is attributed to the ABO3 vibrations where B denotes the Co(III) in an octahedral position and A stands for the Co(II) in a tetrahedral holes [69]. The bands of the zeolite framework mask the second band associated with OB vibrations in the spinel lattice, located near 560 cm−1. Small bands of Co3O4 are observed in IR spectra of both monometallic and bimetallic Pt/Co zeolites only at a loading of 4.5% Co, while for samples containing 2.5% Co, spinel oxide bands are not recorded. Thus, the obtained results show that only a small fraction of cobalt forms oxide structures on the surface. The main part of cobalt is located in the ionic form in the channels of the zeolite, and the crystal structure of the latter does not change with the introduction of modifying additives. This is consistent with the XRD and TEM data.




3.1.3. XPS Studies


The analysis of XPS spectra of Pt-modified zeolites with low Pt loading is a challenge due to overlapping of the Pt4f and Al2p lines. Earlier Pt/Al2O3 catalysts with ultralow metal loadings of 0.02–0.005 wt.% also prepared by LED were successfully studied by XPS [65]. Along with the Al2p component, three Pt4f doublets with the spin-orbital splitting of 3.34 eV attributed to Pt0, Pt2+, and Pt4+ species were used for the fitting of overlapped Pt4f–Al2p spectra. The doublet of asymmetrical lines was used for the Pt0 components, and for the other components, doublets of symmetrical lines. The typical Pt4f spectra are shown in Figure 4a. with an example of the Pt- and Pt-Co-modified Z-28. The binding energies (BE) of the Pt4f7/2 components resulted from the spectra fitting along with those for Co2p3/2, and Al2p are given in Table 3 for monometallic and bimetallic samples. The Pt4f binding energies are close to those reported for Pt0 and oxidized Pt2+ and Pt4+ species or PtO and PtO2 oxides [56,58,65]. In addition, the component with the medium binding energy between 72.4–72.6 eV can also be linked to partially positive Pt species (Ptδ+: 0 < δ < 2) [24], and the component with the highest BE can be attributed not only to Pt4+ species but also to Pt2+ cations in the ion-exchange positions of HZSM-5 [71]. It may refer to the Ptn+ (2 < n < 4) in the form of PtOxAl strongly bound to the Al sites in zeolite that arises during the exchange of positively charged PtOx particles with protons of the acid sites, as was shown for Pd-modified zeolites [64,72].



The typical Co2p XP-spectra are presented in Figure 4b for Co- and Pt/Co Z-28. The broad Co 2p peaks have a similar shape and show a significant contribution from both divalent and trivalent cobalt. In addition to the main doublet of Co 2p3/2 and Co 2p1/2 lines at about 780–782 and 795–798 eV, the spectra exhibit intense “shake-up” satellites at higher binding energies, which are characteristic of Co(II) [73]. To analyze the fractions of Co(III) and Co(II) on the zeolite surface, Co 2p3/2 peaks and their satellites were decomposed as described in [17,18]. The corresponding binding energies for Co(III) and Co(II) components in monometallic and bimetallic zeolites are given in Table 3. The relative shares of different Co and Pt states—and their total surface content derived from the decomposition of the XP-spectra of all samples studied—are given in Table 4.



As can be seen from the data in Table 4, Pt is present in all three states in monometallic and bimetallic samples. The presence of a significant amount of oxidized platinum on the zeolite surface is consistent with the results of TEM images (Figure 2b and Figures S3 and S5), where the lattice spacing of 2.7 Å typical for PtO was found. The electronic state and relative Pt content on the surface are somewhat different. The Pt content on the surface increases not only with a growth in the loading of platinum from 0.01 to 0.05%, but also with the rise in the ratio of Si/Al in zeolite. The reduced content of platinum on the monometallic 0.01Pt sample with the lowest Si/Al = 15 indicates a possibility of the Pt interaction with the acid sites of zeolite, the number of which is maximized in this case. This probably leads to partial penetration of particles into the channels of the zeolite during the exchange of positively charged Pt species with protons of the acid sites. This is a rather unexpected result, since the main feature of the LED method is the selective deposition of metal nanoparticles on the outer surface of the support, as was observed for inert SiO2 and Al2O3 oxides and carbon supports [62,63,65]. The maximum fraction of the Ptn+ state with the highest BE in the most acidic zeolite confirms such interaction leading to the stabilization of highly dispersed PtOx particles on the zeolite surface, as it was observed for Pd-modified zeolites prepared by LED [64]. The proportion of the metallic Pt0 state increases for monometallic samples with a higher Pt loading, which is typical for Pt and Pd catalysts formed by the LED method [62,63,64,65].



As previously noted, Co-modified zeolite Co/ZSM-5 may contain three types of Co species such as bare Co2+ cations, oxo-cations [CoxOy]n+ with n = 1, 2 in zeolite channels and cobalt oxides on the outer zeolite surface [17,18,19]. At the same time, cobalt (II) and (III) can be in both types of oxygen-containing particles ([CoxOy]n+ and oxides) [17]. The ratio of different metal form depends on the method of the Co introduction, metal loading, as well as on the number of ion-exchange positions in zeolite, i.e., on the Al content in zeolite framework. When the Co/Al ratio is less than 0.5, most of the cobalt is in the form of exchangeable Co2+ cations. In this case, the proportion of Co(II) is significant [18,19]. With an increase in the Co/Al ratio from 0.5 to 1, along with the former, oxo-cations containing Co(II) and Co(III) are formed inside the channels. With Co/Al > 1, the share of surface oxide particles is growing. As can be seen in Table 4, for zeolites Z-28 and Z-15, containing the same 4.5% of cobalt, the percentages of Co(III) and Co(II) turned out to be close, while the surface content of cobalt Co/(Si+Al) according to the XPS data is higher on the Z-28 zeolite, where a higher Co/Al = 1.4 ratio promotes the formation of surface oxides—mainly Co3O4, compared to the 4.5Co/Z-15, where this ratio is only 0.75 (Table 1). In accordance with FTIR data (Figure 3) in the case of Z-15, a large proportion of the loaded cobalt is located in the zeolite channels, as was observed earlier for similar systems [17,18,19].



Differences in the Co distribution over the zeolite surface for different Si/Al are also confirmed by their textural characteristics (Table 2). With the introduction of 4.5% Co into zeolite Z-28, in contrast to Z-15, not only is there an observable decrease in the inner surface and pore size of the zeolite—which is associated with the penetration of cobalt into the channels—but there is also a slight increase in the outer surface due to the formation of oxide particles. In the 4.5Co/Z-28, a small band appears near 669 cm–1 due to stretching vibrations of the metal–oxygen bond in Co3O4 (Figure 3a). The outer surface of bimetallic Pt/Co/Z-28 zeolites grew even more noticeably.



For the samples with 0.01% Pt the fraction of metallic Pt0 decreases, and the fraction of the less oxidized Co(II) state increases simultaneously as seen for 0.01Pt/4.5Co/Z-28. This is most likely due to the Pt-Co interaction during the synthesis. These changes are less noticeable for both 0.01Pt/4.5Co/Z-15 and 0.05Pt/2.5Co/Z-28, since in these cases most of the cobalt is inside the channels of the zeolite when Pt is mainly located on the outer zeolite surface. However, the fact that cobalt comes to the surface with the Pt introductio, and the Co/(Si+Al) ratio increases from 0.12 to 0.20 for 4.5Co/Z-15 and 0.01Pt/4.5Co/Z-15, respectively (Table 4), testifies in favor of the interaction of platinum and cobalt oxo-cations. The relative content of platinum on the surface of the bimetallic 0.01Pt/4.5Co/Z-15 sample is somewhat higher than in the monometallic Pt counterpart. This indicates that platinum mostly remains on the surface when the channels of the zeolite are largely occupied or blocked by cobalt species. The significant proportion of Ptn+ with the maximum BE value present in the bimetallic samples (Table 4) can be associated not only with a strong metal-support interaction, but also with the formation of mixed oxo-complexes or oxides at the Pt-Co interfaces.



When cobalt was introduced after platinum deposition, the platinum content on the surface of 4.5Co/0.01 Pt/Z-28 turned out to be an order of magnitude lower than in samples with the reverse order of the introduction of components (Table 4). In this case, zeolite channels may be blocked by Pt nanoparticles deposited previously; Co mainly located on the outer zeolite as oxides; platinum was oxidized most strongly; and the ratio of Co(III) to Co(II) is close to that characteristic of supported Co3O4/SiO2 [70].



The found differences in the structure of modified zeolites are reflected in their catalytic behavior. Even more significant changes in the electronic state of both metals occur under the influence of the PROX-CO reaction mixture, as will be shown below.





3.2. Catalytic Performance


3.2.1. Synergistic Effect of Pt and Co in CO-PROX


Temperature dependences of the CO to CO2 conversion in a H2-rich mixture are shown in Figure 5, as an example of the 0.01Pt/4.5Co/Z-15 sample and its monometallic analogs. Temperature dependences of the CO conversion are extreme passing through a maximum when an undesirable reaction of the hydrogen oxidation starts, that reduces the selectivity of the process. The best catalytic behavior is determined by the highest degree of CO conversion at the lowest temperature. Another requirement for a good PROX catalyst is a wide temperature range (∆T100) of 100% CO conversion. It can be observed that the monometallic Pt-zeolite is the least active, which is not surprising due to such a low 0.01% Pt content. Only 78% CO conversion can be achieved at 210 °C. Cobalt-modified zeolite has slightly better properties, providing almost 100% conversion of CO at 190 °C, but with a further increase in temperature, the conversion drops sharply. This is associated not only with the side process of hydrogen oxidation, but also with a strong deactivation of cobalt-containing catalysts [19]. The best catalytic behavior is observed for a bimetallic 0.01Pt/4.5Co/Z-15, of which 100% conversion is already achieved at 110 °C and decreases only to 97% as the temperature rises to 170 °C. Thus, a synergistic action of the two metals is observed, leading to a significant increase in the catalytic activity. The high activity of bimetallic Pt-Co catalysts of various structures has been repeatedly noted in the literature [36,37,38,39,40,41]. However, such a strong improvement in catalytic properties of Co-modified zeolites with the introduction of such small (0.01%) Pt loading seems to be rather surprising.




3.2.2. Impact of Co/Al Ratio in 0.01Pt/Co/Z on Catalytic Performance


To design the most efficient catalysts with improved properties in CO-PROX, zeolites with different ratios of Si/Al (15, 28, and 40) were used, and the metal contents (0.01 and 0.05% Pt; 2.5 and 4.5% Co) were varied. The values of T50 of reaching the 50% CO conversation, the maximum achievable CO conversion, and temperature window ΔT100 to maintain 100% conversion (or the Tmax temperature) for all tested bimetallic samples are collected in Table 5.



To select the most suitable zeolite, the catalytic properties of the samples with the lowest loading of metals were compared. The difference in the catalytic behavior of 0.01Pt/2.5Co/Z on zeolites with a change in the Si/Al ratio is clearly visible from temperature dependences of the CO conversion presented in Figure 6. The catalyst 0.01Pt/2.5Co/Z-15 is the least active. Catalysts of the same composition on zeolites with higher Si/Al ratios (28 and 40) are similar in activity; however, the ΔT100 is wider for Z-28 (130–170 °C), while for Z-40 it is only 130–150 °C.



The difference in the catalytic behavior of the samples is most likely due to the different distribution of cobalt between the zeolite channels and outer surface determined by the ratios of Si/Al and Co/Al. The Co/Al ratio is less than 0.5 for the 0.01Pt/2.5Co/Z-15 catalyst (Table 1), and cobalt in this case is located in the zeolite channels mainly in the form of Co2+ cations and partially as oxo-cations [CoxOy]n+, where n = 1.2, containing both Co(II) and Co(III), as already discussed. In accordance with this data and previous studies [17,18,19], when the Co/Al ratio rises above 0.5, the fraction of bare Co2+ cations decreases, while the fractions of oxo-cations and surface cobalt oxide active in CO oxidation increases. Z-28 zeolite turns out to be the best in the series of 0.01Pt/2.5Co/Z catalysts because it provides the most favorable conditions for the interaction of Pt nanoparticles deposited by the LED with both types of oxidized Co species. Co2+ cations located predominantly inside zeolite channels in 0.01Pt/2.5Co/Z-15 are less involved in interactions with platinum nanoparticles on the zeolite surface; therefore, such samples are less active in CO oxidation. This assumption can be confirmed by the fact that the activity of 2.5Co/0.01Pt/Z-15 catalyst obtained by the reverse order of the component introduction improved. Indeed, where Pt nanoparticles were first deposited on the surface by LED, and then cobalt was introduced via impregnation of Pt/Z-15, the value of T50 reduced by 20 °C and ∆ T100 widened to 130–150 °C. This operating window became closer to that of the more active catalysts on Z-28 and Z-40. However, in contrast to the best 0.01Pt/2.5Co/Z-28 stable in temperature window between 130–170 °C, the conversion on Z-40 begins to noticeably decrease after 150 °C. In this case, Co/Al is above 1 even at 2.5% Co, and a significant amount of Co3O4 oxide nanoparticles are formed on the zeolite surface. They are known [19,70,74] to be active in the oxidation of hydrogen and are rapidly deactivated by the resulting water. The effect of the presence of a significant amount of oxide particles on the support surface is even more pronounced when the cobalt content is increased to 4.5%. As can be seen in Table 5, the 100% CO conversion on 0.01Pt/4.5Co/Z-40 starts to already decrease after 130 °C.



Zeolites with an increased cobalt content are more active: T50 is reduced for 0.01Pt/4.5Co/Z in comparison with 2.5Co analogs. However, in this series, the order of catalytic activity of the samples with different Si/Al ratio has changed. The catalyst prepared on zeolite Z-15 now has the highest activity and stability. As can be seen in Table 5, the temperature window ΔT100 in this case expands to 110–170 °C in the region both of low and high temperatures. At the same time, for 0.1Pt/4.5Co/Z-28 the region of ΔT100 is narrower and is only 110–130 °C. Upon further increase in Si/Al to 40, the 100% CO conversion was only achieved at 130 °C.



Thus, it can be concluded once again that the initial Co state and its distribution over the zeolite surface plays an important role in the catalytic performance. For two different samples of 0.01Pt/4.5Co/Z-15 and 0.01Pt/2.5Co/Z-28, the ratio of Co/Al are close to 0.75 and the main part of cobalt is located here in the form of oxo-cations [17,18,19]. However, on the first of them, containing 4.5% Co on Z-15, the total amount of Co oxo-cations is higher than on the second, containing only 2.5% Co. With an increase in Co/Al, the proportion of Co oxide particles on the zeolite surface increases, and accordingly, the contribution of the side reaction of hydrogen oxidation increases. This reduces the operating window ΔT100 for the 0.01Pt/4.5Co/Z systems under consideration for Z-28 and Z-40 zeolites in comparison with Z-15. Apparently, with such a catalyst composition of 0.01Pt/4.5Co/Z, it is the Z-15 zeolite that provides the optimal distribution of Co between oxo-cations inside the zeolite channels and oxides, which leads to better Pt-Co interaction.



The importance of involving both oxygen-containing forms of Co in the interaction with Pt has been proved by the results of comparing the properties of catalysts 0.01Pt/4.5Co/Z-28 and 4.5Co/0.01Pt/Z-28 with different order of the introduction of components. When cobalt was introduced over pre-deposited platinum, changes in the electronic state of Pt and Co are even more significant (Table 4). The Pt0 fraction stronger decreased to 8%, and the ratio of Co(III) and Co(II) states became close to this for Co3O4 [70]. In this case, cobalt is located predominantly in the form of a surface Co3O4 oxide; the activity of such a sample turned out to be lower compared to 0.01Pt/4.5Co/Z-28 (Table 5).



Thus, between samples with the 0.01% Pt content, two 0.01Pt/4.5Co/Z-15 and 0.01Pt/2.5Co/Z-28 catalysts are the best in terms of their activity and the ΔT100 operating window. In order to improve the catalytic behavior and to lower the temperature of CO-PROX, the platinum content in the two most promising composites was increased to 0.05 wt.%.




3.2.3. Pt content Influence on Catalytic Properties


As can be seen in Table 5, both catalysts 0.05Pt/4.5Co/Z-15 and 0.05Pt/2.5Co/Z-28 are highly active and stable. As seen in Figure 7, after heating even to low temperatures (50–70 °C) in the reaction medium, the 0.05Pt/4.5Co/Z-15 activity increases to 100% at 50–150 °C, and only slightly reduces to 97 % at 170 °C. Similar behavior was also observed for 0.05Pt/2.5Co/Z-28, where the operating temperature range (ΔT100) is significantly extended for both catalysts. As seen in Figure 8, these catalysts with the optimal composition provide the 100% CO conversion within at least 8 h.



The increase of catalytic activity during the first heating (Figure 6 and Figure 7) may be associated with a catalyst evolution under the action of reaction mixture. In accordance with XPS data (Table 4), the electronic states of both metals noticeably change during the catalytic process and the fraction of oxidized platinum reduces noticeably. Interestingly, at the same time the share of the more oxidized Co(III) state increases. The same changes are also observed in spent 0.01Pt/4.5Co/Z-15 samples with the lower Pt loading. The reduction of platinum under the action of a reducing reaction mixture, including CO and H2, seems to be expected. It is important here that after heating in such a mixture, a significant proportion of oxidized platinum is retained. It is the simultaneous presence of the metallic Pt0 and partially oxidized Ptδ+ phases that is responsible for the high activity of platinum catalysts in the CO oxidation [23,24,44,65,75]. The growth of the Co (III) fraction under the PROX conditions seems quite surprising. Most likely, under the action of the reaction mixture, the reconstruction and redistribution of cobalt species in the zeolite structure can occur. As can be seen in Table 4, the cobalt content on the surface in the spent catalysts increases significantly, which is especially noticeable for a sample with a large 0.05% Pt content.



Close Pt contact with Co oxo-cations containing Co (II) and Co (III) changes the electronic state of both metals. As recently found, the strong interaction between Pt and Co3O4 resulted in an increase of the Pt0 fraction in Pt-Co catalysts [76]. Similar results were obtained for CoOx decorated with platinum on alumina [41] and carbon supports [77]. Another reason for the growth of a more oxidized Co(III) state may be a reconstruction of Co oxidized species, as it was observed during redox treatments of Co3O4 [13]. An easy reducibility and low-temperature re-oxidation of bimetallic Pt-containing catalysts correlates with their higher activity in comparison with monometallic ones [35]. Furthermore, the new electronic states of both metals with a predominance of partially reduced platinum and the most oxidized state of cobalt favorable for the catalytic CO oxidation are formed under the action of the reaction medium. The close interaction of Pt and Co species in different oxidation states provides the organization of new active centers at the Pt-Co interface. It is known that the CO adsorption is weakened and O2 is activated on such sites, and thus, this is the reason for the synergistic effect often observed in Pt-Co systems [36,37,38,39,40,41,75,76,77]. However, two important features are discovered in this work. First, we discover the effect of small additions of highly dispersed Pt particles on the structure and catalytic properties of Co-modified zeolites. In this instance, the LED method for size selective deposition of platinum particles with optimal catalysis size of about 2 nm turned out to be very useful. Second, we discover that it is not only cobalt oxides on the zeolite surface that are involved in interactions with platinum, but also oxo-cationic Co complexes stabilized in the channels. Their interaction with finely dispersed PtOx particles provides the unusually high activity and stability of the designed Pt low loaded catalysts at moderate temperatures. The high Pt dispersion in catalyst prepared by LED may be responsible for the high CO selectivity, as was observed for low loaded 0.3% Pt catalysts promoted with 12%Ce on alumina [43]. In addition, the preservation of oxidized platinum under the process conditions and a decrease in the proportion of Co(II) reduces the dissociative adsorption of hydrogen and increases the selectivity of CO oxidation.



In this study, an improvement in activity and selectivity for Pt-Co supported catalysts with ultralow 0.01–0.05 wt% Pt content was discovered for the first time. Operating temperature ranges between 65 and 130 °C were previously found only for samples with a platinum content of 1% or more [36,37,39,40,41]. A further temperature increase generates a decrease in the CO conversion. Only a few successful attempts to reduce platinum content are known—for example, highly active catalysts with ∼0.8% Pt have been synthesized via a selective atomic layer platinum deposition on supported CoOx nanoclusters [38]. A recently published work [77] reports that full CO conversion for the Pt-Fe-NaY catalyst was observed at 75 °C, but only at a metal loading of 0.75 wt.% and above; attempts to reduce the content of platinum led to a loss of activity. In accordance with published data and our results, it can be concluded that the design of high-performance PROX catalysts should be based on the study of the relationship between their structure and properties, a rational choice of the most appropriate synthesis method, and the type of zeolite and promoting metal, should be conducted.






4. Conclusions


Original method of laser electrodispersion (LED) was applied for the selective deposition of highly dispersed Pt particles of 1.7 nm on the surface of Co-zeolite pre-modified by impregnation with 2.5 or 4.5 wt.% Co. The use of HZSM-5 zeolite with different ratio Si/Al makes it possible to stabilize Co in the form of oxo-cations in zeolite channels that are more active in the CO oxidation compared with surface Co3O4 and CoO oxides and to achieve the best Pt-Co contacts. The fractions of different forms of oxidized Co species and the electronic state of both metals depend on the Co/Al ratio. Prepared by this means, Pt-Co/zeolites with low Pt loading (0.01–0.05 wt.%) are unusually active and stable under the CO-PROX conditions. For two 0.05Pt/4.5Co/Z-15 and 0.05Pt/2.5Co/Z-28 catalysts with the best properties, the 100% CO conversion achieves and maintains for a long time in the temperature range of 50–150 °C. This provides the necessary purification of hydrogen from CO and even overlaps the operating window of 60–80 °C of proton exchange membrane fuel cells (PEMFC). In accordance with XPS studies, new active sites are formed at the Pt-Co interfaces under the action of reaction mixture. It is the use of zeolite that promotes the formation and stabilization of partially oxidized platinum and the most oxidized Co(III) in the close contact on the surface. The weak CO adsorption at the metal-oxide interface leaving sites for the O2 activation and an additional source of oxygen from neighboring Co oxides or oxo-cations provides the improved catalytic behavior of produced catalysts. As far as we know, these are the best results for catalysts with such a low Pt loading. This approach may be applied to design highly active catalysts for the oxidation of CO and other hazardous air pollutants.
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Figure 1. Schematic diagram of the catalyst preparation for the example of Pt/Co/Z. 
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Figure 2. (a,b) TEM images; (c) Si, (d) Co, and (e) Pt EDX element distribution maps; and (f) particle size distribution of the 0.05Pt/2.5Co/Z-28 sample. 
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Figure 3. FTI−pectra of (a): HZ-28, 0.05Pt/2.5Co/Z-28, and 4.5Co/Z-28; (b): 0.05Pt/Z-15 (1), 0.05Pt/4.5Co/Z-15 (2), and 4.5Co/Z-15 (3) in KBr. 
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Figure 4. XP–spectra of (a) Pt4f and Al2p; (b) Co2p for 0.01Pt/4.5Co/Z-28; 0.01Pt/Z-28; and 4.5Co/Z-28. 
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Figure 5. Temperature dependencies of the CO conversion for 0.01 Pt/Z-15 (1), 4.5Co/Z-15 (2) and 0.01Pt/4.5Co/Z-15 (3) samples. 
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Figure 6. Temperature dependences of the CO conversion for the 0.01Pt/2.5Co/Z on zeolites with Si/Al: 15 (1), 28 (2), 40 (3). Shown are the data for heating–cooling cycles: dotted line and open symbols correspond to the heating cycle while solid line and solid symbols correspond to the cooling. 






Figure 6. Temperature dependences of the CO conversion for the 0.01Pt/2.5Co/Z on zeolites with Si/Al: 15 (1), 28 (2), 40 (3). Shown are the data for heating–cooling cycles: dotted line and open symbols correspond to the heating cycle while solid line and solid symbols correspond to the cooling.
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Figure 7. Temperature dependences of CO conversion on 0.05Pt/4.5Co/Z-15 in successive heating–cooling cycles (1 and 2). Shown are the data for two heating–cooling cycles: dotted line and solid symbols correspond to the heating cycle, while solid line and open symbols correspond to the cooling. The up arrow denotes heating. 
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Figure 8. CO conversion over two Pt/Co/Z catalysts at 70 °C as a function of time. 
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Table 1. Pt- and Co-modified HZSM-5 zeolites.
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	Sample
	Si/Al
	Pt, wt.%
	Co, wt.%
	Co/Al 1





	0.01Pt/Z-15
	15
	0.01
	-
	-



	0.05Pt/Z-15
	15
	0.05
	-
	-



	0.01Pt /Z-28
	28
	0.01
	-
	-



	0.05Pt /Z-28
	28
	0.05
	-
	



	4.5Co/Z-15
	15
	-
	4.5
	0.75



	4.5Co/Z-28
	28
	-
	4.5
	1.4



	2.5Co/0.01Pt/Z-15
	15
	0.01
	2.5
	0.42



	0.01Pt/2.5Co/Z-15
	15
	0.01
	2.5
	0.42



	0.01Pt/4.5Co/Z-15
	15
	0.01
	4.5
	0.75



	0.05Pt/4.5Co/Z-15
	15
	0.05
	4.5
	0.75



	0.01Pt/2.5Co/Z-28
	28
	0.01
	2.5
	0.75



	4.5Co/0.01Pt/Z-28
	28
	0.01
	4.5
	1.4



	0.01 Pt/4.5Co/Z-28
	28
	0.01
	4.5
	1.4



	0.05Pt/2.5Co/Z-28
	28
	0.05
	2.5
	0.75



	0.01Pt/2,5Co/Z-40
	40
	0.01
	2.5
	1.1



	0.01Pt/4.5Co/Z-40
	40
	0.01
	4.5
	1.8







1 Co/Al, calculated as Co to framework aluminum AlF atomic ratio.
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Table 2. The textural properties of parent and Pt- and Co-modified zeolites.
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Sample

	
SBET, m2/g

	
SV-t, m2/g

	
Vpore, cm3/g




	
Micropore

	
External






	
Z-15

	
444

	
425

	
19

	
0.18




	
4.5Co/Z-15

	
389

	
368

	
21

	
0.15




	
0.01Pt/Z-15

	
428

	
408

	
20

	
0.17




	
0.01Pt/4.5Co/Z-15

	
350

	
320

	
30

	
0.14




	
0.05Pt/4.5Co/Z-15

	
388

	
370

	
18

	
0.15




	
Z-28

	
462

	
446

	
16

	
0.18




	
2.5Co/Z-28

	
436

	
419

	
17

	
0.15




	
4.5Co/Z-28

	
425

	
406

	
19

	
0.15




	
0.05Pt/Z-28

	
490

	
474

	
16

	
0.19




	
0.05Pt/2.5Co/Z-28

	
446

	
419

	
27

	
0.17
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Table 3. Binding energies (eV) of the XPS components in the spectra of Pt- and Co-modified zeolites (BE Si2p = 103.6eV).
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Sample

	
Co2p3/2

	
Pt4f7/2




	
Co(III)

	
Co(II)

	
Pt0

	
Ptδ+ (PtO)

	
Ptn+ (PtOxAl)






	
Pt/Z

	
–

	
–

	
71.4–71.6

	
72.4–72.6

	
74.0–74.5




	
Co/Z

	
779.8–780.4

	
782.0–782.6

	
–

	
–

	
–




	
Pt/Co/Z

	
780.0–780.4

	
781.9–783.0

	
71.6–71.7

	
72.6–72.7

	
74.2–74.7
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Table 4. Percentages of different Pt and Co states and the relative surface content in Pt- and Co- modified zeolites (initial and spent in CO-PROX) determined by XPS.
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Sample

	
Co, at.%

	
Co/(Si + Al)

	
Pt/(Si + Al)

	
Pt, at.%




	
Co(III)

	
Co(II)

	
Pt0

	
Ptδ+

	
Pt2+






	
0.01Pt/Z-15

	
-

	
-

	
-

	
0.05

	
36

	
21

	
43




	
0.01Pt/Z-28

	
-

	
-

	
-

	
0.11

	
35

	
49

	
16




	
0.05Pt/Z-28

	
-

	
-

	
-

	
0.22

	
61

	
24

	
15




	
4.5Co/Z-15

	
46

	
54

	
0.12

	
-

	
-

	
-

	
-




	
4.5Co/Z-28

	
39

	
61

	
0.17

	
-

	
-

	
-

	
-




	
0.01Pt/4.5Co/Z-15

	
initial

	
45

	
55

	
0.20

	
0.15

	
24

	
45

	
31




	
spent

	
54

	
46

	
0.29

	
0.13

	
46

	
34

	
20




	
0.01 Pt/4.5Co/Z-28

	
16

	
84

	
0.09

	
0.10

	
20

	
50

	
30




	
4.5Co/0.01 Pt/Z-28

	
61

	
39

	
0.12

	
0.01

	
12

	
48

	
40




	
0.05Pt/2.5Co/Z-28

	
initial

	
47

	
53

	
0.11

	
0.28

	
57

	
20

	
23




	
spent

	
75

	
25

	
0.32

	
0.24

	
77

	
8

	
15
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Table 5. The main catalytic characteristics of Pt/Co-modified zeolites: the temperatures corresponding to 50% and maximum conversion of CO (T50 and Tmax, respectively) and temperature range to maintain 100% CO conversion (ΔT100).






Table 5. The main catalytic characteristics of Pt/Co-modified zeolites: the temperatures corresponding to 50% and maximum conversion of CO (T50 and Tmax, respectively) and temperature range to maintain 100% CO conversion (ΔT100).





	Catalyst
	T50, °C
	COmax,%
	ΔT100 (Tmax), °C





	0.01Pt/2.5Co/Z-15
	130
	99
	170



	2.5Co/0.01Pt/Z-15
	108
	100
	130–150



	0.01Pt/4.5Co/Z-15
	90
	100
	110–150



	0.05Pt/4.5Co/Z-15
	<50
	100
	50–150



	0.01Pt/2.5Co/Z-28
	97
	100
	130–170



	0.01 Pt/4.5Co/Z-28
	86
	100
	110–130



	4.5Co/0.01Pt/Z-28
	104
	100
	130



	0.05Pt/2.5Co/Z-28
	<50
	100
	60–150



	0.01Pt/2.5Co/Z-40
	100
	100
	130–150



	0.01Pt/4.5Co/Z-40
	95
	100
	130
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