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Abstract

:

Pt(Ni)/C and PtRu(Ni)/C catalysts were synthesized by electroless deposition of Ni on a carbon dispersion followed by sequenced Pt deposition and spontaneous deposition of Ru species. The structural analyses of the catalysts with 88:12 and 98:2 Pt:Ni atomic ratios pointed out to the formation of small hexagonal Ni crystallites covered by thin cubic Pt surface structures with no evidence about PtNi alloy formation. The onset potentials for CO oxidation on Pt(Ni)/C and PtRu(Ni)/C were about 0.10 and 0.24 V more negative than those of Pt/C, thus indicating their better CO tolerance. The surface Ru species appeared to have the major effect by facilitating the CO removal by the bifunctional mechanism. The onset potential for the methanol oxidation reaction (MOR) of Pt(Ni)/C was about 0.15 V lower than that of Pt/C. The mass and specific activities together with the exchange current densities of the Pt(Ni)/C catalysts were also higher than those of Pt/C, making in evidence their higher activity in front of the MOR. The Tafel slopes for the MOR on Pt(Ni)/C suggested different reaction mechanism than on Pt/C. The electronic (ligand) effect of Ni on Pt was considered the main reason to explain the higher activity of Pt(Ni)/C in front of the CO oxidation and the MOR.
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1. Introduction


The shortage of fossil fuel deposits increases over time along with the energy demand, causing a negative impact on the environment. Thus, many researchers worldwide have turned their attention toward a common goal of developing alternative energy sources. After several decades, fuel cells have emerged as an alternative to other energy sources. There is considerable research on this topic, encompassing the study of aspects such as the production, storage and transportation of hydrogen; new ways of obtaining hydrogen and new catalytic materials, among others [1]. A fuel cell is an electrochemical device that converts directly the chemical energy of a reaction into electrical energy. It allows electricity to be generated by two electrodes, an anode and a cathode, separated by an electrolyte, combining hydrogen and oxygen electrochemically, in the absence of combustion reactions [2]. Very high efficiencies can be reached because they are not affected by Carnot’s heat engine limitation and the absence of moving components within the device, reducing the friction losses that are present in an internal combustion engine.



The cleanest fuel is pure hydrogen. However, the cheapest H2 is still obtained from hydrocarbon reforming and it is well known that it contains a remaining CO, which easily poisons the Pt catalyst generally used in the low temperature fuel cells such as proton exchange membrane fuel cells (PEMFCs). On the other hand, there have been significant efforts in the study of the electrochemical oxidation of alcohols and other hydrocarbons. Organic liquid fuels are characterized by a high energy density, whereas the electromotive force associated with their electrochemical oxidation to CO2 is comparable to that of hydrogen combustion to produce water [3,4,5]. The anode reaction for the methanol oxidation reaction (MOR) on Pt and Pt-based alloys in direct-methanol fuel cells (DMFCs) has been explored since many years ago [3,6,7,8,9]. DMFCs, which also use proton exchange membranes as electrolyte, are fed directly by a methanol/water mixture at the anode. Methanol is oxidized to CO2, but by-products such as formaldehyde, formic acid, and especially the intermediate carbon monoxide, which decrease the cell efficiency, are formed. The PtRu alloys are at present the best candidates for the MOR and their good performance are explained by the bifunctional mechanism and the electronic effect of the Ru alloying atom [7,8,9,10,11,12,13,14,15,16,17,18,19]. According to the theory of the bifunctional mechanism, the formation of hydroxylated species on Ru at low potentials favor the formation of CO2 from adsorbed CO on Pt:



In addition, the modification of the electronic structure of Pt by Ru can decrease the adsorption strength of the poisoning species, thus contributing together with the bifunctional mechanism to increase the rate of Equation (1).


Pt‒CO + Ru(OH) → Pt + Ru + CO2 + H+ + e−



(1)







The electrooxidation of ethanol is also of special interest because it has a high energy content, with 12 electrons per mol, low toxicity and little environmental concerns [4,5]. The ethanol oxidation reaction (EOR) is more complex than that of methanol because it requires de C-C bond breaking and the CO2 yield is small in mild conditions of temperature and pressure [20,21]. Good performances have been reported when using PtRu, PtRh, PtPd and PtSn catalysts [20,22,23,24,25,26]. Conversely, Fe, Ni and Co supported on micro/nano-structured carbon did not present catalytic activity for the EOR [27]. The C–C bond breaking was favored with PtRh. However, the ethanol conversion to CO2 is still limited.



At present, the benchmark catalysts for PEMFCs in the industrial-related applications are carbon-supported Pt and Pt-based alloys [28]. It is generally accepted that alloying Pt with other transition metals allows improving the reaction rates by tuning the d-band structure of the Pt surfaces to lower the bond strength of the Pt-adsorbates, thus leading to better resistance to poisoning [12,28,29,30,31,32]. Many basic research scientists are currently focusing their attention to obtain catalysts with precursors that provide good electrocatalytic activity using small amounts of noble catalytic metals to lower costs [33,34,35,36]. Thus, alloying Pt with other transition metals such as Cu, Fe, Ni and Co, has allowed obtaining catalysts with better performance due to favorable electronic effects together with decreasing the amount of precious metals [14,17,18,28,29,31,33,35,37,38,39,40,41,42,43,44,45,46].



Ni-containing Pt-based alloys have been synthesized and tested for the oxygen reduction reaction (ORR) [28,33,35,39,41,47,48,49], and the CO [18,38], methanol [8,31,37,41,50,51,52,53] and ethanol [8,22,29,44,45,46] oxidation reactions, with generally better results than using Pt/C and the same alloys in the absence of Ni. The oxidation of ethylene glycol and glycerol on one-dimensional Pt3Ni nanowires and nanorods has been also studied [54], with the conclusion that it presented higher mass and specific activities than Pt/C. This was generally explained by geometric factors related to the Pt-Pt bond length decrease and/or the ligand effect of Ni on Pt. Thus, Zignani et al. [39] obtained carbon-supported PtxNiy catalysts that showed a high electrochemically active surface area (ECSA) and good activity towards ORR in acidic medium as compared to commercial Pt/C. Similar results together with good stability were reported by Beermann et al. [28] and Choi et al. [33] with Rh-doped and halide-doped PtNi alloys, respectively. In addition, the methanol tolerance of PtNi alloy cathodes in DMFCs was better than that of Pt/C [41]. On the other hand, alloying the PtRu catalysts with Ni improved their activity for CO, methanol and ethanol oxidation reactions [18,31,38]. Thus, Park et al. [31] reported onset potentials por the MOR decreasing in the sequence: Pt/C > Pt1Ni1/C > Pt1Ru1/C > Pt5Ru4Ni1/C. Wang et al. [45] and Ribadeneira et al. [46] found that Pt60Ru30Ni10/C and Pt75Ru15Ni10/C, respectively, performed better than Pt1Ru1/C for the EOR. The same was reported for the PtRh alloys used for the ethanol oxidation [29,44]. Erini et al. [44] found that the EOR activity of Pt26Rh5Ni69 outperformed the benchmark Pt32Rh12Sn56/C in acidic and alkaline media, with higher specific currents per mass of precious metals than the latter. Shen et al. [29] reported for PtRh catalysts supported on graphene nanosheets that the onset potential for the EOR in Pt75Rh15Ni10 was better than that of Pt75Rh25. In these papers, catalytic structures mainly consisting of alloys in the form of fcc Pt solid solutions have been described.



There are other research papers dealing with core-shell structures [18,37]. Serrà et al. [37] used CoNi nanorods covered by a Pt shell formed by galvanic displacement for the MOR, which presented much better performance than Pt nanorods and Pt/C. Wang et al. [18] reported core-shell structures for the CO oxidation. In this case, a carbon-supported PtNi alloy core covered with a PtRu shell was prepared by impregnation and high temperature reduction, followed by galvanic displacement and annealing treatment. This structure showed higher activity than that of PtRu/C due to the synergistic effect between core and shell. In the latter core-shell structures, Ni did not appear to be in contact with the electrolyte. However, it is under discussion whether the surface Ni is being dissolved during the stability tests [28,33] and/or it is oxidized to highly conductive Ni(OH)2, which may help the desorption of CO by the bifunctional mechanism [38,51]. Recently, Glüsen et al. [49], using dealloyed PtNi/C catalysts with a PtNi core and a Pt-rich shell, found that Ni was necessary in the core and detrimental in the shell for both, the activity and stability of the DMFC cathode. Recent publications show the renewed interest in studying PtNi alloys for methanol oxidation [49,51,52,53,54].



In this study, Pt(Ni)/C and PtRu(Ni)/C electrocatalysts on Vulcan XC72R carbon were synthesized using different proportions of metals by chemical reduction of a Ni precursor with NaBH4 and subsequent deposition of Pt from a Pt(IV) precursor. It is then expected that the final structure was a Ni-rich core covered by a Pt-rich shell, similarly to the Pt(Cu)/C and PtRu(Cu)/C catalysts prepared earlier by the authors, which led to good onset potentials for the CO oxidation and the MOR [14,17,42,43]. The catalysts obtained were evaluated in a three-electrode cell for the oxidation reactions of CO and methanol in sulfuric acid. The characterization of the catalysts obtained was performed using the electrochemical methods of cyclic voltammetry (CV), CO stripping and linear sweep voltammetry (LSV). In addition, they were analyzed by X-ray diffraction (XRD), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) and high-resolution TEM (HRTEM).




2. Results and Discussion


2.1. Electrochemical Characterization by CV


Preliminary experiments showed that the cyclic voltammograms for the catalysts prepared from Pt(IV):Ni(II) ratios of the precursors of 1:1 and 2:1 in weight presented small current densities referred to the electrode section and thus, small hydrogen adsorption/desorption charges. These values were greater for Pt(IV):Ni(II) ratios of 3:1 and 8:1. This can be explained by the different number of Pt active sites in each specimen, which were smaller in the case of 1:1 and 2:1 due to an insufficient amount of Pt to effectively cover the Ni cores. Representative cyclic voltammograms in deaerated 0.5 M H2SO4 in the range from −0.2 to 0.8 V of the Pt(Ni)/C catalysts with precursor ratios of 3:1 and 8:1, which will be designed in the following lines as Pt(Ni)/C 3:1 and 8:1, respectively, are depicted in Figure 1, curves a and b, respectively. As can be seen, the cyclic voltammograms of the Pt(Ni)/C catalysts presented the typical features of Pt/C (curve c) [7,17,55,56]: (i) the hydrogen adsorption/desorption region on the (110) and (100) Pt faces (from −0.2 to about 0.2 V), (ii) the Pt oxidation (from ca. 0.45 V) and (iii) the corresponding Pt oxide reduction peak (at about 0.6 V). Note that they have been normalized to the respective hydrogen desorption charge, which is proportional to the number of active sites of the corresponding catalyst, thus allowing a better comparison of their profiles with that of Pt/C. The Pt(Ni)/C catalysts presented cyclic voltammograms with similar profile in the hydrogen adsorption/desorption potential region as that of commercial Pt/C, which is the expected result when a core shell Pt(Ni) catalyst structure is approached. However, the corresponding peaks in Pt(Ni)/C appear to be somewhat deformed with respect to those of Pt/C, probably due to the conditioning effect of the Ni core on the surface Pt. Some more differences appear in the potential region of Pt oxidation. Pt is oxidized from about 0.45 V in Pt(Ni)/C, whereas it is from about 0.6 V for Pt/C. In addition, the cathodic peak corresponding to Pt oxide reduction appears at about 0.6 V for Pt(Ni)/C, but it is somewhat shifted in the negative direction for Pt/C.



The same trend was reported in our previous paper in which a Pt(Cu)/C was also synthesized by sequenced deposition of Cu and Pt [17]. The onset potential for Pt oxidation in Pt(Cu)/C under the same conditions as in this work was also 0.45 V and the Pt oxide reduction peak was also found at about 0.6 V. This can be interpreted in the same form as in the case of Pt(Cu)/C [17], assuming that the Pt(Ni) nanoparticles present Pt surface structures that are more defective than those found in the lattice of the pure Pt nanoparticle and consequently, the Pt surface atoms are more active in Pt(Ni).



The effect of the spontaneous deposition of Ru species onto Pt(Ni)/C is exemplified in Figure 1b. This figure, in which the current densities referred to the electrode section have been represented, compares the cyclic voltammograms of Pt(Ni)/C 3:1, without (curve d) and with deposited Ru species (e). As indicated in the experimental part, both specimens were prepared to have the same Pt load. Both curves show similar profiles and are the same as that of Pt (Figure 1a), but the current densities for PtRu(Ni)/C in the potential range of hydrogen adsorption/desorption region are smaller than in Pt(Ni)/C due to the blockage of Pt active sites by the deposited Ru species [11]. As the latter are inactive for hydrogen adsorption, the ECSA of PtRu(Ni)/C is smaller than that of Pt(Ni)/C. In addition, the current densities in the intermediate potential region of 0.1–0.5 V are higher for PtRu(Ni)/C because the capacitive currents increase due to the formation of hydroxylated Ru species. In the potential region of 0.6–0.8 V the current densities are again smaller due the blockage of Pt active sites, which results in a less amount of Pt exposed to oxidation. When comparing the hydrogen adsorption/desorption charges, that corresponding to PtRu(Ni)/C is 80% of Pt(Ni)/C, thus indicating that the coverage of the Pt active sites in the former is 0.20. A very similar value has been obtained for PtRu(Ni)/C 8:1, with a coverage of 0.21 by the Ru species. According to our previous work [11], these values are in the optimum range 0.2–0.3 for CO and methanol electrooxidation. It is worth to note that such small coverages lead to only 0.3 at% of Ru to the PtRu(Cu)/C nanoparticles [17], but it was sufficient to produce major effects in the methanol and the CO electrooxidation.



The cyclic voltammograms were reproducible and repetitive after the first cycle. However, in order to have a first approach to the stability of the catalysts, many consecutive cyclic voltammograms were performed. The first and the 100th cyclic voltammograms for Pt(Ni)/C and PtRu(Ni)/C 3:1 at 20 mV s−1 are depicted in Figure 1c,d, respectively. It is shown in these figures that the 1st and 100th cyclic voltammogram of Pt(Ni)/C (curves f and g), and of PtRu(Ni)/C (curves h and i), have the same profiles, although a slight decrease in the current densities of the latter is apparent. The hydrogen desorption charges after the consecutive cycling of Pt(Ni)/C and PtRu(Ni)/C 3:1 decreased by 8.8 and 3.0% respectively, with comparable values of 10.5 and 5.0% for 8:1. This can be due to the surface Pt restructuration because the anodic limit of the cyclic voltammograms is well in the potential range of Pt oxidation and therefore, the catalysts can be considered rather stable [43], thus suggesting that Ni is reasonably covered by a Pt shell.




2.2. Structural Analysis


The XRD diffractograms of the Pt(Ni)/C catalysts studied are plotted in Figure 2a, where they are compared to that of Pt/C. The diffraction angles of pure Pt have been also depicted in this figure. Four peaks for the Pt(Ni)/C specimens centered at 2θ angles of 39.8, 46.2, 67.6 and 81.4° appear, which can be related to the (111), (200), (220) and (311) planes of fcc Pt [57]. The diffraction angles of the Pt(Ni)/C specimens are only slightly shifted to smaller values with respect to pure Pt, with reported 2θ values of 40.04, 46.54, 67.86 and 81.51° [58], indicating that the Pt-based structures in Pt(Ni)/C are mainly composed of pure Pt. In addition, no diffraction peaks can be ascertained in relation to possible Ni-based phases, which should appear in the positions represented in Figure 2b. If present, they should be as very small crystallites or in amorphous form. Figure 2b is a magnification of the region corresponding to the (111) diffraction peak of Pt, which include the 2θ signals of the (010) and (002) planes of the Ni hexagonal structure at 39.10 and 41.53°, respectively, and also that of the (111) plane of cubic Ni, with a 2θ value of 44.37° [58].



In order to estimate the alloying degree between the involved metal atoms, the Vegard’s law is normally applied. However, this law cannot be applied in our case because the Pt-based peaks of the Pt(Ni)/C catalysts are shifted to angles slightly smaller than that of pure Pt. If a fcc PtNi alloy was formed, 2θ should be displaced to higher angles, which would correspond to a Pt lattice contraction [18,28,35,39]. In Figure 2, the Pt diffraction peaks are shifted towards the diffraction angle of hexagonal Ni instead to the higher angles where the cubic Ni signal is located. Studies about PtNi catalysts in the literature, prepared by simultaneous reduction of the platinum and nickel precursors [18,28,33,39,49,51,52,59], described fcc alloy structures with 2θ angles between those of pure cubic Pt and pure cubic Ni, then higher than those of Pt, according to a Pt lattice contraction, just the opposite found in this paper. This can be explained assuming that hexagonal Ni is spontaneously formed when depositing Ni alone in the present synthesis conditions, whereas cubic PtNi results from Pt and Ni codeposition.



A Pt lattice contraction was found for Pt(Cu)/C catalysts prepared in the same form as in our present paper, thus indicating some alloying degree between Pt and Cu, forming a fcc PtCu alloy structure [43,60]. As this is not the case from the results shown in Figure 2, we may conclude that a PtNi alloy is not being formed in the present conditions. The probable structure of the synthesized Pt(Ni) nanoparticles is composed of very small Ni core with hexagonal structure covered by a Pt shell with cubic structure. We feel that the position of the Pt peaks in Figure 2 could be explained in two forms: (i) the Pt lattice is slightly expanded because it has grown on the hexagonal Ni core and (ii) this peak is the summation of the contribution of small hexagonal Ni crystallites together with the dominant Pt cubic phase.



From the Pt diffraction angles, the crystallite sizes have been estimated using the Scherrer Equation (2) and collected in Table 1:


  d =   K λ   B cos θ    



(2)




where K = 0.9, λ (nm) is the wavelength of the X-ray radiation and B (radians) is the width of the measured diffraction peak at an intensity equal to half the maximum one.



Representative TEM images of the specimens at different magnifications are given in Figure 3. Figure 3a and c show the homogeneous dispersion of the Pt(Ni) nanoparticles on carbon, whereas Figure 3b and d depict the corresponding HRTEM images. The size distribution has been included in the insets of Figure 3a,c, with the mean values also listed in Table 1. They are somewhat higher than those estimated from XRD, but this can be due to the difficulties is ascertaining from the TEM observations the real form of the nanoparticles and their possible aggregation.



The Fast Fourier Transform (FFT) analyses given in the inset of Figure 3b reveal d-spacings of 2.32, 2.29 and 2.26 Å for the 3:1 precursor ratio, whereas that of Figure 3d, d-spacings of 2.35, 2.30, 2.25 and 1.96 Å for 8:1. These values are comparable to the d-spacings of 2.25 and 1.95 Å for cubic Pt and to 2.30, 2.17 and 2.03 Å for hexagonal Ni [58]. Cubic Ni should contribute with d-spacings of 2.04 and 1.77 Å and seems to be not relevant in this case, in agreement with the XRD results of Figure 2. On the other hand, the EDS analyses performed in STEM mode on different regions of the catalysts were similar, indicating a homogenous dispersion, and led to the mean values also listed in Table 1. It can be observed that the Pt contents in the Pt(Ni)/C catalysts are relatively high, with about 15 and 19 wt% for the 3:1 and 8:1 precursor ratios, respectively, and comparable to commercial Pt/C. The respective amounts of Ni were rather small, of about 0.6 and 0.1 wt%, which corresponded to relative Pt:Ni at% ratios of 88:12 and 98:2. Despite Pt clearly dominated, the TEM results also suggested the presence of small hexagonal Ni structures together with cubic Pt, in agreement with the XRD results. Due to the higher amount of Pt, the possibility that the Pt peaks in Figure 2 to be the summation of the contribution of small hexagonal Ni crystallites together with the dominant Pt cubic phase is more feasible.




2.3. CO Electrooxidation


The cyclic voltammograms corresponding to CO stripping experiments of the Pt(Ni)/C catalysts are depicted in Figure 4a. It is shown that the current-voltage profiles for both, Pt(Ni)/C 3:1 (curve a) and 8:1 (curve b) present peak potentials that are shifted to potentials more negative than that corresponding to Pt/C (curve c). This is related to the different onset potentials, which were about 0.38 and 0.44 V for Pt(Ni)/C 3:1 and 8:1, respectively, whereas that for Pt/C was about 0.48 V. Moreover, the CO stripping peaks in the Pt(Ni)/C catalysts can be deconvoluted into two contributions, with a shoulder at about 0.50 V and a peak at about 0.56 V, whereas only one peak at about 0.60 V appeared in the case of Pt/C. These two contributions for the Pt(Ni)/C catalysts suggest that CO oxidation takes place on two different surface Pt domains having different activity. Both show onset potentials placed at more negative values than that of Pt/C, meaning that more active structures for CO oxidation have been formed in Pt(Ni)/C. This can be explained by the formation of two different domains, one being Ni-rich, in which Ni is covered by a thin layer of Pt, and another one which is Pt-rich, consisting of a thicker layer of Pt on Ni. The peak potential of 0.6 V can be assigned to CO oxidation on Pt (100) and (111) terrace sites [55], which is consistent with the CV profile of Pt/C shown in Figure 1, curve c. According to this figure, the Pt(Ni) nanoparticles appeared to have Pt sites of the same type as those of pure Pt and for this reason, we may conclude that the negative shift of the onset potentials to more negative values for the Pt(Ni)/C catalysts was at least due to the electronic effect of Ni. In fact, Park et al. [31] have reported electronic effects of Ni on Pt in PtNi alloys with 1:1 and 3:1 atomic ratios, evidenced by the Pt 4f band shift of Pt to smaller binding energies due to the electronic donor effect of Ni. In addition, computational calculations of Jiang et al. [50] showed partial charge transfer from Ni to Pt in PtmNin alloy clusters, which was supposed to be responsible for the decreased CO poisoning. On the other hand, Corona et al. [32] reported the binding energy tuning of oxygen species with Pt for Pt(Ni) core-shell structures, thus increasing the activity for the oxygen reduction reaction. As a result, Ni in Pt(Ni) produces a positive effect in increasing the CO tolerance of Pt. It is also of interest to note that the onset potential for CO stripping in Pt(Cu)/C catalysts previously studied by us, obtained also by sequenced deposition, was about 0.4 V [17,42], a value close to that of Pt(Ni)/C, curve a in Figure 4a. This highlights that Ni and Cu behave in a similar manner in both catalysts. There is however, a significant difference in the onset potentials of Pt(Ni)/C 3:1 and 8:1, which can be the result of the different Pt:Ni atomic ratio in the Pt(Ni) catalysts, as found from the EDS analyses. Pt(Ni)/C 3:1 has higher amount of Ni than 8:1 and therefore, a greater quantity of Ni-rich domains is expected, thus explaining why the peak appearing at the most negative potential is more pronounced than in the latter.



From all these results, the positive effect of Ni in the CO tolerance of Pt can be explained by the electronic effect of charge transfer to Pt (ligand effect), which weakens the CO adsorption strength. It is worth mentioning that oxidized Ni species have also been suggested to facilitate the CO oxidation reaction via hydrogen spillover and the enhanced oxidation of CO by nickel hydroxides [38]. No evidence about the presence of oxidized Ni species has been obtained in this paper because according to the cyclic voltammograms shown in Figure 1, it seems that Ni should be completely covered by Pt. A further discussion about this point is performed from the methanol oxidation results shown below.



It is also interesting to compare the CO stripping experiments obtained with the Pt(Ni)/C catalysts with those for PtRu(Ni)/C and PtRu/C. This is presented in Figure 4b, where the different curves have been also normalized to the CO stripping charge. It is shown that there is only one stripping peak for PtRu/C (curve c), with a peak potential of about 0.44 V, whereas there are two peaks at 0.44 and 0.56 V for both, Pt(Ni)/C 3:1 (curve a) and 8:1 (curve b). In the case of PtRu/C, due to the 1:1 atomic ratio, the active sites for CO oxidation have all similar structural characteristics. This appears to be different for PtRu(Ni)/C, in which two distinct structural regions seem to be present, the first one similar to that of PtRu/C (peak potential of 0.44 V) and the second one, similar to that found for Pt(Ni)/C in Figure 4a (peak potential of 0.56 V). The most interesting result in Figure 4b is that the onset potentials for CO oxidation for both PtRu(Ni)/C catalysts are close to that of PtRu/C, of about 0.24 V. This represents a shift of about 0.14 and 0.20 V in the negative direction with respect to Pt(Ni)/C 3:1 and 8:1, and of about 0.24 V for PtRu/C with respect to Pt/C, respectively. An additional interesting feature is that this onset potential of about 0.24 V approximately coincides with that of PtRu(Cu)/C catalysts prepared by galvanic exchange of Pt with Cu [17,42].



Liang et al. [38] reported an onset potential for CO stripping in PtRuNi/C with 1:1:1 atomic ratios which was about the same as that obtained for PtRu/C. Wang et al. [18] studied the CO tolerance in PtRu/PtNi/C core shell catalysts synthesized by impregnation and high temperature reduction, followed by galvanic displacement of surface Ni by Ru species and further annealing treatment. The nominal atomic ratio of Pt to Ni was 3, and the onset potential for CO stripping in 0.1 M HClO4 was about the same as that for PtRu/C, also in agreement with our results. However, the use of a PtNi core allowed saving the Pt amount and therefore, the mass specific currents (referred to the unit mass of Pt) were significantly higher. One can then conclude that Ni and Cu behave in a similar manner and that the Ru deposited species play the major role in PtRu(Ni)/C and PtRu(Cu)/C.



The Ru species expected to be deposited on Pt(Ni)/C are the same as those on Pt/C, mainly RuO2 and hydrous oxides RuOxHy, as determined by XPS [61]. In this case, the formation of the hydroxylated species RuOxHy(OH) through the following Equation (3) is expected [61,62]:


RuOxHy + H2O → RuOxHy(OH) + H+ + e−



(3)




then being RuOxHy(OH) instead of Ru(OH) of Equation (1) the Ru species participating in the bifunctional Equation (4) favoring the CO removal:


RuOxHy(OH) + Pt‒CO → RuOxHy + Pt + CO2 + H+ + e−



(4)







Due to the coverage of surface Pt by the Ru species, CO is easier removed by the bifunctional mechanism and the effect of Ni is not now detected due probably to its relatively small amount. In any case, the presence of Ni allows decreasing the cost of the catalyst because less amount of Pt is used.




2.4. Methanol Electrooxidation


The activity of the catalysts has been compared through the corresponding mass activities jm (currents per Pt mass) and specific activities js (currents per squared cm of Pt), which are particularly useful to compare the catalytic activities when dealing with catalysts having different ECSAs [28,43,47]. They were determined from the catalyst loading on the GCE and the charge of the CO stripping peaks, considering that the oxidation of a CO monolayer on polycrystalline Pt needed 420 µC cm−2 [63] leading to the ECSA results also listed in Table 1. Values in the range 50–100 m2 g−1 are quite frequent in the literature and depend on the support employed and the synthesis procedure, which condition the number of nucleation centers for the metal deposition [39,40,43,59]. In our case, the Pt deposition in ethylene glycol proceeds on the previously prepared Ni/C specimens. In these conditions, apart from the Pt(IV) reduction by ethylene glycol, the galvanic exchange of Ni by Pt can also take place according to the following Euqaiton (E0 = 1.004 V):


2 Ni + PtCl62− → Pt + 2 Ni2+ + 6Cl−



(5)







It is then expected that Pt is mainly deposited on the Ni particles in Ni/C because of such a galvanic exchange and that the interaction between the metals is stronger than that with carbon. This can also explain that the ECSA of Pt(Ni)/C 8:1 is smaller than that of Pt(Ni)/C 3:1 because the smaller amount on Ni in the former can facilitate a greater Pt agglomeration. The higher mean size of the Pt(Ni)/C 8:1 nanoparticles estimated from the TEM analyses with respect to the mean values estimated from XRD is also in agreement with such a higher agglomeration in the latter.



The linear sweep voltammograms obtained for the methanol oxidation on the different catalysts studied are shown in Figure 5, the mass activities jm in Figure 5a and the specific activities js in Figure 5b. It is apparent in Figure 5a,b that Pt(Ni)/C 3:1 (curves a) showed the most negative onset potentials of about 0.15 V, in front of those of Pt(Ni)/C 8:1 (curves b) and Pt/C (curves c), with respective onset potentials of about 0.25 and 0.30 V. The improved onset potentials for Pt(Ni)/C with respect to Pt/C correlated with their higher mass and specific activities depicted in Figure 5a,b. This cannot be assigned to the ability of Ni itself for the MOR because, at least, the most part of Ni in the Pt(Ni) nanoparticles can be supposed to be occluded by Pt shells. On the other hand, it was evidenced by Macias-Ferrer et al. [50] that carbon-supported Ni did not have catalytic activity for the MOR. These results are also in agreement with those reported in this paper for CO oxidation (Figure 4a), what is not strange because CO appears to be an intermediate in the methanol oxidation [8,64].



It is also shown in the insets of Figure 5a,b the jm and js values of the catalysts at 0.4 V for a better comparison of their activity. Note the highest jm value of 220 mA mgPt-1 for Pt(Ni)/C 3:1 in front of 75 and 97 mA mgPt−1 for Pt(Ni)/C 8:1 and Pt/C, respectively. The same trend is observed for js, with respective values of 0.45, 0.23 and 0.24 mA cmPt−2 for Pt(Ni)/C 3:1, Pt(Ni)/C 8:1 and Pt/C. The difference between both Pt(Ni)/C catalysts could be also explained by their different relative amount of Ni-rich domains, which would be more active for the methanol (and CO) oxidation, and Pt-rich ones, less active for these reactions. The Ni-rich domains should be more abundant in Pt(Ni)/C 3:1 and this correlated with its greater activity. The smaller mass activities found for Pt(Ni)/C 8:1 could be explained by its smaller Ni content, making it more similar to Pt/C. In fact, Guerrero-Ortega et al. [52] reported maximum mass activities at 20 mV s−1 in the same electrolyte of about 700 mA mgPt−1 for methanol oxidation in Ni3Pt alloys, a value greater than that obtained in the present work of about 420 mA mgPt−1. This difference can be ascribed to the different Ni content and suggests that it can be increased with the amount of Ni. It is also interesting to remark that Wang et al. [51] reported also onset potentials of about 0.1–0.2 V vs. SCE, which is about 0.15–0.25 V vs. Ag/AgCl/KClsat, at a sweep rate of 50 mV s−1 in 0.5 M methanol +0.5 M H2SO4, for fcc PtNi alloys supported on electrochemically reduced porous graphene oxide. The best onset potentials and the maximum current densities were achieved for the Pt:Ni atomic ratio of 1:1, decaying for higher Pt relative contents and also for higher Ni relative contents. The structure and electronic modification of Pt by Ni has always been invoked to explain the favorable effect of Ni in the alloy in front of the MOR, although some effect of the Ni oxidized species has also been considered [31,51,52]. These results points to that there is a scope to optimize the synthesis of the Pt(Ni)/C catalysts of the present paper to obtain better mass activities.



The onset potentials when using PtRu appeared to be better than those obtained with PtNi, as in the case of CO. Considering the potential scale of the Ag/AgCl/KClsat reference electrode, onset potentials for the MOR in commercial 1:1 PtRu/C in the conditions of the present paper of about 0.10 V were reported by us [65]. Park et al. [31] gave onset potentials in 2.0 M methanol +0.5 M H2SO4 at 50 mV s−1 of 0.15, 0.07, 0.09, 0.12 and 0.06 V for pure Pt, 1:1 Pt:Ru, 1:1 Pt:Ni, 3:1 Pt:Ni, and 5:4:1 Pt:Ru:Ni alloy nanoparticle catalysts, respectively. It is then demonstrated that the onset potentials for PtNi catalysts may approach those of PtRu ones, but they are still smaller. This is probably related to the mechanism of the methanol oxidation on these different catalysts. To obtain further insight about this point, the E vs log js plots shown in Figure 6 were performed, from which the anodic Tafel slopes ba and charge transfer coefficients αa were obtained and collected in Table 2. Note that the specific current densities js corresponded to real current densities because they were referred to the unit area of Pt.



Good correlation between E and log js can be observed, with squared correlation coefficients greater than 0.99. The respective exchange current densities j0s, estimated by extrapolating the Tafel plots to the standard potential of the MOR of −0.153 V vs. Ag/AgCl/KClsat (0.046 V vs. SHE) [65], are listed in Table 2.



The js0 results clearly evidence that the Pt(Ni)/C catalysts were about ten times more active than Pt/C. The different values of the Tafel slopes and of the anodic charge transfer coefficients also point out to differences in the mechanism for the methanol oxidation on Pt(Ni)/C and Pt/C. The Tafel slope of 0.125 V dec−1 and the charge transfer coefficient of 0.48 are close to the values of 0.119 V dec−1 and 0.5, respectively, predicted for one electron transfer step as the rate-determining process with the adsorbed intermediates following a Langmuir isotherm [65]. In the case of the methanol oxidation on PtRu/C, in which the hydroxylated species on Ru participated in the bifunctional mechanism, a Tafel slope of 0.199 V dec−1 was found, the oxidation of the intermediate CO-type species being proposed as the rate-determining step [65]. Tafel slopes in the range 0.123 to 0.230 V dec−1 were also reported in our previous kinetic studies of methanol oxidation on Ru-decorated Pt/C, when the coverage of the Pt sites varied from 0.0 to 0.6, which was attributed to an increase in the amount of the hydroxylated Ru species with coverage [11]. The Tafel slopes and charge transfer coefficients for the MOR on Pt(Ni)/C are intermediate between those found for Pt/C and PtRu/C and suggest that the rate-determining step of the reaction on Pt(Ni)/C is also the oxidation of the intermediate CO-type species. It has been reported in previous studies that Ni(OH)2 plays a role in the CO oxidation and the MOR on PtNi alloys [31,38,51,52], which it is not easily dissolved [28], because it can be oxidized according to Equation (6) [31,38]:


Ni(OH)2 → NiOOH + H+ + e−



(6)




and can be recovered by the following redox Equations (7) and (8):


NiOOH + x Pt‒H → Ni(OH)2 + x Pt



(7)






2 NiOOH + Pt‒CO + H2O → 2 Ni(OH)2 + CO2 + Pt



(8)







Coming back to the present catalysts it seems improbable that there were significant amounts of Ni(OH)2, considering the cyclic voltammograms of Figure 1 and the overall amount of Ni in the catalysts, as previously discussed. There is in fact the possibility of some Ni(OH)2 formation because the galvanic exchange of Equation (5) leads to Ni2+ and in addition, the different structure of Ni and Pt may produce defective Pt/Ni interfaces enabling some Ni oxidation during the anodic scans. However, no significant quantity is expected and the electronic effect of charge transfer (ligand effect) of Ni to Pt is considered the main reason explaining why the activity of Pt(Ni)/C in front of the CO oxidation and the MOR is higher than that of Pt/C. However, these results open the way to further studies analyzing the possible presence and role of oxidized Ni species in Pt(Ni)/C.





3. Materials and Methods


3.1. Synthesis of the Pt(Ni)/C and PtRu(Ni)/C Catalysts


The dispersion of Ni nanoparticles on carbon was prepared by chemical reduction of the Ni(II) precursor with sodium borohydride in basic medium using a procedure adapted from Hosseini et al. [59] and Zignani et al. [39]. The carbon employed was Vulcan XC72R (Cabot Corporation, Boston, MA, USA), which presents a particle size of about 30 nm and a surface area of about 250 m2 g−1 [17,66], which is frequently used as a support in the literature because its low cost and sufficiently high surface area to obtain a good dispersion of the catalyst nanoparticles. Instead of Pt(IV) and Ni(II) precursors co-reduction, the Ni(II) was reduced first and afterwards, Pt was deposited from a Pt(IV) precursor in order to approach a core-shell structure [43]. First, a carbon dispersion was prepared with 10 mg of carbon, 1.5 mL of isopropyl alcohol (analytical grade, Merck KGaA, Darmstadt, Germany) and 0.5 mL of distilled water, purified by means of a Millipore Direct-Q 3UV-R system (ρ > 18.2 MΩ cm, Merck, Darmstadt, Germany). This mixture was sonicated for 1 h. Then a NiCl2 solution prepared dissolving a given amount of NiCl2.6H2O (99.95%, Alfa Aesar, Haverhill, MA, USA) in 1 mL of water was added and further dispersed for 1 h more. The amount of the Ni(II) precursor to prepare 1 mL of such solution was about 10 mg. Afterwards, 0.0165 g of trisodium citrate (analytical grade, Merck KGaA, Darmstadt, Germany) dissolved in 1 mL of water was added to the mixture as a stabilizing agent. Finally, a solution prepared with 0.0337 g of NaBH4 (analytical grade, Merck KGaA, Darmstadt, Germany) and 0.0050 g of NaOH (analytical grade, Alfa Aesar, Haverhill, MA, USA) in 5 mL of water was added dropwise with vigorous stirring at 75 °C. The Ni hydrosol was aged for 24 h at 70 °C in open oven to decompose the residual NaBH4 and obtain dry powder.



The resulting Ni/C powder was dispersed in 3.5 mL ethylene glycol (analytical grade, Alfa Aesar, Haverhill, MA, USA) for 2 h and then, the corresponding amount of 10 wt.% H2PtCl6 solution (3 wt.% Pt) (analytical grade, Merck KGaA, Darmstadt, Germany) was added. The amount of the Pt(IV) precursor employed depended on the catalyst to be synthesized, varying between 1:1 and 8:1 the relative content in weight of Pt to Ni in the Pt(IV):Ni(II) precursor ratios. The pH of the mixture was adjusted to a value in the range 7.0–8.0 and it was then stirred for 4 h at 90 °C. The Pt(Ni)/C electrocatalyst was collected after washing with water and then oven dried at 80 °C.



On the basis of the synthesized Pt(Ni)/C catalysts, the PtRu(Ni)/C ones were prepared by spontaneous deposition, as indicated elsewhere [17]. To obtain these catalysts, 1.0 mg mL−1 dispersion of Pt(Ni)/C in a 1:1 mixture by volume of isopropanol/water was prepared. Then, 40 μL of this dispersion were placed on the tip of a clean glassy carbon electrode (GCE) and dried under a lamp. Afterwards, the modified electrode was introduced into an aged 8.0 mM solution of RuCl3 in 0.10 M HClO4 (analytical grade Alfa Aesar, Haverhill, MA, USA and Merck, Darmstadt, Germany, respectively) for 30 min without stirring to carry out the spontaneous deposition of Ru species [17]. This immersion time was selected because in these conditions, intermediate coverage values of the Pt sites by Ru species, suitable for CO and methanol oxidation, were obtained [10,17,67]. Accordingly, PtRu(Ni)/C is mainly Pt(Ni)/C with Ru species on the surface. After careful rinsing with water, the PtRu(Ni)/C catalyst was ready for testing.




3.2. Structural Analyses


The Pt(Ni)/C catalysts were characterized by means of XRD with a PANalytical X’Pert PRO MPD θ/θ powder diffractometer (Cu anode, 45 kV, 40 mA, Malvern Panalytical Ltd., Malvern, UK), using a Cu Kα-filtered radiation (λ = 1.5418 Å), 2θ step size of 0.026° and a measuring time of 200 s per step. The powder of the samples to be analyzed were sandwiched between 3.6-µm thick polyester films.



The samples were examined by TEM using a Hitachi H-800 MT electron microscope (Chiyoda, Tokyo, Japan), which was provided with an EDS detector for the elemental analyses, and by HRTEM with a 200 kV JEOL JEM 2100 F (Akishima, Tokyo, Japan). The elemental analyses by EDS was performed on five different representative zones, taking the average with the experimental error. The size distribution was determined from TEM by counting more than one hundred nanoparticles. The high-resolution pictures, recorded in a Gatan Multiscan 794 charge-coupled device camera, were treated by means of the Gatan Digital Micrograph 3.7.0 software (Pleasanton, CA, USA) to obtain the corresponding FFT images, from which the d-spacing values were determined. To prepare the samples for observation, small amounts of the catalysts were sonicated in 3 mL of n-hexane for 10 min and then, a drop of the dispersion was placed on a holey carbon grid, which was heated with a lamp to evaporate the solvent.




3.3. Electrochemical Testing


The electrochemical characterization was carried out in a conventional three-electrode 100 mL cell (PAR, Ametek, Berwyn, PA, USA) with double wall for thermostatization by means of a PARSTAT (PAR) 3000A potentiostat. The base electrolyte was 0.5 M H2SO4 (analytical grade, Merck KGaA, Darmstadt, Germany), deaerated by N2 purging (99.995%, Praxair, Nippon Gases, Japan). The auxiliary electrode was a rolled Pt wire. The reference electrode was a double junction Ag/AgCl/KClsat (E = 0.199 V vs. SHE at 25 °C). All the potentials given in this paper have been referred to such a reference electrode. The working electrode was a GCE 5 mm in diameter (0.196 cm2 in section) GCE (PINE Research Instrumentation, Durham, NC, USA), surface-modified by the catalyst. Prior to the modification, the GCE was polished consecutively with an alumina suspension of 0.3 and 0.05 µm in grain size using a polishing cloth (ALS Co., Ltd., Tokyo, Japan) to achieve specular gloss. Between polishing steps, the electrode was sonicated in water and dried. For the electrochemical testing, amounts of 1.0 mg mL−1 of the Pt(Ni)/C catalyst powders were dispersed by sonication in isopropanol/water mixture 1:1 by volume and then, 40 μL of each dispersion were dropped on the GCE, which was further dried by heating with a lamp. In the cell containing deaerated 0.5 M H2SO4, the catalyst was submitted to a cleaning protocol by CV consisting in consecutive cycles at 100, 50 and 20 mV s−1 in the potential range between −0.2 and 0.8 V up to a stationary profile. The PtRu(Ni)/C catalysts prepared by spontaneous deposition of Ru species were also submitted to the same cleaning protocol.



After the cleaning protocol, the CO electrooxidation activity was analyzed by means of CO stripping voltammograms in 0.5 M H2SO4 and the same potential range between -0.2 and 0.8 V at 20 mV s−1. For the CO adsorption, CO gas (Linde 3.0, purity greater than 99.9%, Dublin, Ireland) was bubbled through the solution for 15 min while applying a potential of −0.100 V to the working electrode. The non-adsorbed CO remaining in solution was removed by N2 bubbling through the solution for 30 min. The activity of the catalysts for the methanol reaction was examined by LSV at 20 mV s−1, starting the scan from −0.2 V. The corresponding tests were performed using deaerated 1.0 M solutions of each alcohol (analytical grade, Panreac Química, Barcelona, Spain) in 0.5 M H2SO4. The experiments were repeated three times to test the reproducibility. The corresponding results were compared to those obtained from commercial 20 wt% Pt/C and 20 wt% 1:1 PtRu/C (Premetek, Cherry Hill, NJ, USA) catalysts.





4. Conclusions


In this paper, the electrochemical performance of Pt(Ni)/C and PtRu(Ni)/C catalysts, synthesized by sequenced deposition of Ni, Pt and Ru to approach core-shell structures, in front of the CO and methanol oxidation reactions has been studied. The best hydrogen desorption charges were obtained for the Pt(Ni)/C alloys with relative amounts in weight of Pt to Ni of 3:1 and 8:1. The EDS analyses indicated 88:12 and 98:2 Pt:Ni atomic ratios in these alloys, respectively, the corresponding ECSAs being of 47.8 and 31.5 m2 gPt−1. The XRD, HRTEM and FFT analyses pointed out to the formation of small hexagonal Ni crystallites covered by cubic Pt surface structures with no evidence about PtNi alloy formation. Two anodic peaks were found in the CO oxidation on Pt(Ni)/C alloys, thus suggesting the presence of two distinct structural domains in the catalyst surface, probably Pt on hexagonal Ni-rich domains and on cubic Pt-rich ones. The potential shift in the negative direction of about 0.10 V for the onset of CO oxidation in Pt(Ni)/C with respect to Pt/C was explained by the charge transfer of Ni to Pt (ligand effect), which resulted in an easier removal of adsorbed CO, thus increasing the CO tolerance of the catalyst. The onset potential for CO oxidation and tolerance was improved with PtRu(Ni)/C. The effect of surface Ru species spontaneously deposited on Pt appeared to present the major effect by facilitating the CO removal by the bifunctional mechanism. The onset potentials of Pt(Ni)/C 3:1 and 8:1 for the methanol oxidation, which were about 0.15 and 0.05 V lower than that of Pt/C, respectively, depending on the Ni content, also indicated the positive effect of Ni. The mass and specific activities of the Pt(Ni)/C catalysts were also higher than those of Pt/C, with exchange current densities one order of magnitude greater than that of the latter. The experimental Tafel slopes for the MOR on Pt(Ni)/C were higher, and the charge transfer coefficients smaller, than those of Pt/C, thus suggesting different rate-determining steps in the mechanism. The ligand effect of Ni on Pt was also considered the main reason why the activity of Pt(Ni)/C in front of the MOR was higher than that of Pt/C.
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Figure 1. Cyclic voltammograms in deaerated 0.5 M H2SO4 of (a) Pt(Ni)/C 3:1 (curve a) and 8:1 (b), compared to Pt/C (c); (b) Pt(Ni)/C 3:1 (curve d) compared to that of PtRu(Ni)/C 3:1 (e); (c) Pt(Ni)/C 3:1, 1st cyclic voltammogram (curve f) compared to the 100th one (g); and (d) PtRu(Ni)/C 3:1, 1st cyclic voltammogram (curve h) compared to the 100th one (i) In (a) the curves are normalized to the hydrogen desorption charge. In (b–d), the current densities are relative to the electrode section. Sweep rate 20 mV s−1. 
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Figure 2. (a) XRD diffractograms of the catalysts studied, where that of Pt/C has been included for comparison. (b) Magnification of the XRD profiles shown in (a) in the Pt (111) 2θ region, including the diffraction angles of hexagonal and cubic Ni. 
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Figure 3. TEM pictures and size distribution of the nanoparticles of (a) Pt(Ni)/C 3:1 and (c) Pt(Ni)/C 8:1. The high resolution images of Pt(Ni)/C 3:1 and Pt(Ni)/C 8:1 are given in (b,d), respectively, together with the corresponding FFT pictures presented in the insets. 
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Figure 4. CO stripping experiments on the different catalysts in deaerated 0.5 M H2SO4. (a) Pt(Ni)/C 3:1 (curve a) and 8:1 (b), compared to Pt/C (c). (b) PtRu(Ni)/C 3:1 (curve d) and 8:1 (e), compared to commercial PtRu/C (f). Curves normalized to the CO stripping charge. Sweep rate 20 mV s−1. 
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Figure 5. Linear sweep voltammograms obtained for the methanol oxidation in 1.0 M methanol +0.5 M H2SO4 on the Pt(Ni)/C 3:1 (curves a) and 8:1 (curves b), compared to those of Pt/C (curves c), corresponding to (a) the mass activities jm and to (b) the specific activities js. Sweep rate of 20 mV s−1. The jm and js values at 0.4 V are given in the insets. 
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Figure 6. Tafel plots corresponding to the linear sweep voltammograms of Figure 5b. Methanol oxidation in 1.0 M methanol + 0.5 M H2SO4 on the Pt(Ni)/C 3:1 (a) and 8:1 (b) catalysts, compared to that of Pt/C (c). 
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Table 1. Mean crystallite size (from XRD), mean particle size (from TEM), composition (from EDS) and ECSA of the Pt(Ni)/C catalysts, compared to commercial Pt/C.
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	Catalyst
	Crystallite Size/nm
	Particle Size/nm
	Pt Content/wt%
	Ni Content/wt%
	Pt:Ni/at%
	ECSA a/m2 g−1





	Pt(Ni)/C 3:1
	2.4 ± 0.4
	2.7 ± 0.5
	15.1 ± 2.3
	0.62 ± 0.11
	88:12
	47.8



	Pt(Ni)/C 8:1
	2.7 ± 0.5
	3.5 ± 0.7
	19.3 ± 2.8
	0.11 ± 0.03
	98:2
	31.5



	Pt/C
	2.2 ± 0.5
	2.6 ± 0.5
	19.0 ± 1.1
	0.0
	100:0
	74.5







a Relative error about 5%.
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Table 2. Tafel slopes ba, anodic charge transfer coefficients αa, and exchange current densities js0 of the MOR, as determined from Figure 6.
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	Catalyst
	ba/V dec−1
	αa
	js0/mA cm−2





	Pt(Ni)/C 3:1
	0.150
	0.39
	1.3 × 10−4



	Pt(Ni)/C 8:1
	0.170
	0.35
	1.2 × 10−4



	Pt/C
	0.125
	0.48
	1.3 × 10−5











© 2020 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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