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Developing cost-efficient and high-performance non-noble metal electrocatalysts for oxygen reduction reaction is of great significance for large-scale commercialization of fuel cells. Here, a novel cobalt phosphate-embedded nitrogen and phosphorus co-doped graphene aerogel [labeled as Co3(PO4)2/N,P-GA] is prepared via combination of a facile hydrothermal apporoach with a pyrolysis procedure. The obtained Co3(PO4)2/N,P-GA catalysts display excellent catalytic performance in base media, with optimal Co3(PO4)2/N,P-GA-900 (the material prepared at pyrolysis temperature of 900°C) showing better catalytic activity for ORR than other as-obtained contrast materials in terms of the onset potential, half-wave potential and diffusion-limiting current density, even superior to the commercial Pt/C catalyst. Furthermore, the Co3(PO4)2/N,P-GA also possesses good methanol tolerance and excellent durability. The superior performance of Co3(PO4)2/N,P-GA is attributed to the hierachical porous structure, large BET surface area, N,P-codoping, cobalt phosphate-based nanoparticles loaded on graphene nanosheets, and synergistic effects between the doped active species. Therefore, it is expected to replace Pt/C as a promising fuel cell catalyst in alkaline direct methanol fuel cells.
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INTRODUCTION

Fuel cells and metal-air batteries have been identified as clean and efficient energy conversion and storage techniques due to their environmentally-friendly and sustainable features (Ren et al., 2000), in which the electrochemical oxygen reduction reaction (ORR) plays a critical role (Walter et al., 2010; Shao et al., 2012; Katsounaros et al., 2014; Zheng et al., 2014; Dai et al., 2015; Zhang et al., 2015a,b). As an important half-reaction in these energy conversion and storage technologies, ORR is subjected to sluggish kinetics, so using the catalyst to improve the reaction rate is of great significance (Debe, 2012; Chen et al., 2014). At present, the most efficient electrocatalysts for ORR are noble platinum-based catalysts. However, the scarcity and high price of platinum have impeded their large-scale application in energy conversion and storage techniques. Therefore, it is urgent but remains challenging to develop non-noble catalysts with low cost and high activity for ORR (Hou et al., 2014b; Menezes et al., 2015; Yuan et al., 2015).

In recent years, transition metal phosphates have been aroused wide concern for energy conversion and storage applications due to their catalytic efficiency and high stability (Kim et al., 2007; Kanan and Nocera, 2008; Park et al., 2010; Wang et al., 2011a; Gonzalez-Flores et al., 2015). Among them, Mn(II) and Co(II) phosphates have especially attracted tremendous attention because of their potential as a ORR catalyst (Zhan et al., 2016). However, they have accomplished little success in the recent state of investigation and development because of their high tendency for aggregation and low conductivity. Hence, it is necessary to decorate the metal phosphates nanoparticles with conducting carbon materials in order to improve their catalytic activity (Liang et al., 2013; Mao et al., 2014; Xia et al., 2015; Hu et al., 2016; Zhou et al., 2016). Among these carbonaceous materials, graphene is considered as an ideal carbon substrate due to the special sp2-hybrid structure, high electrical conductivity, excellent chemical stability, and large specific surface area (Geim and Novoselov, 2007; Wang et al., 2011b; Yang et al., 2011; Yu et al., 2011). The abundance of functional groups on the graphene surface that can serve as the nucleation sites increases the nanoparticle dispersion and decreases the nanoparticle size, resulting in enhanced activity and a greater utilization of the active material (Wang and Dai, 2013; Hou et al., 2014a; Li et al., 2018).

Many studies have been conducted to improve the ORR activity of graphene-based materials by surface modification with heteroatoms (Wang et al., 2012, 2014; Hou et al., 2014b). Particularly, N-doped graphene materials has been widely studied due to their excellent ORR catalytic activity (Wang et al., 2011c; Hibino et al., 2013; Goran et al., 2015). The reason for improving the catalytic activity is that the N atoms incorporated into carbon matrix can create a lot of active sites and change asymmetry spin density and charge density of the carbon lattice (Gong et al., 2009; Jeon et al., 2013; Cheon et al., 2014). Phosphorus (P), another group-V element, possesses the same valance electron number and similar chemical behavior with N (Hu et al., 2014). P has higher electron-donating ability and stronger n-type effect than N, which make it a good candidate as a dopant in graphene (Some et al., 2012). In addition, P has an electronegativity value of 2.19 that is lower than that of N (3.04). The introduction of N and P with different electronegativity into carbon skeleton can effectively increase defect density, creating more reactive sites for ORR (Wang et al., 2012, 2014). More importantly, the synergistic effect between N and P can further enhance the electrocatalytic activity toward ORR (Maria Rosas et al., 2012; Nasini et al., 2014; Ornelas et al., 2014; Razmjooei et al., 2014).

In addition to modifying the graphene surface, the structure of graphene has much effect on the catalytic activity, two-dimensional (2D) graphene sheets easily lead to aggregation and accumulation during drying due to physical interaction, leading to a decrease in specific surface area (Mao et al., 2015; Fu et al., 2016). Assembling 2D graphene into a 3D architectures is an feasible method to overcome the accumulation problem. The 3D graphene aerogel possesses interconnected pore structures, thus providing more exposed reactive sites as well as high rate of mass transfer and electron transport for the heteroatoms-doped graphene-based composites.

Based on discussion above, it is believed that loading transition metal phosphate nanoparticles on heteroatoms-doped graphene aerogels is an effective method to construct highly-efficient ORR catalysts. Benefiting from high conductivity, large specific surface area and heteroatoms doping effect of graphene aerogel, as well as the cooperativity of transition metal phosphates and heteroatoms-doped graphene aerogels, the obtained hybrids are expected to deliver excellent electrocatalytic activity and good stability for ORR. To the best of our knowledge, there are few reports in this aspect (Yuan et al., 2015).

Herein, we report a novel catalyst composed of Co3(PO4)2 nanoparticles and the 3D N,P-codoped graphene aerogel (Co3(PO4)2/N,P-GA). The hybrid is prepared via a two-step method, consisting of a hydrothermal assembly process and subsequent pyrolysis procedure in the Ar atmosphere. The as-obtained Co3(PO4)2/N,P-GA-900 (where 900 represents the pyrolysis temperature of 900°C) catalyst displays excellent catalytic activity and good operational stability for ORR, and is expected to substitute the commercial Pt/C as a promising electrocatalyst for ORR.

EXPERIMENTAL SECTION

Materials

Graphite powder was purchased from Beijing Chemical Company (China). Nafion® perfluorinated resin solution (5%) was bought from Sigma-Aldrich. Phytic acid (PA) was purchased from Aladdin Ltd (Shanghai, China). Commercial Pt/C (20 wt% Pt on Vulcan carbon black) catalyst was provided by Alfa Aesar. Ultra-pure water was obtained from a Milli-Q water system. All other reagents were of analytical reagent grade and used directly.

Synthesis of Co3(PO4)2/N,P-GA-900

Graphene oxide (GO) was prepared through the modified Hummers' method according to a previous report (Zhang et al., 2014). Typically, GO was dispersed into water to form a suspension (2 mg mL−1) by ultrasonic vibration. Then, cobalt acetate (10 mg), urea (500 mg), and glucose (20 mg) were dissolved in 10 mL water, followed by adding aqueous ammonia into the above solution to adjust solution pH greater than 12. Finally, PA (20 mg) and GO (10 ml, 2 mg mL−1) were added into the above solution. The obtained suspension was sonicated for 1 h, transferred to a 50 mL Teflon-lined stainless autoclave and hydrothermally treated at 180°C for 12 h. After cooling to the ambient temperature, the hydrogel was obtained. The hydrogel was washed with deionized water until neutral pH, followed by freeze-drying to get the aerogel. The as-synthesized aerogel was directly pyrolyzed at the set temperature in a tube furnace in Ar atmosphere for 1 h and the heating rate is 5°C min−1. The corresponding samples pyrolyzed at 700, 800, 900, and 1,000°C were denoted as Co3(PO4)2/N,P-GA-700, Co3(PO4)2/N,P-GA-800, Co3(PO4)2/N,P-GA- 900, Co3(PO4)2/N,P-GA-1000, respectively. For comparison, the Co/N-doped graphene aerogel (Co/N-GA-900), Co2P/P-doped graphene aerogel (Co2P/P-GA-900), and N,P-doped graphene aerogel (N,P-GA-900) were also prepared by using the same procedures as making Co3(PO4)2/N,P-GA-900, but without the presence of PA, urea and Co(acac)2 during the hydrothermal process, respectively.

Characterization

The morphology and microstructure of the catalysts were characterized by using scanning electron microscopy (SEM, JEOL JSM-6701F operating at an accelerating voltage of 5 kV) and transition electron microscopy (TEM, JEOL-2010 operating at 200 kV) techniques. TEM associated energy-dispersive X-ray (EDX) elemental mapping was obtained from a JEOL-2010 transmission electron microscope operating at 200 kV. The crystal structural information was recorded on a power X-ray diffractometer by using Cu-Kα radiation (RIGAKU, D/MAX2250VB/PC). The specific surface area and pore structure were characterized on a Micromeritics ASAP 2020 surface area and porosity analyzer conducted at 77 K with N2 as adsorbate. The specific surface areas of the catalysts were evaluated from the nitrogen adsorption/desorption isotherms by utilizing the Brunauer-Emmett-Teller (BET), whereas the pore size distribution curves were obtained from the Barrett-Joyner-Halenda (BJH) method (for mesopores) and the density functional theory (DFT) method (for micropores). The surface chemical composition was measured by X-ray photoelectron spectroscopy (XPS), using an ESCLAB 250 spectrometer with a monochromatized Al Kα X-ray source. Raman spectra were collected on a Lab RAMHR Evolution Raman spectrometer using 532 nm excitation laser.

Electrochemical Test

To research the electrochemical catalytic activity of the as-prepared catalysts, a series of electrochemical tests were conducted on a CHI760E electrochemical workstation assembled with a rotational system with a standard three-electrode glass cell, in which a platinum sheet was served as the counter electrode, saturated calomel electrode (SCE) as the reference electrode and a modified glass carbon electrode as the working electrode. In order to modify the working electrode, 1 mg of the as-prepared catalyst power was dispersed in 1 mL of ethanol and treated by ultrasonic vibration for 2 h, and then 55 uL of the catalyst solution was dropped onto the GCE by a microsyringe. Finally, 1.0 uL of 10% Nafion solution (in ethanol) was placed on the working electrode serving as a protector. After drying at room temperature, the electrocatalyst was loaded on the working electrode with the catalyst loading of around 280 μg cm−2. As a contrast, the commercial Pt/C (20 wt% Pt on Vulcan carbon black) catalyst was used as a reference. All electrochemical tests were proceeded after receiving stable cyclic voltammetry (CV) curves by continuous CV tests. All of the potentials reported in this work were referenced to the reversible hydrogen electrode (RHE) scale according to the Nernst equation (ERHE = ESCE+0.059pH+0.242 V).

RESULTS AND DISCUSSION

Characterization of Morphology and Structure

The process for synthesis of the Co3(PO4)2/N,P-GA-900 is illustrated in Scheme 1. In the first step, phytic acid and GO suspension were successively added to a mixture solution of cobalt acetate, urea and glucose containing aqueous ammonia. Then the mixture was hydrothermally treated to form cobalt-based nanoparticles and make the GO sheets assemble into 3D graphene hydrogel. The gas evolution generated micropores, and graphene was further reduced during the process of pyrolysis.
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SCHEME 1. Illustration of preparation of Co3(PO4)2/N,P- GA-900.



To identify the crystallographic phases of the as-obtained N,P-GA-900 and Co3(PO4)2/N,P-GA-900 catalysts, the X-ray diffraction (XRD) analysis was performed. In Figure 1, two composites appear a broad diffraction peak at 2θ≈26.0°, implying the formation of graphitic structure in the hybrids (Liu et al., 2016) For Co3(PO4)2/N,P-GA-900, the characteristic diffraction peaks at 2θ≈21.9, 25.9, 27.8, 32.1, 40.6, 44.1, and 51.7° are recognized, corresponding to the (101), (210), (021), (220), (311), (122), and (−411) crystalline facets of Co3(PO4)2 (JCPDS No.13-0305, Figure 1B), respectively. The XRD results prove the formation of Co3(PO4)2 nanocrystals. As exhibited in Figure S1a, the specific diffractive peaks of Co2P/P-GA-900 are easily indexed to Co2P phase with reference to the standard card (PDF card no.32-0306), which suggests the existence of Co2P. Besides, the XRD pattern of Co/N-GA-900 composite exhibits the full suite of the characteristic peaks of Co (JCPDS file # 15-0806, Figure S1b).
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FIGURE 1. XRD patterns of the (A) N,P-GA-900 and (B) Co3(PO4)2/N,P-GA-900.



To reveal the morphological and structural information of the obtained catalysts, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed. The N,P-GA-900 exhibits a three-dimensional (3D) crumpled morphology with microsized pores constructed by interconnected GO sheets, which can provide abundant channels for the transportation of ORR-relevant species (Figure 2a). For the as-synthesized Co3(PO4)2/N,P-GA-900 composite, the nanoparticles loaded on N,P-GA can be clearly seen without obvious aggregation (see Figure 2b). The in-situ growth of nanoparticles within pore structure of graphene can enhance the interaction between nanoparticles and graphene. Above SEM results definitely validate that the Co3(PO4)2/N,P-GA-900 with an interconnected porous network was successfully prepared. Additionally, one can also observe the existence of Co2P and Co nanoparticles loaded on folded 3D P-doped and N-doped graphene aerogels, respectively (see Figures 2c,d).
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FIGURE 2. SEM images of (a) the N,P-GA-900; (b) the Co3(PO4)2/N,P-GA-900; (c) the Co2P/P- GA-900; and (d) Co/N-GA-900.



TEM images (see Figure 3a) disclose that the N,P-GA-900 presents crumpled and wrinkle-like structure, in line with those of SEM results. The TEM image and corresponding elemental mappings indicate the presence of C, N, and P in the N,P-GA-900 (Figure S2), manifesting that N and P were successfully doped into graphene skeleton. In Figure 3b, one can clearly see the nanoparticles distributed on wrinkle-like graphene sheets, and the d-spacing of crystalline lattices is 0.206 nm, which corresponds to the (122) plane of Co3(PO4)2 (Figure 3c). The measured interplanar distances of graphene are ~0.38 nm, in accord with the separation of the layers of hexagonal graphite. The EDS elemental mapping shows the presence of C, N, O, P and Co elements (Figures 3d–i). Moreover, Co, P as well as O elements are mainly distributed in the area where nanoparticles exist (Figures 3g–i). These results suggest that the Co3(PO4)2 nanoparticles may have been formed. In addition, the different resolution TEM images of Co2P/P-GA-900 and Co/N-GA-900 are demonstrated in Figure S4. The nanoparticles scattered on graphene sheets can also be observed (Figures S3a,b). Obviously, the lattice fringes with a d-spacing of 0.220 nm are designated to the (121) plane of Co2P (Figure S3c), confirming the formation of Co2P nanoparticles. Moreover, Co (111) and (200) planes can be clearly observed with the lattice plane spacings of 0.205 and 0.175 nm, respectively (Figure S3d).
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FIGURE 3. (a) TEM images of N,P-GA-900; (b–d) tem IMAGES OF cO3(po4)2/n,p-ga-900 AT DIFFERENT MAGNIFICATIONs; (e–i) Elemental mappings of C, N, O, P and Co of Co3(PO4)2/N,P-GA-900.



X-ray photoelectron spectroscopy was further used to evaluate the elemental compositions and bonding states on the catalyst surface. As presented in Figure 4A, C, N, O, P, and Co elements are detected from the overall XPS spectra of Co3(PO4)2/N,P-GA-900, in agreement with the EDS mapping results. Obviously, the high-resolution O 1s signals are centered at ca. 530.2, 531.9, and 532.8 eV, which are assigned to the Co-O in Co3(PO4)2, C-O and C = O in graphene, as displayed in Figure 4B (Fei et al., 2015). The high-resolution N 1s spectrum of Co3(PO4)2/N,P-GA-900 can be deconvoluted into three signals, different N species at around 398.3, 400.1, and 401.2 eV are assigned to pyridinic N, pyrrolic N and graphitic N, respectively (Shanmugam and Osaka, 2011; Yang et al., 2011). Moreover, the catalysts pyrolyzed at other temperatures have the same nitrogen forms with Co3(PO4)2/N,P-GA-900 (Figure 4C). The total nitrogen contents of Co3(PO4)2/N,P-GA-700, Co3(PO4)2/N,P-GA-800, Co3(PO4)2/N,P-GA-900 and Co3(PO4)2/N,P-GA-1000 are estimated to be 3.84, 3.7, 2.46, and 2.11 at %, respectively. Obviously, the nitrogen contents decrease rapidly at elevated pyrolysis temperatures, which can be attributed to the instability of nitrogen in high temperature (Zhong et al., 2014). However, the percentage content of graphitic N increases gradually due to the conversion of pyridinic N and pyrrolic N to graphitic N at higher annealing temperatures (Figure 4D). It is proposed that pyridinic N and graphitic N are the main forms to improve the activity for ORR (Lai et al., 2012), and the former enhances the onset potential whereas the latter increases the limiting current density. Taking the highest total percentage content of pyridinic-N and graphitic-N in the Co3(PO4)2/N,P-GA-900 into consideration, it is expected that the as-prepared composite possesses outstanding catalytic performance for oxygen reduction reaction. The information of P 2p spectrum is rendered in Figure 4E. The single peak located at 133 eV can be attributed to the phosphate in the composite (Steinmiller and Choi, 2009). The P is introduced by phytic acid, additional P incorporating into N-doped graphene have proven to create more active sites and generate synergistic effects for ORR electrocatalysis (Yang et al., 2012; Jiang et al., 2014).
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FIGURE 4. (A) The XPS survey spectra of N,P-GA-900 and Co3(PO4)2/N,P-GA at different pyrolysis temperatures; (B,C,E,F) High-resolution XPS spectra of O 1s, N 1s, P 2p, and Co 2p of Co3(PO4)2/N,P-GA-900; (D) The percentage of deconvoluted N 1s species in Co3(PO4)2/N,P-GA.



Co also can be detected from the Co3(PO4)2/N,P-GA-900 specimen surface. High-resolution Co 2p spectrum (Figure 4F) discloses the binding energies of Co 2p3/2 and Co 2p1/2 at 781.4 and 797.2 eV with their corresponding satellite peaks at 787.6 and 802.7 eV, respectively. These binding energies are characteristic of Co(II) in the hybrid material (Zhou et al., 2016). The above observations further demonstrate that the Co3(PO4)2 loaded nitrogen and phosphorus-codoped graphene aerogel [Co3(PO4)2/N,P-GA] hybrid materials were successfully obtained.

Raman spectroscopy has been widely used to evaluate the degree of graphitization and defect. According to Figure 5, the catalysts obtained at different temperatures show two distinct peaks in 1,349 cm−1 (D-band) and 1,590 cm−1 (G-band), which correspond to the disordered carbon and sp2 hybridized graphitic carbon, respectively (Zhang et al., 2013). The ID/IG proportions of Co3(PO4)2/N,P-GA-700, Co3(PO4)2/N,P-GA-800, Co3(PO4)2/N,P-GA-900, Co3(PO4)2/N,P-GA-1000 and N,P-GA-900 are 1.167, 1.143, 1.121, 1.067, and 1.079, respectively. The ratios of ID to IG for the Co3(PO4)2/N,P-GA decreases with the increase of pyrolysis temperature, which implies that a higher pyrolysis temperature facilitates the generation of more ordered graphitic carbon. High degree of graphitization can improve the electronic conductivity and erosion resistance of the as-obtained composite (Chen et al., 2015). It is worth noting that the ID/IG value (1.121) of Co3(PO4)2/N,P-GA-900 is larger than that (1.079) of N,P-GA-900, suggesting the introduction of Co3(PO4)2 leads to formation of more structure distortion. This result definitely demonstrates that more defects exist in the Co3(PO4)2/N,P-GA-900 hybrid.
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FIGURE 5. Raman spectra of Co3(PO4)2/N,P-GA and N,P-GA-900.



Brunauer-Emmett-Teller (BET) analysis was used to characterize the specific surface areas, pore sizes and pore volumes for the as-prepared catalysts (Figures 6A,B). In Figure 6A, the nitrogen adsorption-desorption curve displays a typical type-IV isotherm with a distinct hysteresis loop at the relative pressures (P/P0) between 0.45 and 1.00, indicating the existence of mesopores in as-prepared Co3(PO4)2/N,P-GA-900 catalyst. The pore structure parameters of all as-prepared composites are presented in Table 1. It can be seen that the BET surface area of Co3(PO4)2/N,P-GA-900 (426.3 m2 g−1) is distinctly larger than those of Co/N-GA-900 (288.0 m2 g−1) and Co2P/P-GA-900 (407.1 m2 g−1), demonstrating that the N/P co-doping is beneficial for an increase in BET surface area. Besides, Co3(PO4)2/N,P-GA-900 possesses the highest specific BET surface area relative to other Co3(PO4)2/N,P-GA-T (T = 700, 800, 1,000) counterparts, which is beneficial for the exposure of more active sites. It is worth noting that the BET surface area of Co3(PO4)2/N,P-GA-900 is slightly reduced when compared to N,P-GA-900 (487.6 m2 g−1), which can be attributable to the incorporation of Co3(PO4)2 nanoparticles into N,P-GA.
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FIGURE 6. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution of N,P-GA-900, Co/N-GA-900, Co2P/P-GA-900, and Co3(PO4)2/N,P-GA-900.




Table 1. The pore structure parameters of the as-prepared catalysts.
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Electrocatalytic Performance for ORR

To evaluate the ORR performance of Co3(PO4)2/N,P-GA-900, cyclic voltammetry (CV) curves were firstly recorded to estimate the electrocatalytic activity in O2-/N2-saturated 0.1 M KOH solutions. As seen in Figure 7A, the Co3(PO4)2/N,P-GA-900 shows a palpable cathode reduction peak in an O2-saturated solution whereas no characteristic peak in a N2-saturated electrolyte, suggesting the electroactivity of Co3(PO4)2/N,P-GA-900 for ORR. Linear sweep voltammetry (LSV) curves of Co3(PO4)2/N,P-GA-900 in Figure 7B exhibits the limiting current density augment with the increase of rotating speeds from 100 to 2,500 rpm, due to the reduced diffusion distance at higher speeds. The corresponding Koutecky-Levich (K-L) plots show linearity and parallelism, indicating the first-order kinetics relative to the concentration of dissolved oxygen and similar electron transfer numbers (Figure 7C). Pyrolysis temperature is a significant factor in affecting active sites, and different pyrolysis temperatures result in different catalytic activities. By changing the pyrolysis temperature (700, 800, 900, and 1,000°C), one can see that the catalyst Co3(PO4)2/N,P-GA-900 possesses the best ORR activity in relation to onset potential (E0), half-wave potential (E1/2), and limiting current density (JL), as shown in Figure 7D. Consequently, 900°C is the optimal temperature, and other contrast samples are treated at the same temperature. As displayed in Figure 7E, the Co3(PO4)2/N,P-GA-900 shows more prominent ORR catalytic activity than that of Co/N-GA-900 and Co2P/P-GA-900, confirming that the synergistic effect of nitrogen and phosphorus can improve the performance of catalyst. Moreover, Co3(PO4)2/N,P-GA-900 exhibits more positive onset potential (0.95 V vs. RHE) than N,P-GA-900 (0.91 V vs. RHE), manifesting that the Co3(PO4)2 nanoparticles loaded are also the main active sites in enhancing the ORR activity. Not only that, the E0 and E1/2 of Co3(PO4)2/N,P-GA-900 (0.95 V, 0.81 V) approaches to that of the commercial Pt/C (0.95 V, 0.80 V), while its diffusion limiting current density (5.73 mA cm−2) is superior to the benchmark Pt/C (5.33 mA cm−2). These results distinctly suggest that the Co3(PO4)2/N,P-GA-900 possesses rapid kinetics process for ORR (Figure S5 and Table S1). The ORR kinetics was also evaluated by Tafel slope (see Figure 7F). The Co3(PO4)2/N,P-GA-900 catalyst gives a Tafel slope of 86 mV dec−1, close to 20 wt% Pt/C (69 mV dec−1), verifying the similar ORR mechanism of these two catalysts. The outstanding ORR activity of Co3(PO4)2/N,P-GA-900 in alkaline media may be attributed to the synergistic effects of the following factors: (1) The particular 3D wrinkle porous architecture is beneficial for exposing more active sites and accelerating the accessibility of oxygen; (2) The insertion of N and P heteroatoms into the carbon skeleton is conductive to an increase in BET surface area. Additionally, it can trigger charge redistribution and promote the adsorption of oxygen and the reduction reaction on graphene; (3) The Co3(PO4)2 inserted into N,P-GA can not only produce more defects, but also improve the ORR activity of the obtained hybrid catalyst; (4) The synergistic coupling between the doped active components conduces to enhance the ORR activity markedly.
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FIGURE 7. (A) CV curves of the Co3(PO4)2/N,P-GA- 900 in N2- and O2-saturated 0.1 M KOH at a scan rate of 100 mV s−1; (B) LSV curves on Co3(PO4)2/N,P-GA-900 in an O2-saturated 0.1 M KOH with a scan rate of 10 mV s−1; (C) The corresponding K-L plots of ORR for Co3(PO4)2/N,P- GA-900 catalyst; (D) LSV polarization curves of Co3(PO4)2/N,P-GA-T (T = 700, 800, 900, and 1,000) in O2-saturated 0.1 M KOH at a scan rate of 10 mV s−1 with the rotating speed of 1,600 rpm; (E) LSV polarization curves ofCo3(PO4)2/N,P-GA-900, Co2P/P-GA-900, Co/N-GA-900 and Pt/C in O2-saturated 0.1 M KOH at a scan rate of 10 mV s−1 with the rotating speed of 1,600 rpm; (F) Tafel plots of Co3(PO4)2/N,P-GA-900 and Pt/C in 0.1 M KOH.



The ORR in an alkaline medium can be achieved via two possible pathways: involving a two-electron process to generate H2O2/[image: image], or the other, a direct four-electron pathway to produce H2O/OH−. In order to explore the ORR pathway of the obtained Co3(PO4)2/N,P-GA-900, the rotating ring disk electrode (RRDE) experiments were performed. The electron transfer number (n) and percentage of hydrogen peroxide can be calculated according to the following equations (Liu et al., 2013).

[image: image]
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Where ID is the disk current, IR is the ring current, and N (= 0.37) is the current collection efficiency of the Pt ring.

The RRDE test results present the disk and ring current density for Co3(PO4)2/N,P-GA-900 and Pt/C (Figure 8A). Figure 8B shows the yield of hydrogen peroxide (H2O2%) and the electron transfer number (n) at different potentials for the two catalysts. It can be observed that the percentage of H2O2 for Co3(PO4)2/N,P-GA-900 is less than 15%, and the calculated electron transfer number is 3.7–3.84 in the potential range of 0.3–0.6 V vs. RHE. These results suggest that the Co3(PO4)2/N,P-GA-900 catalyze ORR undergoes a predominant 4e process by reducing O2 directly to OH−.
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FIGURE 8. (A) Rotating ring disk electrode (RRDE) measurements of Co3(PO4)2/N,P-GA-900 and Pt/C in 0.1 M KOH; (B) Peroxide percentage and electron transfer number (inset) at different potentials based on the corresponding RRDE data in (A).



Methanol poisoning and the durability are significant matters challenging the cathode catalysts in current fuel cell devices (Yu et al., 2012; Jin et al., 2014). For estimating the long-term stability of the Co3(PO4)2/N,P-GA-900 hybrid, the chronoamperometry test over a period of 10,000 s at 1,600 rpm and 10 mV s−1 was conducted (see Figure 9A). Remarkably, the current retention of Co3(PO4)2/N,P-GA-900 is 85.4%, while Pt/C reserves only 80.5% of its initial current under the same conditions, indicating the better durability of the Co3(PO4)2/N,P-GA-900 catalyst relative to Pt/C. In order to explore the selectivity of Co3(PO4)2/N,P-GA-900, a methanol crossover test was conducted (Figure 9B). Obviously, the Co3(PO4)2/N,P-GA-900 hybrid demonstrates almost no distinct current density variation when 3 M methanol is injected, while the current density of the Pt/C decreases sharply under the same operation, manifesting the more excellent methanol tolerance of our as-prepared catalyst than Pt/C.


[image: image]

FIGURE 9. (A) Chronoamperometric curves of Co3(PO4)2/N,P-GA-900 and Pt/C in 0.1 M KOH solution saturated with O2 at a rotating speed of 1,600 rpm and the scan rate of 10 mV s −1; (B) Chronoamperometric response for ORR on Co3(PO4)2/N,P-GA-900 and Pt/C in O2-saturated 0.1 M KOH at a rotating speed of 1,600 rpm and the scan rate of 10 mV s −1 with 3 M methanol added after 300 s.



CONCLUSION

In summary, a novel Co3(PO4)2/N,P-GA electrocatalyst for ORR was prepared by a facile two-step method, including a hydrothermal reaction and subsequent pyrolysis treatment. The optimized Co3(PO4)2/N,P-GA-900 (where 900 represents the pyrolysis temperature) catalyst displays better ORR activity than the N,P-GA-900, Co/N-GA-900 and Co2P/P-GA-900, which is ascribed to the synergistic effect between Co3(PO4)2 and N,P-GA-900. In addition, the as-obtained Co3(PO4)2/N,P-GA-900 also exhibits better operational stability and methanol tolerance than the commercial Pt/C. Therefore, this work may offer the basis to prepare Co,N,P-tridoped graphene aerogel with hierarchical porosity, and provide an unprecedented avenue to design more three-dimensional electrocatalysts as a replacement to noble metals for electrochemical energy conversion and storage devices.
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