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Abstract:



In view of a possible use as anode materials in acidic direct alcohol fuel cells, the electro-catalytic activity of Pt-Ni and Pt-M-Ni (M = Ru, Sn) catalysts for methanol and ethanol oxidation has been widely investigated. An overview of literature data regarding the effect of the addition of Ni to Pt and Pt-M on the methanol and ethanol oxidation activity in acid environment of the resulting binary and ternary Ni-containing Pt-based catalysts is presented, highlighting the effect of alloyed and non-alloyed nickel on the catalytic activity of these materials.
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1. Introduction


Low-temperature direct alcohol fuel cells (DAFCs), in particular those using methanol (direct methanol fuel cell, DMFC) or ethanol (direct ethanol fuel cell, DEFC) as the liquid fuel have been the subject of considerable attention in the last decades. DAFCs are an important alternative power source for many applications, particularly as portable devices. The use of organic liquid fuels has advantageous features including easy and safe handling, storage and transportation, high energy density and low cost [1,2,3,4]. However, despite these advantages, DAFCs are characterized by a significantly lower power density and lower efficiency than the commonly used hydrogen-fuelled polymer electrolyte membranes fuel cells (PEMFCs) because of the slow alcohol oxidation kinetics and alcohol crossover from the anode to the cathode [1,2,3,4].



Platinum is the best monometallic catalyst for methanol and ethanol oxidation in acid environments, so it is commonly used as an anode catalyst in low-temperature fuel cells, but the high cost of platinum and its poisoning by strongly adsorbed species coming from the dissociative adsorption of the alcohols are a major drawback for the commercialization of DAFCs. Efforts to mitigate the poisoning of Pt have been concentrated on the addition of co-catalysts to the platinum [1,2,3,4]. The addition of a second metal or a metal oxide as a promoter for the oxidation of adsorbed species is a way to solve the problem of Pt poisoning. In bimetallic catalysts, according to the bifunctional mechanism, Pt can initiate the alcohol oxidation through adsorption-dehydrogenation steps and the second metal or metal oxide can supply the oxygen species, needed to oxidize the adsorbed species and liberate the Pt surface for further alcohol adsorption/oxidation [5,6]. According to the ligand or the electronic effect, the second metal modifies the electronic properties of the Pt by charge transfer processes and lowers the adsorption energy of alcohol oxidation intermediate species onto the Pt surface [5,7,8]. A broad variety of bimetallic catalysts, such as Pt-Ru, Pt-Sn, Pt-Ni, Pt-Co, Pt-W and Pt-Mo, were investigated to replace the monometallic Pt catalysts [9]. Among them, Pt-Ru and Pt-Sn catalysts showed a considerable improving of the electrocatalytic activity for the methanol oxidation reaction (MOR) and the ethanol oxidation reaction (EOR), respectively, but they presented unsatisfactory stability in fuel cell environment [10,11]. Among bimetallic systems, besides a fair catalytic activity for alcohol oxidation, Pt-Ni has the promising characteristics of being resistant to dissolution in the potential range used for alcohol electrooxidation, likely due to either the stability of Ni in the Pt lattice or a passivating role of Ni hydroxides [12]. A dissolution of the co-catalyst is observed, instead, in various bimetallic catalyst systems like Pt-Ru [10] and Pt-Sn [11]. Another advantage of the use of nickel as the second metal in binary Pt-based catalysts is due to its low cost in comparison to Ru which is a precious metal.



In this work an overview of the methanol and ethanol oxidation in acid environment on binary Pt-Ni and ternary Ni-containing Pt-based catalysts is presented, highlighting the effect of alloyed and non-alloyed nickel on the catalytic activity of these materials.




2. Structural Characteristics of Pt-Ni Catalysts


In the Pt-Ni system, there are four stable phases, that is, the disordered fcc solid solution phase, and the ordered phases Pt3Ni, PtNi and PtNi3 [13]. The Pt1−xNix (0 < x < 1) alloys form solid solutions (A1 phase, space group: Fm-3m) at all concentrations, with Pt and Ni atoms randomly distributed in all crystallographic sites [14]. The structures of ordered PtNi3 and Pt3Ni are both L12 (space group: Pm-3m), where the roles of Pt and Ni are interchanged, while the structure of ordered PtNi is L10, (space group: P4/mmm). Generally, carbon supported Pt-Ni catalysts commonly used in fuel cells are partially alloyed, formed by a mixing of PtNi alloys and Ni oxy/hydroxides.



Platinum tends to segregate on PtNi alloy surface [15]. Wang et al. [16] reported a theoretical approach to predicting surface segregation in nanoparticles by using a modified embedded atom method and Monte Carlo simulations. They calculated the concentrations of Pt atoms in the outermost three atomic layers of four simulated Pt75Ni25 nanoparticles. Pt concentration was nearly 100 at % in the outermost layer of Pt75Ni25 nanoparticles. This theoretical prediction quantitatively agrees with a direct measurement for annealed Pt75Ni25 polycrystal surfaces [17], in which the Pt concentration in the outermost layer was about 50 at % higher than that in the second Ni enriched atomic layer, while Pt concentration in the third atomic layer was about 75 at %. Pt concentration in the second layer of simulated Pt75Ni25 nanoparticles was about 25 at % lower than the overall concentration of 75 at % and increases gradually with nanoparticle size.




3. Methanol Oxidation on Pt-Ni Catalysts


The methanol oxidation is a complex reaction, leading to high overpotentials under fuel cell operating conditions. Among different metals, platinum possess the highest activity for methanol oxidation in acid media, and is commonly used as electrode material in low-temperature fuel cells. The high cost and the limited resources of platinum, however, as well as the low rate of the reaction, boosted the development of binary and ternary Pt-based alloys. Among different Pt-M catalysts, Pt-Ru presented the highest MOR activity, however, as previously reported, high cost and dissolution of Ru in fuel cell environment are serious drawbacks. Pt-Ni bimetallic nanocatalysts have been studied extensively in recent years because of low cost of Ni and the synergistic effect of Pt and Ni, which can improve the performance of the catalysts. Generally, the MOR onset potential on Pt-Ni catalysts is lower than on Pt [18,19,20,21,22,23,24,25] but higher than on PtRu catalysts [18,19,26]. Few works reported a MOR onset potential on Pt-Ni higher [27,28,29] or similar [30] than that on Pt. The MOR onset potential difference between PtNi and Pt (ΔVoPtNi−VoPt) and between PtNi and PtRu (ΔVoPtNi−VoPtRu) is reported in Table 1 for some Pt-Ni catalysts. As can be seen in Table 1, the most part of the ΔVoPtNi−VoPt values were in the range from −10 to −100 mV. The increase of the MOR onset potential on Pt-M (M = Ni, Co) alloys with increasing the amount of M alloyed for low M contents reported by Antolini et al. [31] was overall ascribed to the dilution effect of Pt in Pt-M alloys, hindering the methanol adsorption, thus counteracting the positive electronic effect of Ni alloying on the MOR.



Table 1. Difference in MOR onset potential between Pt-Ni and Pt (ΔVoPtNi−VoPt), and between Pt-Ni and Pt-Ru (ΔVoPtNi−VoPtRu) for some Pt-Ni catalysts with various Pt:Ni atomic ratio and prepared by different synthesis methods.







	
Pt:Ni Atomic Ratio

	
Characteristics/Synthesis Method

	
ΔVoPtNi−VoPt (mV)

	
ΔVoPtNi−VoPtRu (mV)

	
Reference






	
3:1

	
NaBH4 reduction method at room T. Unsupported nanoparticles

	
−30

	
+55

	
[18]




	
1:1

	
−60

	
+25




	
1:1

	
Carbon supported Pt-Ni

	
−15 (25 °C)

	
+70 (25 °C)

	
[19]




	
−10 (50 °C)

	
+55 (50 °C)




	
−40 (75 °C)

	
+30 (75 °C)




	
2:1

	
Few-layered graphene (FLG) supported Pt-Ni. Polyol assisted reduction method

	
−100

	
0

	
[20]




	
1:1

	
Sself-decorated PtNi alloy nanoparticles, on MWCNT in [BMIm][BF4] ionic liquid

	
−60

	

	
[21]




	
0.3:1

	
−90




	
24:1

	
Adsorption of nickel laurate on Pt/C followed by reduction at 900 °C in H2/N2 atmosphere

	
−13

	

	
[22]




	
6.7:1

	
−25




	
3:1

	
−25




	
2:1

	
−50




	
1:1

	
−37




	
0.9:1

	
NiO loaded on Vulcan XC-72R carbon black. Pt was further chemically reduced by sodium borohydride on that NiO/C using the impregnation and the microwave methods. Partially alloyed Pt-Ni

	
−35

	

	
[23]




	
1.2:1

	
−92




	
2:1

	
Pt-Ni modified polyindole (Pin) films

	
−100

	

	
[24]




	
1.1

	
−100




	
1:1

	
Electrodeposition of Pt-Ni on MWCNT

	
−50

	

	
[25]




	
3:1

	
Synthesis of PtNi/CNT by chemical oxidation of CNTs, two-step refluxing and subsequent hydrogen reduction

	
+20

	

	
[27]




	
2.3:1

	
Carbon supported Pt-Ni

	
+65

	

	
[28]




	
2:1

	
Carbon supported Pt-Ni

	
+100

	

	
[29]




	
1.5:1

	
+100




	
1:1

	
+100




	
2.3:1

	
Pt and Pt0.7Ni0.3 disc electrodes with a diameter of 12 and 2 mm in thickness

	
0

	

	
[30]










The effect of the addition of nickel to platinum on the electrooxidation reaction of methanol can be mainly explained by the bifunctional mechanism and the electronic interaction between Ni and Pt. Moreover, nickel oxyhydroxides present in Pt-Ni catalysts can act not only as a promoter of Pt but also as a catalyst capable of oxidizing methanol in acid solution [32]. Furthermore, these mixed oxides, beside their corrosion resistance and stability under methanol oxidation conditions, provide mixed protonic and electronic conductivity which may facilitate the charge transfer during the oxidation process. According to the bifunctional mechanism, the methanol electro-oxidation mechanism at Pt-Ni catalysts takes place in the following way [33]:


CH3OH → Pt-CH3OHads



(1)






Pt-CH3OHads → Pt-COads + 4H+ + 4e−



(2)






Ni + H2O → Ni-H2Oads



(3)






Ni-H2Oads → Ni-OHads + H+ + e−



(4)






Pt-COads + Ni-OHads → Pt + Ni + CO2 + H+ + e−



(5)







Dissociative adsorption of methanol occurs on platinum, then the oxidation of the strongly adsorbed oxygen-containing species is facilitated in the presence of a second metal, in this case Ni, capable of activating H2O at a lower potential than that accomplished by pure Pt, by supplying oxygen atoms at an adjacent site. Also Ni oxy/hydroxides (NiO, Ni(OH)2 and NiOOH) could provide Ni-OHads to remove COads from Pt active sites [32].



Various investigations, based on the modification of the electronic structure of Pt, have been devoted to explore the mechanism of the increased activity of Pt-Ni catalysts for methanol oxidation. When alloyed with Pt, Ni induces charge transfer from Ni to Pt, thus modifying the electronic structure of Pt and giving rise to a lower density of states at Fermi level [18]. Density functional theory (DFT) was used to explain the MOR activity enhancement by addition of Ni to Pt [34,35]. The structure and reactivity of Pt(7−x)Nix (x = 1, 2, 3) clusters derived from the coupled tetragonal pyramid (CTP) structure of Pt7 have been studied using DFT calculations [34]. Pt5Ni2, which is most stable among the various isomers of Pt(7−x)Ni(x) (x = 1, 2, 3) clusters, was selected as the model for methanol decomposition on PtNi bimetallic catalyst. The reaction pathways for methanol dehydrogenation on Pt7 and Pt5Ni2 clusters and the enhancement of the MOR activity of PtNi cluster have been investigated. The methanol dehydrogenation on Pt7 cluster preferentially takes place through C–H bond breaking, while on Pt5Ni2 the pathway starting from O–H bond scission is more appropriate. Moreover, the complete dehydrogenation product of methanol, CO, dissociates more preferable on Pt5Ni2 cluster than that on Pt7. Through the analysis of electronic structure, it was inferred that the modification of Pt electronic structure likely offset the electron transfer from CO 5σ orbital to Pt and reduces the CO poisoning. To simulate the experimental cases, in DFT calculations Xu et al. [35] used Pt2M (111) slabs with pure Pt surface. The d-band center of Pt shifted to a lower value after the incorporation of Co or Ni, in agreement with the results of Stamenkovic et al. obtained using a Pt3M model [36]. The downshift of d-band center relative to the Fermi level gives rise to the decrease of the electron back-donation from the Pt 5d orbital to the 2p* orbital of CO, thus weakening the Pt-CO bonding.



As a direct comparison of the electrochemical properties of Pt-Ni catalysts is not correct, being catalyst from different datasets prepared by different methods and supported on different substrates, to remove other effects than the nickel amount, comparison was carried out on the APt-Ni/APt ratio, where APt-Ni and APt are the electrochemical characteristics of Pt-Ni and Pt catalysts prepared in the same way and supported on the same substrate. The dependence of the Pt-Ni to Pt electrochemically active surface area (ECSAPt-Ni/ECSAPt), MOR specific activity (SAPt-Ni/SAPt) and mass activity (MAPt-Ni/MAPt) ratios in acid media on Ni content in the Pt-Ni catalysts with various alloying degrees from different datasets [20,21,22,37,38,39,40,41,42,43,44] is shown in Figure 1a–c, respectively. As can be seen in Figure 1a the ECSAPt-Ni/ECSAPt. vs. Ni data are somewhat dispersed. The scattering of the ECSA data is likely due to counteracting effects, that is, platinum segregation on Pt-Ni alloy surface and, somewhat, a particle size decrease with increasing both alloyed and non-alloyed Ni content [23,40,45,46], increasing the ECSA, and the presence of Ni oxides, decreasing the ECSA. On the one hand, Pt segregation allows the achievement of a high number of Pt active sites on the surface also for high Ni contents in the catalyst, and the addition of Ni species to the system seems to prevent, particle aggregation. On the other hand, a portion of the PtNi nanoparticle surface is covered by nickel oxides. Thus, the resulting effect of Ni content on the ECSA depends on the alloying degree, that is, at a fixed Ni content, as higher is the alloying degree as higher is the ECSA value. As can be seen in Figure 1a, in a rough approximation, the data can be divided in two groups, that is, in one series the data increase with increasing Ni content (dashed line, corresponding to a high alloying degree and a low content of nickel oxide.), and in the other they decrease with increasing the amount of Ni (dotted line, related to a high nickel oxide content). Unlike the data of Figure 1a, the SAPt-Ni/SAPt vs. Ni data are more connected (Figure 1b), and the SAPt-Ni/SAPt ratio increases with increasing Ni content in the binary catalysts. In this case alloyed and non-alloyed Ni has a similar positive effect on SA. As can be seen in Figure 1c, the MAPt-Ni/MAPt vs. Ni data are less dispersed than those of Figure 1a and less gathered than those of Figure 1b. This result is reasonable, considering that MA depends on both SA and ECSA as the following relation:


MA = ECSA * SA



(6)






Figure 1. Dependence of the Pt-Ni to Pt electrochemically active surface area (ECSAPt-Ni/ECSAPt) (a); MOR specific activity (SAPt-Ni/SAPt) (b); MOR mass activity (MAPt-Ni/MAPt) (c) and (If/IbPt-Ni/If/IbPt) (d) ratios in acid media on Ni content in Pt-Ni catalysts with various alloying degrees by different datasets; Histogram of (APtNi/APt)<1/(APtNi/APt)Tot ratios (A = ECSA, SA, MA and If/Ib), where (APtNi/APt)Tot1 and (APtNi/APt)<1 are the number of values of the ratio total and lower than 1, respectively (e). Symbols in Figure 1a–d: (+) Shen et al. [20]; (▲) Zhou et al. [21]; (◄) Agrawal et al. [22]; (■) Wang et al. [37]; (●) Jiang et al. [38]; (▼) Nassr et al. [39]; (♦) Hao et al. [40]; (►) Wang et al. [41]; (*) Luo et al. [42]; (X) Hu et al. [43]; (O) Zhou et al. [44].
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As expected, MA increases with Ni content in the catalyst. The ratio between the peak current in the forward (If) and the backward scan (Ib) is usually taken as the measure for the tolerance of the catalyst against poisoning by adsorbed species coming from the dissociative methanol adsorption, a higher If/Ib ratio indicating higher tolerance. The dependence of the Pt-Ni to Pt If/Ib ratio (If/IbPt-Ni/If/IbPt) from different datasets [38,40,41,42,43,44] is shown in Figure 1d: the If/IbPt-Ni/If/IbPt data vs. Ni content are scattered, but they slightly increase with increasing Ni content, that is, the poisoning tolerance slight increases with increasing Ni content in Pt-Ni. In a rough approximation we can separate the data in two groups, each showing an almost linear dependence of If/IbPt-Ni/If/IbPt on Ni content, one related to electronic effects of alloyed Ni (higher If/IbPt-Ni/If/IbPt values, dashed line), and the other to Ni oxide effects (lower If/IbPt-Ni/If/IbPt values, dotted line, in this group the values related to poor alloyed Ni [42,43] are present) on the poisoning tolerance. Thus, it seems that the Pt-Ni electronic interaction dominates the promoting effect of Ni on absorbed CO oxidation by weakening the Pt-CO bonding energy rather than the bifunctional mechanism related to Ni oxides. In some cases, ECSA, SA, MA and If/Ib of Pt are higher than those of Pt-Ni. Figure 1e shows the histogram of (APtNi/APt)<1/(APtNi/APt)Tot ratios for A = ECSA, SA, MA and If/Ib, where (APtNi/APt)Tot1 and (APtNi/APt)<1 are the number of values of the ratio total and lower than 1, respectively. The highest value of these ratios was observed for the ECSA (27%). In the other cases the value of the ratios was around 10%. However, the value of the ratio for A = ECSA depends on the Ni content in the catalyst, that is, for Ni < 30 at % was 9% and for Ni > 30 at % was 40%: the considerably higher value of the ratio for Ni > 30 at % has to be ascribed to the negative effect on the ECSA of high amounts of Ni oxides.



Up to now, the effect of alloyed and non-alloyed Ni on the electrochemical parameters of the Pt-Ni catalysts was not enough evaluated. The effect of the lattice parameter, that is, of the alloying degree, on the SAPt-Ni/SAPt and If/IbPt-Ni/If/IbPt atomic ratios of Pt-Ni (1:1) catalysts from different datasets [22,41,42,43,47] is shown in Figure 2. The SAPt-Ni/SAPt ratio goes to a maximum at an intermediate degree of alloying, corresponding to a Ni content in the alloy of ca. 35 at %, and indicating that the specific activity of a partially alloyed catalysts is higher than that of non-alloyed and fully alloyed Pt-Ni (1:1) catalysts. The higher MOR activity of partially alloyed Pt-Ni catalysts than that of non-alloyed and fully alloyed Pt-Ni can be explained by a synergic effect of alloyed and non-alloyed nickel: alloyed Ni promotes methanol dehydrogenation, and non-alloyed Ni facilitates the removal of CO adsorbed species. Conversely, If/IbPt-Ni/If/IbPt increases with increasing the alloying degree, attesting a higher poisoning tolerance of alloyed than non-alloyed Pt-Ni catalysts, and confirming the results of Figure 1d. Regarding the effect of non-alloyed Ni, such as NiO, Ni(OH)2 and NiOOH, on the MOR activity, Antolini et al. [48] observed an increase in the DMFC performance with increasing the amounts of non-alloyed Ni in the Pt-Ni/C anode electrocatalysts from 5 to 25 at %, with the current normalized both to the Pt mass and the ECSA, for a Ni composition in the alloy around 7 at %. The effect of non-alloyed Ni content, at a Pt:Ni atomic ratio in the alloy of 4:1, on the ECSA, SA and MA of graphene supported Pt-Ni catalysts was reported by Luo et al. [42]. As can be seen in Figure 3, SAPt-Ni/SAPt increased with increasing the non-alloyed Ni/Pt atomic ratio by the increase of the amount of NiO, NiOOH, and Ni(OH)2 species around Pt atoms, facilitating the removal of COads species. Conversely, ECSA decreased with increasing non-alloyed Ni due to a decrease of the active surface area by the increasing blocking of active Pt sites by nickel oxy/hydroxide species. As the negative effect of non-alloyed Ni in this range of compositions on the ECSA is more important than the positive effect on the SA, the resulting MA decreased with increasing non-alloyed Ni. From the results of the effect of alloyed and non-alloyed Ni on the SA of Pt-Ni reported in Figure 2 and Figure 3, it results that for compositions higher than 35 at %, the optimal specific activity is attained by a partially alloyed catalyst, with 35 at % Ni alloyed and the rest non-alloyed. However, considering that the ECSA decreases with increasing the amount of Ni oxides, the optimum alloying degree for the mass activity can be different than the optimum alloying degree for the SA.


Figure 2. Dependence of the Pt-Ni to Pt MOR specific activity (SAPt-Ni/SAPt) and If/IbPt-Ni/If/IbPt ratios in acid media on fcc lattice parameter of Pt-Ni (1:1) catalysts. (◄) Agrawal et al. [22]; (▼) Wang et al. [41]; (■) Luo et al. [42]; (Δ) Hu et al. [43]; (O) Li et al. [47].
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Figure 3. Dependence of the (APt-Ni/APt) ratios (A = ECSA, SA and MA) of graphene supported Pt-Ni catalysts on non-alloyed Ni content, at a Pt:Ni atomic ratio in the alloy of 4:1. Data from Reference [42].
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4. Ethanol Oxidation on Pt-Ni Catalysts


Due to the presence of a C-C bond, the complete oxidation of ethanol to CO2 is more complicate than that of methanol, The mechanism of the ethanol oxidation reaction in an acid solution may be described by the following parallel reactions:


CH3CH2OH → [CH3CH2OH]ad → C1ads, C2ads → CO2 (total oxidation)



(7)






CH3CH2OH → [CH3CH2OH]ad → CH3CHO → CH3COOH (partial oxidation)



(8)







The formation of CO2 goes through two adsorbed intermediates C1ads and C2ads, representing fragments with one and two carbon atoms, respectively. C–C bond cleavage represents a major problem in ethanol electrocatalysis [3]. Moreover, platinum is poisoned by strongly adsorbed ethanol oxidation intermediate species [3]. Efforts to reduce Pt poisoning have been addressed to the addition of co-catalysts, particularly ruthenium and tin, to platinum. Conversely to the methanol oxidation, the best binary catalyst for ethanol oxidation in acid environment is not Pt-Ru but Pt-Sn [3]. As in the case of the methanol oxidation, the enhanced EOR activity of these binary catalysts than that of bare Pt was attributed to the bifunctional effect and to the electronic interaction between Pt and alloyed metals. C–C bond cleavage on Pt, however, is hindered by Sn presence in both alloyed and non-alloyed catalysts. To overcome this drawback, binary and ternary Pt-based eletrocatalysts have been investigated. Compared to the MOR, few works reported the ethanol oxidation on Pt-Ni catalysts in acid media [20,46,49,50,51,52], the most part as support data in papers addressed to the study of the EOR on ternary Ni-containing catalysts. The dependence of the Pt-Ni to Pt specific activity (SAPt-Ni/SAPt) and mass activity (MAPt-Ni/MAPt) ratios in acid media on Ni content in the Pt-Ni catalysts with various alloying degrees by different datasets [20,46,49,50,51] is shown in Figure 4a,b. The (SAPt-Ni/SAPt) ratio increased with increasing Ni content in the catalysts (Figure 4a). While taking into account of the few data for the EOR, the slope of (SAPt-Ni/SAPt) vs. Ni content plot (0.028 at %−1) is considerably higher than that for the methanol oxidation (0.010 at %−1), indicating that the addition of nickel to Pt is more effective for the EOR than for the MOR. As can be seen in Figure 4b, also the (MAPt-Ni/MAPt) ratio increases with increasing Ni content in the catalyst. The effect of non-alloyed Ni content on the ECSA, SA and MA of Pt-Ni/C catalysts was reported by Comignani et al. [46]. The dependence of the (APt-Ni/APt) ratios (A = ECSA, SA and MA) of non-alloyed Pt-Ni/C on Ni content in the catalysts is shown in Figure 5. As can be seen in Figure 5, the (SAPt-Ni/SAPt) ratio increased with increasing Ni content in the catalysts, by the increase of the amount of NiO, NiOOH, and Ni(OH)2 species. Likely, nickel oxide species promote the activation of both the C-H and O-H bonds of ethanol through oxygen-containing species adsorbed on NiO molecules and the change in the density of states near the Fermi level on the Pt surface atoms, but not the C-C bond cleavage.


Figure 4. Dependence of the Pt-Ni to Pt EOR specific activity (SAPt-Ni/SAPt) (a) and mass activity (MAPt-Ni/MAPt) (b) ratios in acid media on Ni content in Pt-Ni catalysts with various alloying degrees by different datasets. (■) Shen et al. [20]; (●) Comiganni et al. [46]; (◄) Wang et al. [49]; (▲) Beyhan et al. [50]; (▼) Cantillo et al. [51].
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Figure 5. Dependence of the (APt-Ni/APt) ratios (A = ECSA, SA and MA) of non-alloyed Pt-Ni/C on Ni content in the catalysts. Data from Reference [46].
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Therefore, nickel oxide species seems to act as an oxygen supplier at the interface between Pt and oxide nanoparticles. In this case, the ECSA increased with increasing Ni content in the catalyst, due to the prevailing positive effect of the decrease of particle size with the increase of Ni amount in the catalyst. Thus, also the resulting MA increased with increasing Ni content.




5. Stability of Pt-Ni Catalysts in Fuel Cell Environment


5.1. General Overview


Generally, the formation of a Pt skin on the surface of Pt-Ni catalysts for a nickel content < 65 at % Ni hinders the dissolution of bulk Pt and Ni atoms. Regarding Pt dissolution, the high corrosion resistance of the Pt skin formed on the surface of Pt3M (M = Fe, Co, and Ni) catalysts was explained by Greeley and Norskov by first-principles calculations [53]. They found that the dissolution potential of Pt in Pt “skin” layers from Pt3M bulk alloys increased by 0.19, 0.16, and 0.14 V for Pt3Fe, Pt3Co, and Pt3Ni, respectively, with respect to the dissolution potential of pure Pt.



The stability of Pt-based acidic fuel cell catalysts can be considered in two regards: active surface area decrease, due to sintering, and transition metal dissolution under the operating conditions. For this purpose, two main accelerated durability tests (ADTs) were used, that is, (1) acid immersion and (2) repetitive potential cycling (RPC).




5.2. Acid Immersion


The test in acid can be carried by a simple immersion of the catalyst in an acid solution (chemical test) or by immersion of the sample in an acid solution at a constant potential (electrochemical test). Park et al. [18] observed no appreciable Ni dissolution from a Pt-Ni(1:1) catalyst in a H2SO4 solution in the potential range of methanol oxidation (0–1.6 V vs. NHE). In various tests Ni loss was observed only on the catalyst surface, giving rise to the formation of a protective Pt-enriched layer [54,55,56,57]. A durability chemical test at low pH and 80 °C on Pt1−xNix (0 < x < 1) catalysts, prepared by sputtering Pt and Ni onto thin films of nanostructured whisker-like supports, was performed by Bonakdarpour et al. [54]. For values of x < 0.6, no substantial changes in the lattice size were observed upon dissolution of Ni, indicating that the dissolved nickel metal originated from the surface. However, for electrocatalysts with x > 0.6, the lattice constant increased, indicating that nickel atoms dissolved also from the bulk, and attesting the absence of a protective Pt skin on the surface for high Ni contents. Tests in PEMFCs operating at 80 °C were in good agreement with the chemical test. Hoshi et al. [55] investigated the dissolution of unsupported arc-melted equimolar Pt-M (M: Cu, Co, Ni, Fe) alloys by 3-h immersion tests in a H2SO4 solution at 25 °C. The results indicated that the surfaces of these alloys were covered with a Pt-enriched layer due to preferential dissolution of M atoms. They carried out also an electrochemical test in acid solution under potentiostatic conditions at 1.0, 1.2 and 1.4 V vs. standard hydrogen electrode (SHE) for 1 h. When the Pt-Ni alloy was held at 1.0 and 1.2 V for 1 h, the dissolution rate of Ni was not higher than that under the steady state in the immersion test. The dissolution of Ni at 1.4 V was markedly greater than that at 1.0 and 1.2 V. In a first work, Colon-Mercado et al. [56] carried out ADTs on a commercial Pt3Ni/C alloy catalyst by immersion in a H2SO4 solution at a fixed potential between 0.9 and 0.4 V vs. SHE. The effect of ADT on particle size of Pt/C and Pt3Ni1/C catalysts was evaluated by transmission electron microscopy (TEM) measurements. The Pt3Ni1/C alloy, due to anchor effects in its structure, showed higher sintering resistance than Pt/C. The mobility of platinum on a carbon surface was hindered in the presence of Ni, thus lowering the sintering rate of Pt atoms. Ni loss took place during ADT, and the total amount of Ni dissolved increased from 8.3% to 12% by increasing the potential from 0.4 to 0.9 V vs. SHE. After the ADT at 0.68 V vs. SHE, despite a 10% loss of Ni, the XRD pattern showed negligible change compared to fresh Pt3Ni1/C, indicating that Ni loss occurs only on the catalyst surface. In a next work, Colon-Mercado and Popov [57] evaluated the durability of commercial Pt/C and Pt-M/C (M = Ni, Co, Fe and V) alloy catalysts by the same ADT used in their previous work [56]. At 0.8 V vs. NHE, a fast dissolution of M atoms occurred in the first times of the test, then M loss took place more slowly. The metal loss in the catalysts with a Pt to non-noble metal ratio of 3:1 was lower than that in the catalysts with 1:1 Pt/M ratio. Among the different M, for both 3:1 and 1:1 Pt/M ratio, Pt-Ni alloys showed the lowest metal dissolution. Regarding the stability of non-alloyed Ni, conflicting results have been reported [46,58]. Zignani et al. [58] submitted carbon supported poorly alloyed (Ni atomic fraction in the alloy about 0.05) Pt-Ni (1:1) catalysts to durability tests in a H2SO4 solution at a constant potential (0.8 V vs. RHE) for 30 h. Following the stability test, the Ni EDX composition (total Ni in the catalyst) was near the same than the Ni XRD composition (Ni alloyed), indicating that the almost all non-alloyed Ni was lost. Comignani et al. [46] investigated the stability of Pt-NiO/C catalysts in a 0.5 M H2SO4 + 1 M ethanol solution by potentiostatic experiments for 12 h at 0.6 V and 60 °C. By a ICP analysis of the solution, the absence of nickel ions indicated that nickel oxide nanoparticles are stable to corrosion in acidic media.




5.3. Repetitive Potential Cycling (RPC)


Repetitive potential cycling is a widely used technique to evaluate the stability of a catalyst. Generally, the ageing test by repetitive potential cycling is more severe than under steady-state conditions [59]. In the case of platinum alloys, both the non-noble metal particles and Pt dissolve into the electrolyte. Then the dissolved Pt redeposits on the surface of larger particles (Ostwald ripening), resulting in a Pt surface-enrichment [60]. The stability of the catalysts submitted to RPC essentially depends on the cycle number and potential range, and also on the scan rate.



The stability of Pt-Ni catalysts was evaluated by RPC in different works [55,57,58,61]. Hoshi et al. [55] investigated the dissolution of unsupported arc-melted equimolar Pt-M (M: Cu, Co, Ni, Fe, Pt:M = 1:1) alloys by RPC (100 cycles) on the Pt-enriched layer obtained by immersion of Pt-M catalysts in a H2SO4 solution at 100 mV·s−1 between 0.0 V and 1.4 V. The M dissolution was more significant under potential cycling than by potentiostatic polarization at 1.4 V, indicating that the inhibition due to the Pt-enriched layer did not occur under potential cycling between 0 and 1.4 V. Colon-Mercado and Popov [57] evaluated the durability of Pt/C and Pt-M/C (M = Ni, Co, Fe and V, Pt:M 3:1 and 1:1) catalysts by RPC in a H2SO4 solution at a scan rate of 5 mV·s−1 in a potential range of 0.03–1.24 V vs. NHE for 1100 cycles. In the case of binary catalysts, both the non-noble metal particles and Pt dissolved into the electrolyte. Then the dissolved Pt redeposits on the surface of larger particles. After 1000 cycles, the highest loss of surface area (~57%) from the pure platinum catalyst indicated that the processes of Ostwald ripening, Pt particle migration and sintering occur at a higher rate when compared to the redeposition and particle sintering of Pt-M/C catalysts. The lowest surface area loss (~43%) was observed for the catalysts with a non-noble metal content of 25 at % (Pt3Co1/C and Pt3Ni1/C). Zignani et al. [58] submitted a Pt-Ni/C (1:1) poorly alloyed (Ni atomic fraction in the alloy about 0.05) catalyst to repetitive potential cycling in a H2SO4 solution (1000 cycles between 0.5 and 1.0 V vs. RHE at 20 mV·s−1). Following RPC, the Pt/Ni atomic ratios by both XRD (Ni alloyed) and EDX (Ni total) were higher than those before cycling. Moreover, the Pt/Ni atomic ratio by XRD was lower than Pt/Ni by EDX, meaning that the amount of non-alloyed Pt was higher then that of non-alloyed Ni. The loss of all non-alloyed Ni and dissolution of part of the Pt–Ni alloy, with reprecipitation of Pt (but not of Ni) on the catalyst surface likely occurred. To evaluate the effect of the transition from the disordered alloy phase to the ordered intermetallic phase on the durability, disorderd (D-PtNi/C) and ordered (O-PtNi/C) PtNi/C catalysts were submitted to a RPC [61]. After cycling, the Pt:Ni atomic ratio changed from 1:1 to approximately 3.2:1 and 1.4:1 for the D-PtNi/C and the O-PtNi/C, respectively, indicating that the ordered PtNi intermetallic nanoparticles are more stable than the disordered PtNi alloy, in agreement with the electrochemical results.





6. Methanol Oxidation on Ternary Pt-Ru-Ni Catalysts


Also if Pt-Ru catalysts present much higher activity for methanol oxidation than pure Pt, the performance of DMFCs remains considerably lower than that of fuel cells operating in the same conditions but fuelled with hydrogen. Thus, research efforts have been addressed to the improvement of the MOR activity of Pt-Ru catalysts. A way to enhance the MOR activity as well as to reduce the cost of Pt-Ru catalysts is the replacement of part of Pt and/or Ru atoms with a third metal (M), giving rise to the formation of ternary Pt-Ru-M catalysts. Regarding the third metal, some metals fully alloy with Pt, some only partially alloy, and some do not form alloy with Pt. Generally, as higher is the content of the third metal as lower is the degree of alloying and higher is the amount of its oxide [62]. However, as the presence of a third metal influences the amount of Ru alloyed, it is difficult to estimate the degree of alloying of the third component. The formation of a ternary alloy is mainly observed in the Pt-Ru-Ni system [62]. The MOR activity of Pt-Ru-M catalysts was compared in some works [63,64,65,66]. In all these papers Pt-Ru-Ni was reported as the best catalyst for the MOR. Fe, Co and Ni were selected as a third metals because the low cost of their precursors, and their effect on PtRu activity for methanol electrooxidation was investigated. [63,64]. Huang et al. [63] observed that the addition of M to Pt-Ru enhances the electrocatalytic properties for methanol oxidation and Pt-Ru-Ni has the best catalytic activity and stability. Jeon et al. [64] found that, among Pt45Ru45M10/C (M = Fe, Co, and Ni) catalysts, the Pt45Ru45Fe10/C and Pt45Ru45Ni10/C catalysts showed the highest mass activity. Regarding the specific activity, the Pt45Ru45Ni10/C catalysts showed the highest activity, 170% higher than that of a commercial Pt-Ru/C catalyst. PtRu and Pt50Ru40M10 (M = Ni, Sn and Mo) electrocatalysts were prepared by a NaBH4 reduction method [65]. The mass activity and specific activity of Pt-Ru-Ni were much higher than that of Pt-Ru and the other ternary catalysts. SA of the Pt-Ru-Ni catalyst was ca. 2.2 times higher than that of Pt-Ru.



The MOR activity of Pt-Ru-Ni catalysts has been widely investigated [12,18,20,26,66,67,68,69,70,71,72]. Except for Papaderakis et al. [66], which compared the methanol oxidation on Pt-Ru-Ni and Pt-Ni (this comparison is of little meaning, as it is trivial that the addition of Ru to Pt-Ni increase the MOR activity), in all works a comparison between Pt-Ru-Ni and Pt-Ru catalysts was made, and the MOR activity of Ni-containing catalysts was always higher than that of Pt-Ru. Park et al. [12] studied the methanol oxidation on Pt and partially alloyed Pt-Ni (1:1 and 3:1), Pt-Ru-Ni (5:4:1 and 6:3.5:0.5) and Pt-Ru (1:1) catalysts. Among these catalysts, Pt-Ru-Ni (5:4:1) showed the lowest MOR onset potential. The enhanced oxidation of CO coming from methanol decomposition on Pt-Ru-Ni (5:4:1) was ascribed to the electron transfer from Ru and Ni to Pt and also to the surface redox activity of Ni oxides toward the CO. Liu et al. [67] compared the methanol oxidation on almost non-alloyed Pt-Ru-Ni catalysts of different atomic compositions and on a commercial Pt-Ru alloy catalyst. The onset potential for methanol oxidation on the ternary catalysts was slightly lower than that for the commercial Pt-Ru catalyst. Methanol oxidation current densities decreased in the order of Pt-Ru-Ni(60:30:10)/C > Pt-Ru-Ni(67.5:22.5:10)/C > Pt-Ru-Ni(50:40:10)/C > Pt-Ru/C, indicating that the Ni/(Ru + Ni) atomic ratio of 0.25 was the most effective, in agreement with the results of Wang et al. [68] which investigated the optimum composition of a Pt-Ru-Ni system by a combinatorial method: the Pt-Ru-Ni (60:30:10) catalyst showed the highest activity for methanol oxidation. Martinez-Huerta et al. [69] studied the effect of Ni addition to Pt-Ru/C catalysts on CO and methanol oxidation. They observed that the oxidation state of Ni plays a key role on the catalytic performance of Pt-Ru-Ni/C electrocatalysts, particularly in the CO oxidation reaction, related to the development of Pt–Ni electronic interaction. They also evaluated the influence of the nature of the carbon support on the catalytic activity. Electrocatalysts prepared on a carbon-modified substrate displayed higher activities in the methanol oxidation reaction than those prepared over non-treated carbon. For the Ni-containing samples, the preparation route determines the degree of interaction between Pt and Ni of the different samples and hence their catalytic performance.



For ternary Pt-Ru-Ni catalysts, the dependence of the electrochemical parameters on the Ni/(Ru + Ni) atomic ratio is more interesting than the their dependence on the overall Ni content. The dependence of the Pt-Ru-Ni to Pt-Ru MOR specific activity (SAPt-Ru-Ni/SAPt-Ru) electrochemically active surface area (ECSAP-tRu-Ni/ECSAPt-Rut), particle size (dPt-Ru-Ni/dPt-Ru) and MOR mass activity (MAPt-Ru-Ni/MAP-Rut) ratios in acid media on the Ni/(Ru + Ni) atomic ratio by different datasets [20,26,63,64,65,70,71] is shown in Figure 6a–d. The SAPt-Ru-Ni/SAPt-Ru vs. Ni/(Ru + Ni) plot presents a sharp peak centered at ca. 20 at % (Figure 6a), followed by a slow decrease of the SAPt-Ru-Ni/SAPt-Ru ratio with increasing Ni content, indicating a synergic effect of Ru and Ni on the MOR specific activity in a short Ni/(Ru + Ni) ratio range, centered at ca. 0.2 Ni/(Ru + Ni). This result is reasonable, considering the Ru is a more effective co-catalyst for methanol oxidation in Pt-based binary catalysts than Ni. The dependence of the ECSAP-tRu-Ni/ECSAPt-Rut ratio on Ni/(Ru + Ni) is more complex (Figure 6b). The data can be interpolated by a parabolic curve of order 3, with a minimum at ca. 15 at % Ni/(Ru + Ni), and a maximum at ca. 70 at % Ni/(Ru + Ni). As all these catalysts are well alloyed, an effect on Ni and Ru oxides on the ECSA should be excluded. Thus, this anomalous behaviour could depend on the effect of Ni content on the particle size: indeed, as can be seen in Figure 6c, for Ni/(Ru + Ni) in the range 0.2–0.6 the particle size decrease with increasing Ni, but for Ru- and Ni-rich catalysts the particle size increases with increasing Ni content.


Figure 6. Dependence of the Pt-Ru-Ni to Pt-Ru EOR specific activity (SAPt-Ru-Ni/SAPt-Ru) (a); electrochemically active surface area (ECSAPtRu--Ni/ECSAPt-Ru) (b); particle size (dPt-Ru-Ni/dPt-Ru) (c) EOR mass activity (MAPt-Ru-Ni/MAPt-Ru) (d) and (If/IbPt-Ru-Ni/If/IbPt-Ru) (e) ratios in acid media on Ni/(Ru + Ni) atomic ratio in Pt-Ru-Ni catalysts with various alloying degrees by different datasets. (▼) Shen et al. [20]; (►) Zhao et al. [26]; (■) Huang et al. [63]; (●) Jeon et al. [64]; (▲) Kang et al. [64]; (◄) Ye et al. [70]; (♦) Zhao et al. [71].
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The resulting MAPt-Ru-Ni/MAP-Rut/Ni(Ru + Ni) data are well represented by a parabolic curve with a maximum at ca..45 at % Ni/(Ru + Ni) (Figure 6d). A synergistic effect of Ru and Ni, depending on the Ni/(Ru + Ni) ratio, can be observed. The dependence of the Pt-Ni-Ru to Pt-Ru If/Ib ratio (If/IbPt-Ru-Ni/If/IbPt-Ru) is shown in Figure 6e: in the same way than MAPt-Ru-Ni/MAP-Rut, a synergic effect can be observed, indicating that Ni presence increases the poisoning tolerance of Pt-Ru. An interesting core-shell structured Pt-Ru-Ni catalyst with Ni-rich core and Pt-Ru-rich shell was synthesized on functionalized carbon nanotubes by dealloying and annealing of Pt-Ru-Ni (1:1:1) [72]. Dealloyed Pt-Ru-Ni nanoparticles annealed at 450 °C, with a surface composition of Pt:Ru:Ni = 1.0:1.13:0.24, showed significantly low onset potential and high activity for the MOR, achieving a current density significantly higher than that measured on Pt-Ru-Ni before dealloying and annealing treatment. After polarization for 5000 s at 0.4 V vs. Ag/AgCl, the stable current for the MOR on Pt-Ru-Ni (1.0:1.13:0.24) electrocatalysts was 34.3 A·g−1Pt, considerably higher than 10.2 A·g−1Pt of Pt-Ru-Ni (1:1:1). The enhanced activity and stability was related to the formation of an intermetallic PtRu skinned shell and a Ni rich core structure.




7. Ethanol Oxidation on Ternary Pt-Sn-Ni and Pt-Ru-Ni Catalysts


Unlikely for the methanol oxidation, Pt-Sn, and not Pt-Ru, is the best catalyst for ethanol oxidation. Pt-Sn best catalyst for the EOR The addition of tin to platinum increases the activity of Pt towards ethanol oxidation, not enhancing C–C bond breaking to form CO2, but improving the ethanol oxidation to acetaldehyde and acetic acid [73]. Pt-Sn catalysts, however, have unsatisfactory stability in fuel cell environment. To further increase its EOR activity and stability and to promote C–C bond cleavage the addition of a third metal to Pt-Sn has been investigated [74]. Different ternary Pt-Sn-M/C (M = Ni, Co, Rh, Pd) and their corresponding bimetallic Pt-M/C (C = Sn, Ni, Co, Rh, Pd) catalysts were synthesized by the Bönnemann’s method and their activity for ethanol oxidation was evaluated [74]. Among all these catalysts, Pt-Sn-Ni/C and Pt-Sn-Co/C showed the lowest onset potential for ethanol electrooxidation and the highest peak current densities. Tests of these materials as anode catalysts in direct ethanol fuel cells (DEFCs) confirmed these results: DEFCs with ternary Pt-Sn-Ni/C and Pt-Sn-Co/C catalysts showed considerably higher overall performance and peak power density than those of the cells with Pt-Sn/C and the other ternary catalysts.



Different works were addressed to the ethanol oxidation on Pt-Sn-Ni catalysts [50,51,52,75,76,77,78,79,80,81]. In all these works a comparison between Pt-Sn-Ni and Pt-Sn catalysts was made, and the MOR activity of Ni-containing catalysts was always higher than that of Pt-Sn. The dependence of the Pt-Sn-Ni to Pt-Sn mass activity (MAPt-Sn-Ni/MAP-Snt) ratio in acid media on the Ni/(Sn + Ni) atomic ratio by different datasets [50,51,76,77,78,79,80] is shown in Figure 7. A synergic effect between Sn and Ni can be observed with a maximum at a value of the Ni/(Sn + Ni) ratio of ca. 0.35. The presence of Ni seems to promote C–C bond cleavage and facilitate the removal from the catalyst surface of adsorbed intermediates [50,74,81]. By in situ Fourier transform infrared (FTIR) spectroscopy measurements, it was observed that the addition of Ni or Pd to Pt-Sn considerably improves the formation of acetic acid at lower potentials [81]. At higher potentials, instead, the addition of Ni and Rh to Pt-Sn results in a high conversion of ethanol to CO2, indicating that these metals can promote C–C bond breaking [81]. Pt-Sn-Ni (3:1:1) and Pt-Ni (3:1) were submitted to accelerated stress tests by repetitive potential cycling (1000 cycles) between 0.05 and 1.0 V vs. RHE at 50 mV·s−1 in a H2SO4 solution [74]. After the stress test, the solution was analyzed by graphite furnace atomic absorption spectrometry (GF AAS) to quantify the dissolution of Ni: the results indicated that nickel was considerably more stable in the ternary material.


Figure 7. Dependence of the Pt-Sn-Ni to Pt-Sn EOR mass activity (MAPt-Ru-Ni/MAPt-Ru) ratio in acid media on Ni/(Sn + Ni) atomic ratio in Pt-Sn-Ni catalysts with various alloying degrees by different datasets. (▲) Beyhan et al. [50]; (◄) Cantillo et al. [51]; (♦) Parreira et al. [75]; (■) Spinace et al. [76]; (●) Ribadeneira et al. [77]; (▼) Bonesi et al. [78]; (►) Almeida et al. [80].
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As reported in the previous section, the methanol electrooxidation on Pt-Ru-Ni catalysts has been extensively investigated. Also if Pt-Ru is not the best binary catalyst for the ethanol oxidation [3], some studies regarding the ethanol electrooxidation on Pt-Ru-Ni catalysts have been carried out [20,77,82,83]. Wang et al. [82,83] studied the effect of Ni addition to Pt-Ru on ethanol oxidation. No significant differences in the onset potential for ethanol electrooxidation on Pt-Ni-Ru/C (6:3:1) and Pt-Ru/C (1:1) were observed: the EOR activity of the Pt-Ru-Ni/C catalyst, however, was higher than that of Pt-Ru/C. As the ECSAs of Pt-Ru-Ni/C and Pt-Ru/C were almost the same, it can be inferred that the SA of Pt-Ru-Ni/C was higher than that of Pt-Ru/C. The high EOR activity of Pt-Ru-Ni was ascribed to hydrogen spillover effect of Ni hydroxides and electronic effect of metallic Ni. A comparison of methanol and ethanol oxidation on Pt-Ru-Ni was carried out by Shen et al. [20]: the SAPt-Ru-Ni/SAPt-Ru ratio for ethanol oxidation was slightly higher than for methanol oxidation. Ribadeneira et al. [77] compared the ethanol oxidation on Pt-Ru-Ni and Pt-Sn-Ni: the MAPt-Ru-Ni/MAPt-Ru ratio for the ethanol oxidation of Pt-Ru-Ni was higher then that of Pt-Sn-Ni. The MAPt-Ru-Ni/MAPt-Ru ratio for the ethanol oxidation of ternary catalysts by different datasets [20,77,82] was higher than that of both P-Ni and Pt-Ru, indicating a synergic effect between Ru and Ni.




8. Conclusions


The methanol and ethanol oxidation in acid environment on binary Pt-Ni and ternary Ni-containing Pt-based catalysts has been evaluated on the basis of literature data. Regarding the binary Pt-Ni catalysts, more deeply considerations can be made on the methanol oxidation, due to the higher number of experimental data than those on the ethanol oxidation.



Pt-Ni catalysts presented a MOR activity higher than Pt, but lower than the state-of-the-art Pt-Ru. The lower cost and higher Ni stability in fuel cell environment of nickel than ruthenium, however, make Pt-Ni catalysts promising candidates to substitute Pt-Ru as anode materials in DMFCs. Both specific and mass activities increase with increasing Ni content in the binary catalysts. The SA of PtNi (1:1) catalysts goes to a maximum at an intermediate degree of alloying, corresponding to a Ni content in the alloy of ca. 35 at %, and indicating that the specific activity of a partially alloyed catalysts is higher than that of non-alloyed and fully alloyed catalysts. Regarding the effect of non-alloyed Ni content, at a Pt:Ni atomic ratio in the alloy of 4:1, SA increases with increasing the non-alloyed Ni/Pt atomic ratio by the increase of the amount of NiO, NiOOH, and Ni(OH)2 species around Pt atoms, facilitating the removal of COads species. However, considering that the ECSA decreases with increasing the amount of Ni oxides, the optimum alloying degree for the mass activity can be different than the optimum alloying degree for the SA. By evaluating the If/Ib ratio, it was inferred that the Pt-Ni electronic interaction dominated the promoting effect of Ni on absorbed CO oxidation by weakening the Pt-CO bonding energy rather than the bifunctional mechanism related to Ni oxides.



Compared to the MOR, few works reported the ethanol oxidation on Pt-Ni catalysts in acid media, Pt-Ni catalysts presented an EOR activity higher than Pt, but lower than the state-of-the-art Pt-Sn. Both SA and MA increased with increasing Ni content in the catalysts. While taking into account of the few data for the EOR, the slope of SAPt-Ni/SAPt vs. Ni content plot (0.028 at %−1) is considerably higher than that for the methanol oxidation (0.010 at %−1), indicating that the addition of nickel to Pt is more effective for the EOR than for the MOR. As observed in the case of methanol oxidation, the SA for the ethanol oxidation of Pt-Ni catalysts increases with increasing the non-alloyed Ni content.



Likely, nickel oxide promotes the activation of both the C–H and O–H bonds of ethanol through oxygen-containing species adsorbed on NiO molecules and the change in the density of states near the Fermi level on the Pt surface atoms, but not the C–C bond cleavage.



Regarding the stability of Pt-Ni catalysts, generally, the formation of a Pt skin on the catalyst surface hinders the dissolution of bulk Pt and Ni atoms. A higher stability of the ordered PtNi intermetallic nanoparticles than the disordered PtNi alloy was observed. The Pt3Ni1/C alloy, due to anchor effects in its structure, showed higher sintering resistance than Pt/C. The mobility of platinum on a carbon surface was hindered in the presence of Ni, thus lowering the sintering rate of Pt atoms.



The addition of Ni to Pt-M (M = Ru, Sn) improves the MOR and EOR activity of the binary catalysts. The MOR activity of Pt-Ru-Ni catalysts has been widely investigated and the MOR activity of Ni-containing catalysts was always higher than that of Pt-Ru. For ternary Pt-M-Ni catalysts, the dependence of the electrochemical parameters on the Ni/(M + Ni) atomic ratio is more interesting than the their dependence on the overall Ni content. In the case of methanol oxidation, the SAPt-Ru-Ni/SAPt-Ru vs. Ni/(Ru + Ni) plot presents a sharp peak, followed by a slow decrease of the SAPt-Ru-Ni/SAPt-Ru ratio with increasing Ni content, indicating a synergic effect of Ru and Ni on the MOR specific activity in a short Ni/(Ru + Ni) ratio range, centered at ca. 0.2 Ni/(Ru + Ni). The MAPt-Ru-Ni/MAP-Rut/Ni(Ru + Ni) data, instead, are well represented by a parabolic curve with a maximum at ca. 0.45 Ni. The EOR activity of Ni-containing Pt-M-Ni (M = Sn, Ru) catalysts was always higher than that of the parent Pt-M. In the case of Pt-Sn-Ni, a synergic effect between Sn and Ni with a maximum at a value of the Ni/(Sn+Ni) ratio of ca. 0.35 was observed. The presence of Ni in Pt-Sn-Ni catalysts seems to promote C–C bond cleavage and facilitate the removal from the catalyst surface of adsorbed intermediates. The high EOR activity of Pt-Ru-Ni was ascribed to hydrogen spillover effect of Ni hydroxides and electronic effect of metallic Ni.



Future research should be focused on the optimization the total amount of nickel and the relative amount of alloyed and non-alloyed nickel in Pt-Ni catalysts. Indeed, as can be seen in Figure 1a, in the range 0–70 Ni at % for methanol oxidation, and in Figure 4a, in the range 0–40 at % Ni for ethanol oxidation, the specific activity increases with increasing Ni content in Pt-Ni catalyst. However, being the MOR and EOR catalytic activities of Ni alone very poor, optimum values of Ni content for methanol and ethanol oxidation exist and should be evaluated. Also, few studies were addressed to the effect of alloyed and non-alloyed nickel on the catalytic activity of Pt-Ni catalysts. Thus, further investigation on should be carried out to better clarify the effect of alloying degree on methanol and ethanol oxidation. Moreover, to further increase the MOR and EOR activity, the future direction should be the development of unsupported nanostructured Pt-Ni catalysts with high ECSA, such as PtNi nanotubes, nanowires and nanoflowers, and Pt-Ni nanocrystals with well-defined and controllable shape with high SA, such as Pt-Ni nanocubes [84].
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