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Abstract

:

In order to fill the research gap of high metal loading of high performance PtNi alloy catalysts, a PtNi/C alloy nano-catalyst with metal loading more than 50 wt.% and core-shell like structure was prepared by ethylene glycol reduction, high temperature annealing, and acid pickling. The electrochemical test results showed that the prepared PtNi alloy catalyst had excellent electrochemical activity: the electrochemical surface area (ECSA) was 63.8 m2·gPt−1, and the mass activity (MA) was 0.574 A·mgPt−1, which is 2.73 times greater than those of the Pt/C JM (Johnson Matthey) catalyst. The durability of the PtNi/C catalyst was further investigated. After 30 K cycles of accelerated durability test, the ECSA and MA of the PtNi/C alloy catalyst decreased by 10.2% and 31.2%, respectively. The PtNi/C alloy catalyst prepared in this study has excellent catalytic activity and overcomes the problem of insufficient durability of traditional alloy catalysts and has the potential for large-scale commercial application.
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1. Introduction


Since the development of modern civilization, the consumption and demand of all kinds of energy are increasing. Coal, oil, natural gas, and other non-renewable or difficult to regenerate fossil fuel energy sources will be consumed in the next few decades. Hydrogen energy, as a new type of energy that has attracted much attention in recent years, has the advantages of clean, efficient, and sustainable development, and is expected to become the ultimate energy source of society. Fuel cells are a kind of high-efficiency power generation device that directly convert the chemical energy stored in the fuel into electrical energy that can be used directly through electrochemical reaction without the transformation of other energy (thermal energy, mechanical energy, etc.). Proton exchange membrane fuel cells (PEMFCs) are one of the important ways to convert hydrogen energy. PEMFCs can convert the chemical energy of hydrogen fuel directly into electricity that is easy to use, and they have the characteristics of high energy conversion efficiency, abundant fuel sources, and no pollution. PEMFCs have a good possibility of replacing internal combustion engines as a green vehicle power supply [1,2].



At present, the precious metal platinum (Pt) is used as the catalyst of the cathode and anode in the PEMFC stack. The Oxygen Reduction Reaction (ORR) at the cathode has a very high over-potential and is a four-electron electrochemical reaction process.


O2 + 4H+ + 4e− → 2H2O



(1)







The cathode needs to use more Pt to speed up this kinetically slow reaction [3,4]. However, Pt resources on the earth are limited, and the cost of precious metal Pt catalysts accounts for more than 50% of the cost of fuel cell stacks and therefore limits the large-scale commercial application of fuel cells. In addition to cost and resource constraints, Pt catalysts also have durability problems, which are mainly reflected in the stability of PEMFCs. Through the analysis of the fuel cell degradation mechanism, it can be seen that under the operating conditions of the fuel cell, the catalyst will have problems such as agglomeration, migration, and dissolution of Pt nanoparticles, resulting in a gradual decrease in the active surface and degradation of battery performance [5,6]. In order to reduce the amount of Pt used in fuel cell catalysts, reduce costs, and extend the service life of fuel cells, the development of high-efficiency low-platinum catalysts and mass production are key technologies to accelerate the application of fuel cells [5,7]. The use of relatively inexpensive transition metals (M) to form alloys with Pt is a strategy that has attracted much attention in the development of Pt-based catalysts [8,9]. Through the formation of the alloy, not only can the Pt dosage and use cost be effectively reduced, but also the Pt active surface utilization rate can be improved. Through the influence of the metal (M) on the electronic structure of Pt, the catalytic activity of a single Pt atom can be improved [10,11]. According to Sabatier’s principle, the binding energy of reactants, reaction intermediates, or products with the catalyst should not be too strong or too weak. If the binding energy is too weak, the reactants are difficult to adsorb on the surface of the catalyst; conversely, if the binding energy is too strong, the reaction products will block the active sites on the catalyst surface, as shown in Figure 1 [12]. Either condition is bad for the reaction rate. Table 1 summarizes the ORR properties of some reported alloy-related electrocatalysts.



As nickel metal is the fifth largest metal reserve on the earth, its source is abundant and its price is low. PtNi alloy catalysts have excellent electrochemical properties, and the research about PtNi alloy catalysts has become a hot topic in the field of fuel cell catalysts in recent years. In this study, a PtNi/C catalyst with 52 wt.% metal mass fraction and a core-shell like structure was synthesized by a simple method with high temperature annealing and acid treatment. The atomic ratio of Pt to Ni was close to 1:0.6. The electrochemical test results show that the prepared PtNi/C catalyst has higher electrochemical performance than the Pt/C catalyst prepared by the same method. The ECSA of PtNi/C reached 63.8 m2·gPt−1, and the MA was 0.547 A·mgPt−1. In addition, after the 30 K-cycles accelerated durability test, ECSA of PtNi/C only decays by 10.6%, and MA only decays by 31.2%. More significant is that the preparation process used in this study is easy to repeat and thus has great commercial production potential.




2. Results and Discussion


2.1. Analysis of Physical Properties


The XRD patterns of the PtNi/C nano-catalyst and the JM-Pt/C nano-catalyst are shown in Figure 2. As shown in the figure, three distinct crystallization peaks from low to high value of 2θ correspond to the Pt(111) plane, Pt(200) plane, and Pt(220) plane, respectively, indicating that the PtNi/C nano-catalyst has a face-centered cubic (fcc) structure. Compared with the diffraction peak of the JM-Pt/C catalyst, the diffraction peak of the PtNi/C catalyst has shifted to a larger angle. Because the radius of Ni atoms (1.62 Å) is smaller than the radius of Pt atoms (1.83 Å), the Pt lattice shrinks when Ni atoms enter the Pt lattice to form an alloy phase with Pt [21]. In addition, the PtNi/C catalyst shows a higher diffraction peak intensity, which indicates that the PtNi/C catalyst has excellent crystallinity. Furthermore, the decrease of full width at half maxima (FWHM) of diffraction peak also indicates the increased size of the PtNi/C catalyst. The lattice spacing of PtNi/C as calculated by Bragg’s law and Scherrer’s equation is 0.218 nm, which is significantly smaller than that of standard single crystal Pt (111) (0.226 nm). Smaller lattice spacing of PtNi/C is consistent with the shift of the XRD diffraction peak to the right, which indicates that there is a good alloying degree between Pt and Ni. The XRD results indicated this study had successfully prepared a PtNi alloy catalyst with excellent crystallinity.



Figure 3 shows the TEM images of the PtNi/C nano-catalyst. It can be seen that the morphology of the prepared catalyst is approximately spherical. The metal particles in the PtNi/C nano-catalyst are uniformly dispersed on the carbon support, and the particle size is similar, which proves the effectiveness of the preparation process. As shown in Figure 3, the average particle size of PtNi/C nano-catalyst is 3.90 nm, calculated by randomly counting 200 particles. According to the previous studies, the particle size of PtNi/C catalyst falls in the appropriate size range that is conducive to obtain the best electrochemical performance [22]. The uniform distribution of metal particles on the carbon support also greatly improves the utilization rate of Pt. Through the analysis of TEM, it can be seen that the PtNi/C nano catalyst has the physical characteristics to be a high-performance catalyst.



The composition of the PtNi/C catalyst was analyzed by inductive coupled plasma emission spectrometer (ICP). The metal proportion is shown in Table 2. The content of Pt and Ni in the catalyst is 47 wt.% and 5 wt.%, and the atomic ratio of Pt and Ni is approximately 1:0.35. Figure 4 shows the X-ray energy dispersive spectroscopy (EDS) of PtNi/C. It was observed that the peak intensity of Pt was significantly higher than that of Ni, and the peak area of Pt was also larger, which proved that the relative content of Pt in the outer layer of the catalyst was much higher than that of Ni. The mass fraction ratio of Pt to Ni is 20.3:1, which is much larger than that of ICP. It can be inferred that the Ni of the outer layer is mostly removed by the pickling process, thus forming a Pt-rich atomic outer layer. Combined with the TEM images in Figure 2, we speculate that the PtNi/C catalyst is a kind of core-shell like structure with rich Ni in the inner layer and rich Pt in the outer layer.




2.2. Analysis of Electrochemical Performance


Figure 5 shows the CV and LSV curves of PtNi/C nano-catalyst, Pt/C nano-catalyst, and JM commercial catalyst (JM-Pt/C, 60 wt.% of Pt loading), respectively. It can be observed from Figure 5a that the hydrogen adsorption/desorption area of Pt/C is larger than that of the PtNi/C catalyst, because the microcrystalline size of alloy catalyst is usually larger, which reduces its electrochemical surface area (ECSA) [21,22]. However, the ORR activity of PtNi/C increased significantly due to its higher half wave potential, as can be seen from the LSV curve. According to the CV and LSV curves, we calculated the ECSA and mass activity (MA) of the three catalysts, as shown in Table 3. It can be seen that the ECSA of the PtNi/C catalyst is still slightly higher than that of the commercial JM-Pt/C catalyst, although the hydrogen adsorption/desorption area is lower than that of the commercial JM Pt/C catalyst. Furthermore, the MA of the PtNi/C catalyst is as high as 0.574 A·mgpt−1, which is approximately 2.13 times that of the Pt/C catalyst and 2.73 times that of the JM-Pt/C catalyst.



There are two reasons why the ORR performance of the PtNi/C catalyst is significantly higher than that of the Pt/C and JM Pt/C catalysts. First, the PtNi/C catalyst was pickled in the preparation process to remove the excess transition metal, so that the active sites on the Pt (111) surface were fully exposed, which was conducive to the improvement of ORR performance. Furthermore, the addition of Ni can change the atomic and electronic structure of Pt. Ni with a smaller atomic radius enters the Pt lattice, reducing the Pt-Pt lattice spacing. The outer electrons of Ni tend to transfer to Pt, which makes the 5d orbital of Pt closer to the full state and changes the position of the d-band center of Pt [9,23]. All the changes noted above are conducive to the adsorption of oxygen molecules on the crystal surface, which is conducive to enhancing the ORR activity of the catalyst [24].



In order to further explore the durability of the PtNi/C catalyst, we carried out an accelerated durability test (ADT). The accelerated durability test was conducted in 0.1 M HClO4 solution at a scan rate of 100 mV·s−1, ranging from 0.6 to 1.0 V (vs. RHE) for 30 K cycles. The CV and LSV curves before and after the test are shown in Figure 6a,b. It can be seen that the hydrogen desorption area in the CV curve and half wave potential in the LSV curve both decreased after a 30 K cycle durability test. The ECSA of PtNi/C was calculated to be 57.0 m2·gpt−1, and the MA was calculated to be 0.395 A·mgpt−1 after the durability test, with a decrease of 10.6% and 31.2%, respectively. In contrast, the MA of the Pt/C catalyst decreased by 34.4% after only 2.5 k cycles of ADT, as shown in Figure 7.



According to the ADT results, the stability of the PtNi/C catalyst prepared in this study is much better than that of the Pt/C catalyst. Due to the pickling progress, the excess transition metal Ni on the surface of the catalyst was removed, thus forming a kind of core-shell like structure with a Pt-rich outer layer and Ni-rich inner layer. The relatively compact Pt shell on the outer layer can protect the inner Ni from leaching, thus stabilizing the crystal [25,26]. In addition, compared with the Pt/C catalyst, the PtNi/C catalyst has larger particle size that leads to the smaller specific surface area and lower surface energy, which can alleviate the agglomeration of nanoparticles to a certain extent and thus improve the stability of the catalyst.



It can be seen from Figure 8 that the performance of the PtNi/C nano-catalyst in the single cell test is better than that of the JM commercial catalyst, which is consistent with the results of the rotating disc electrode test. The open circuit potentials of the PtNi/C nano-catalyst and the commercial JM-Pt/C catalyst are 0.929 V and 0.916 V, respectively. The power density at 0.65 V of PtNi/C and JM-Pt/C were 1.022 w·cm−2 and 0.775 w·cm−2, respectively. Compared with the JM-Pt/C catalyst, the performance of the membrane electrode prepared by the PtNi/C nano-catalyst was improved by 32%. The results of the single cell test show that PtNi/C can also exhibit good activity in the actual fuel cell membrane electrode operating environment.





3. Materials and Methods


3.1. Materials


The H2PtCl·6H2O and NiCl2·6H2O were from Kunming Boren Precious Metals Co., Ltd. The NaOH, C2H6O2, Ni(NO3)2, C2H6O, and H2SO4 were from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Commercial 60 wt.% Pt/C catalyst was from Johnson Matthey. The N2/H2 was from Nanjing Shangyuan Gas Co., Ltd. (Nanjing, China). The ECP600 conductive carbon black was from Shanghai Triquo Co., Ltd. (Nanjing, China).




3.2. Preparation of PtNi/C Catalyst


The mixed solvent of ethylene glycol and ultrapure water was slowly added into carbon black. The mixture of chloroplatinic acid (2 wt.%), nickel chloride (1 wt.%), and sodium hydroxide (10 wt.%) was then added, and then the mixture was stirred and impregnated. Next, the mixture was placed into a microwave reactor to react to 132 °C, cooled to about 90 °C, and removed. After standing for 10 min, the PtNi/C precursor was obtained by filtration, washing, and drying. We added 0.1 g of PtNi/C precursor prepared in the above steps into the mixed solvent of 2 mL ultra-pure water and 8 mL analytical pure ethanol and dispersed it uniformly by ultrasound. Next, Ni(NO3)2 solution was added and ultrasonically impregnated for 20 min. It was then evaporated to a smooth consistency in an oil bath at 60 °C. After that, it was removed and dried at the same temperature. The dry precursor was ground and placed into a high temperature tubular furnace, and then reduced with 5 vol% hydrogen nitrogen mixture to obtain the crude PtNix/C catalyst. The crude PtNix/C catalyst was collected, added into 100 mL sulfuric acid solution, stirred in an oil bath at 80 °C for 24 h, then washed, filtered, and dried. Finally, the PtNi/C alloy nano electrocatalyst with 52% wt. metal was obtained, in which the mass fraction of Pt was about 47 wt.%, and the mass fraction of Ni was about 5 wt.%.



The mixed solvent of ethylene glycol and ultrapure water was slowly added into the carbon black, the mixture of chloroplatinic acid (2 wt.%) and sodium hydroxide (10 wt.%) was added, and then the mixture was stirred and impregnated. The mixture was then placed in the microwave reactor to react to 132 °C, cooled to about 90 °C, and removed. After standing for 10 min, the catalyst was filtered, washed, and dried, and marked as Pt/C.




3.3. Physical Characterization of Catalyst


The crystal structure, morphology, and physical properties of the PtNi/C alloy nano-catalyst were characterized by inductively coupled plasma atomic emission spectrometry (ICP, avio500), transmission electron microscopy (TEM, TECNAI F20), energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD, Bruker D8 adavance, Karlsruhe, Germany).




3.4. Electrochemical Test


An appropriate amount of Al2O3 powder (0.05 μm) was used to polish the surface of the glassy carbon electrode, after which it was rinsed with absolute ethanol and ultrapure water until there was no Al2O3 powder residue on the surface. Next, 2 mg of the sample and 1600 μL of ethanol were added into the centrifuge tube. After sonicating for 3 min, 400 μL of ultrapure water droplets was added into the centrifuge tube. We then added 14.2 μL Nafion (5 wt.%, Cobot, Boston, MA USA) into the mixed solution. After 30 min of ultrasound, 5 ul of the mixed slurry was dropped onto the surface of the processed glassy carbon electrode (d = 5 mm) and dried under an incandescent lamp to form a film. We then dropped 5 μL of the slurry on the formed glassy carbon electrode. Once on the electrode, it was dried again under an incandescent lamp to form a film.



After the film was dried, the electrochemical test and related data were recorded by reference 3000 electrochemical workstation from Gamry company. The standard three electrode system was used to test the cyclic voltammetry curve to calculate the electrochemical active area (ECSA), and linear sweep voltammetry was used to determine the oxygen reduction capacity. The standard hydrogen electrode was selected as the reference electrode, the platinum wire was used as the working electrode, and the electrolyte was 0.1 M HClO4 aqueous solution.



Before the cyclic voltammetry (CV) curve was tested, high purity nitrogen was introduced until the nitrogen in the hydrogen chloride electrolyte was saturated. The cyclic voltammetry test was then carried out. For the activation process, the electrochemical workstation scanning potential was 0.05~1.2 V (vs. RHE), the scanning speed was 200 mV/s, and the number of scanning cycles was 20 cycles. For the CV test process, the potential interval was 0.05~1.05 V (vs. RHE), and the scanning speed was 50 mV/s. After the cyclic voltammetry test, we passed high purity oxygen into the electrolyte HCLO4 aqueous solution until the electrolyte was saturated with oxygen, and we then performed a linear voltammetry curve test. The sweep potential was 0.6~1.0 V (vs. RHE), and the electrode rotation speed was 1600 rpm. For the accelerated durability test (ADT), under the condition of 0.1 M nitrogen saturated with HCLO4 solution, the sweep potential was 0.6~1.0 V (vs. RHE), the sweep speed was 100 mV/s, and the scan was 30 K circles.




3.5. Single Cell Test Process and Method


The membrane electrode with an ultrasonic area of 25 cm2 was prepared by a catalyst coating method. First, the catalyst was dissolved in a mixture of ultrapure water, isopropanol, and Nafion. The total ratio of Nafion to carbon in the slurry was maintained at 0.7. The slurry was then ultrasonically treated until there was no particle precipitation. Two gas diffusion layers with the thickness of 0.234 mm were placed on both sides of the anode and cathode catalyst layer. Polytetrafluoroethylene was used in the gas diffusion layer for hydrophobicity. Finally, a suitable gasket was fitted, and we then assembled the two graphite plates with flow channels to the membrane.





4. Conclusions


In this study, a PtNi alloy catalyst with good alloying degree and high metal loading was prepared by a simple method. Due to its special core-shell like structure and synergistic effect between alloys, the PtNi/C nano-catalyst showed excellent electrochemical performance. The ECSA of PtNi/C reached 63.8 m2·gPt−1, and the MA reached 0.574 A·mgPt−1. The MA of the PtNi/C nano-catalyst is far beyond the 2020 target set by the U.S. Department of Energy for Pt based catalysts for automotive fuel cells (0.44 A·mgpt−1). The PtNi/C nano-catalyst also showed excellent stability. ECSA and MA of PtNi/C only decreased by 10.2% and 31.2%, respectively, after ADT with 30 K cycles. Furthermore, in the single cell test, the membrane electrode prepared by PtNi/C nano-catalyst also exhibited excellent performance. Combined with the above advantages, the PtNi/C alloy catalyst prepared in this study can effectively improve the catalytic activity and stability of PEMFCs, and thus improve the utilization rate of Pt. Ultimately, the cost of PEMFCs is fundamentally reduced. In addition, the metal loading of the PtNi/C alloy catalyst prepared in this study reaches 52 wt.%, which meets the requirements of industrial production for high metal loading of catalysts and has great potential for large-scale commercial application.
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Figure 1. Volcanic distribution of ORR activity of Pt-based transition-metal alloys. 
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Figure 2. XRD patterns of PtNi/C and JM-Pt/C. 
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Figure 3. TEM images of PtNi/C. (a–c) are the TEM images of PtNi/C at different magnification. 
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Figure 4. Energy dispersion X-ray spectrogram of PtNi/C. 
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Figure 5. CV (a) and LSV(b) curves of PtNi/C, JM-Pt/C, and Pt/C. 
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Figure 6. CV (a) and LSV (b) curves of PtNi/C before and after ADT. 
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Figure 7. LSV curves of Pt/C before and after ADT. 
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Figure 8. The single cell performance curves of PtNi/C and JM-Pt/C catalysts. 
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Table 1. Summary of the electrochemical performances of recently reported alloy-related electrocatalysts for the ORR.
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	Catalyst
	ECSA (m2·gPt−1)
	MA (A·mgPt−1)
	Electrolyte





	Pt3Ni/PC (Pt-skin) [13]
	— —
	0.69
	0.1 M HClO4



	PdIr/C [14]
	270
	
	0.1 M HClO4



	Pt3Co/C [15]
	30
	1.3
	0.1 M HClO4



	Mn@2Pt/C [16]
	112.3
	1.1
	0.1 M HClO4



	Co-PrCu RNFs [17]
	31
	1.56
	0.1 M HClO4



	Pt3Ni NWs [18]
	43.8
	5.60
	0.1 M HClO4



	Pt3Ni/C [19]
	11.2
	0.16
	0.1 M HClO4



	Pt-Co GND/C [20]
	137.1
	2.041
	0.1 M HClO4







— — means the data is not mentioned in the article.
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Table 2. Metal composition of PtNi/C from ICP.






Table 2. Metal composition of PtNi/C from ICP.





	Metal
	Ratio (wt.%)





	Pt
	47



	Ni
	5
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Table 3. ECSA and MA parameters of PtNi/C Pt/C, and JM-Pt/C catalysts.
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	Catalysts
	ECSA (m2·gPt−1)
	MA (A·mgPt−1)





	PtNi/C
	63.8
	0.574



	Pt/C
	79.2
	0.270



	JM-Pt/C
	60.2
	0.210
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