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Abstract

:

Well-defined polyhedral Pd-Pt nanocrystals anchored on the reduced graphene oxide (rGO) are successfully synthesized via a facile and efficient surfactant-free solvothermal route. The formation mechanism is carefully illustrated via tuning the surface state of rGO substrate and the Pd/Pt ratio in Pd-Pt nanocrystals. rGO substrates with continuous smooth surface, which can offer continuous 2D larger π electrons, play important roles in the formation of the well-defined polyhedral Pd-Pt nanocrystals. Suitable Pd/Pt ratio, which determines the affinity between the rGO substrate and polyhedral Pd-Pt nanocrystals, is another important factor for the formation of polyhedral Pd-Pt nanocrystals. Due to the well-defined surface of Pd-Pt nanocrystals, rich corners and edges from polyhedral structure, as well as more exposed (111) facets, the low-Pt polyhedral Pd-Pt nanocrystals anchored on rGO, used as electrocatalysts, exhibit high electrocatalytic activity for oxygen reduction reaction with excellent methanol tolerance.
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1. Introduction


Pt-alloy nanocrystals or core–shell structure nanoparticles are the state-of-the-art electrocatalysts for oxygen reduction reaction [1,2,3,4,5,6,7,8,9,10,11,12]. Among them, Pt-Pd nanocrystals with well-defined morphology and structure exhibits excellent performances [6,7,8,9,10,11,12]. Surfactants or polymers are usually used as protectors to stabilize the well-defined morphology of the Pd-Pt nanocrystals [6,7,8,9], or complicated organic oleic acid/oleylamine synthesis system was applied [12,13,14]. However, these protectors/organic amines, strongly adsorbing on the active sites and declining the activity of the Pd-Pt electrocatalysts, are hardly removed. Therefore, complicated processes are needed to remove these adsorbed stabilizers or oleic acid/oleylamine solvents, which hinders the large-scale production of the Pd-Pt electrocatalysts and increases their cost. Therefore, developing a facile and efficient surfactant-free synthesis of well-defined polyhedral Pd-Pt nanocrystals in an aqueous system is important for their applications in the electrocatalysis for oxygen reduction reaction.



Due to the high content of exposed atoms in the edges and corners, the surface energy of the well-defined polyhedral Pd-Pt nanocrystals are much higher than the spherical or irregular nanoparticles [8,15,16,17]. When the size decreased to nanoscale, the elastic tension of the well-defined polyhedral Pd-Pt metal crystals increases sharply due to the increasing surface atoms, edges, and corners. Therefore, the capping agents (also called ‘protecting agents’) including surfactant and polymers were required to reduce the surface energy of the edges and corners or to alter the surface energy order of different facets in the well-defined polyhedral nanocrystals [15,18,19,20]. Without these protecting agents, the high surface energy and high elastic tension would drive the metastable well-defined Pd-Pt nano-polyhedrons to transfer into truncated or spherical nanoparticles due to Ostwald’s ripening [15,21,22], which makes the template-free synthesis of well-defined Pd-Pt nano-polyhedrons a challenge which is scarcely reported on.



Herein, polyhedral Pd-Pt nanocrystals with well-defined morphology were firstly obtained via a facile and efficient solvothermal process without any surfactant. Ammonia was used as complex agent to control the nucleation and growth process and reduced graphene oxide (rGO) was used as substrate to lower the elastic tension of the well-defined polyhedrons. The rGO, which was obtained by the exfoliation of graphite [23,24,25], possesses two-dimensional (2-D) conjugated π bond electrons was widely used as the substrate to support other active materials [26,27]. It also acts as the buffer/reservoir to stabilize the high concentration of hanging bonds in the edges and corners of well-defined Pd-Pt polyhedrons [28,29]. Furthermore, the smooth 2-D surface of rGO can anchor the polyhedral nanocrystals by full contact (Scheme S1) to lower the elastic tension of the edges and corners. The effect of the interactions between the polyhedral nanocrystals and the rGO on the morphology of Pd-Pt polyhedral nanocrystals was investigated by tuning the surface groups of rGO and the Pd/Pt ratios in precursors. Due to the rich corners and edges derived from well-defined polyhedral morphology as well as the more exposed (1 1 1) facets, the rGO supported low-Pt polyhedral Pd-Pt nanocrystal electrocatalysts exhibiting high electrocatalytic activity for oxygen reduction reaction and excellent methanol tolerance.




2. Experimental


2.1. Synthesis of Reduced Graphene Oxides Anchored Pd-Pt Nanocrystals


The graphene oxide (GO) was synthesized by exfoliation of graphite oxide which was obtained by modified Hummers methods [30]. To increase the surface functional groups for anchoring the polyhedral Pd-Pt nanocrystals, the GO obtained from the exfoliation of the graphite oxide via Hummers methods was further treated by oxidizing with HCl acidifying KMnO4. In brief, 100 mg of GO powder and 500 mg of KMnO4 were mixed by ultrasonic bath in 100 mL of deionized water for 2 h to obtain a homogeneous dispersion. Then, 10 mL of HCl and 10 mL of H2O2 were added drop by drop to remove the residual KMnO4 and manganese oxides. The treated GO samples, derived from the graphite with 500 mesh size with being further oxidation treated for one time and three times, were denoted as GO500-1 and GO500-3, respectively. In contrast, the GO3500-1 and GO3500-3 samples represent the treated GO samples derived from the graphite with 3500 mesh size with one time and three times acidified treatment, respectively. These treated GO samples were used as substrates to synthesize the rGO anchored polyhedral Pd-Pt nanocrystals with the mass ratio of 4:1 (Pd-Pt metal mass loading of 20 wt %).



In a typical synthesis of polyhedral Pd-Pt nanocrystals, a designed volume of palladium chloride (2.1405 mg mL−1) and 20 mL ethylene glycol were mixed under magnetic stirring. Subsequently, the color of the solution changed from faint yellow to colorless with the addition of 2 mL ammonia (25 wt %), indicating the formation of [Pd(NH3)x]2+ complex. Then the designed volume of chloroplatinic acid (3.1768 mg mL−1) was added into the mixture. After being homogeneously mixed, 40 mg of the treated GO samples (homogeneously dispersed in 40 mL ethylene glycol via supersonic dispersion) transferred to the above solution. After stirring for 72 h and ultrasonic treatment for 4 h, the suspension was transferred into a 100 mL Teflon-lined stainless-steel autoclave and was heated at 150 °C for 5 h. The samples were collected after washing and freeze-drying. To further investigate the effect of the Pd/Pt ratios in the precursors on the morphology, structure, and electrocatalytic activity of the rGO anchored polyhedral Pd-Pt nanocrystals, three samples with Pd/Pt ratios of 6:1, 3:1, and 1:1—as well as a pure Pt/rGO and a Pd/rGO—denoted as Pd/rGO3500-1, Pd6Pt1/rGO3500-1, Pd3Pt1/rGO3500-1, Pd1Pt1/rGO3500-1, and Pt/rGO3500-1 are obtained via this method.




2.2. Physicochemical Characterizations of the Pd-Pt/rGO Samples


The real Pd/Pt ratios and metal contents in various Pd-Pt/rGO electrocatalysts were measured by AA-6800F/G atomic absorption spectrophotometer (AAS). 10 mg Pd-Pt/rGO electrocatalyst was dissolved in 20 mL aqua regia (mixture of the concentrated HCl and concentrated H2SO4). After all the metals were dissolved, the solution was diluted to 50 mL. Then 2 mL of the obtained nickel cobalt nitrate solution was diluted to 50 mL to obtain the solution for the AAS measurement. Powder X-ray diffraction (XRD) patterns of the samples were performed by a Bruker AXS D8 diffractometer with Cu K Rradiation (λ = 0.15418 nm). The morphologies of the Pd-Pt/rGO electrocatalysts were detected by HT 7700 model transmission electron microscopy (TEM, Hitachi Corp., Japan). The defined structure of the samples was measured by high-resolution transmission electron microscopy (HRTEM, JEM-2000, JEOL Corp., Japan). The size distributions of the Pd-Pt nanocrystals of various catalysts were obtained by measuring 200 nanocrystals from bright-field TEM micrographs randomly. The edge of the tetrahedral Pd-Pt nanocrystals was considered as its size, while the longest line between two corners was considered as the size of the octahedral Pd-Pt nanocrystals. The Raman spectrum was measured at 514 nm excitation by a Renishaw apparatus.




2.3. Fabrication of Working Electrode and Electrochemical Measurement


The electrocatalytic activities of rGO anchored polyhedral Pd-Pt nanocrystals were measured by a Princeton Applied Research workstation (Parstat, Potentiostat Galvanostat EIS Analyzer 4000) via typical three-electrode system at a rotate disk electrode (RDE). The working electrode was prepared by follows: 5 mg of the prepared catalyst powder, 2 mg acetylene black, 50 μL of Nafion (5 wt % solution) and 2 mL isopropyl alcohol were mixed and ultrasonically dispersed for 30 min to form homogeneous suspension. Then, 25 μL of the suspension was drop-cast on a glassy-carbon (GC) disk electrode (Φ = 0.5 cm) using a microsyringe (25 μL). The catalyst-coated electrode was dried in air-atmosphere to form a homogeneous thin layer of catalyst. The catalyst loading on the GC electrode is 310 μg catalysts per square centimeter, corresponding to 62 μg Pd+Pt metal per square centimeter. The photographs of the bare glass carbon electrode (GC) and the catalyst coated GC (Figure S1) indicate the success of working electrode coverage and the reproducibility of this process. The electrolyte for the measurement is 0.5 M H2SO4 solution. Another solution mixed with 0.5 M H2SO4 and 0.5 M methanol was used as the electrolyte to evaluate the methanol tolerance of these electrocatalysts. A 1 × 1 cm2 Pt foil and a HgO/Hg electrode were used as the counter electrode and the reference electrode, respectively. The cyclic voltammetry (CV) measurements are performed via potential scanning from 0.10 V to 1.04 V vs.NHE at the rate of 50 mV s−1 and the I–V polarization measurements were performed via negatively potential scanning from 1.14 V to 0.04 V vs NHE at the rate of 5 mV s−1. The rotation rate of the RDE was 1600 rpm (revolution per minute) during the I–V polarization measurement and without rotation during the CV curve measurements. The specific mass activity of the electrocatalyst was evaluated based on the extracted kinetic currents via Equation (1) at the potential of 0.85 V, which is near to the half-wave currents of these electrocatalysts.


   1 j  =  1   j k    +  1   j d     



(1)




where the j, jk, and jd were the apparent current density, kinetic current density, and limited current density, respectively.





3. Results and Discussion


As shown in Scheme 1, the GO substrates were obtained by exfoliation of graphite oxides, which were prepared by modified Hummers’ method [30] using the graphites with size of 500 mesh and 3500 mesh as the pristine materials. After exfoliation of the graphite oxides, the obtained GO was further oxidized by the acidifying treatment which was carefully described in the experimental section. Figure S2 gives the TEM images of the GO500 and GO3500 substrates, from graphites with 500 mesh and 3500 mesh, respectively. As shown, transparent thin GO nanosheets are observed in both the GO samples. After further oxidization treatment, the GO was dispersed in the solution via ultrasonication. After the further oxidation, the O content was increased from 3.2% to 29.7%, which was carefully characterized in our previous work [31]. Moreover, other characterizations on the graphite, GO, and further oxidized GO had been conducted. The BET and pore size distribution results (Figure S3) indicate that the pores of the GO via further oxidization are 15–25 nm. The Pd and Pt ions, being complexed with ammonia as Equations (2) and (3)


Pd2+ + 4NH3 ↔ [Pd(NH3)4]2+



(2)






Pt4+ + 6NH3 ↔ [Pt(NH3)6−x(H2O)x]4+



(3)




were adsorbed on the GO surface via the plus-to-minus charge adsorption between the Pd/Pt complex and the surface functional groups on GO. During the solvothermal process with ethylene glycol as the solvent and reduction agent, tetrahedral, octahedral, and twinned Pd-Pt seeds are prone to be formed due to the present of the ammonia in the system, which has been discussed in our previous works [11,32,33]. Due to the complexation of the metal ions with ammonia as well as the stabilizing effect of GO substrate, the well-defined polyhedral Pd-Pt nanocrystals are formed via slowly growing from the well-defined polyhedral Pd-Pt seeds. After the GO substrates were further reduced by Na[BH4] solution to be rGO, uniformly dispersed Pd-Pt nanocrystals on rGO (Pd-Pt/rGO) were finally obtained.



At first, the AAS results indicate that the Pd/Pt stoichiometry in all these obtained Pd-Pt based electrocatalysts is near to the designed content. Figure 1 shows the TEM images, XRD pattern and high-resolution TEM (HRTEM) images of the polyhedral Pd6Pt1/rGO500-1 with the Pd/Pt ratio of 6:1. As shown in Figure 1a and Figure S4, well-defined tetrahedral, octahedral, and five-fold twinned Pd-Pt nanocrystals are uniformly dispersed on the rGO500-1 substrate. The mean particle size of these nano-polyhedrons is 9 nm with the size scale of 5–20 nm. The peaks in the XRD pattern (Figure 1b), located around 39.9°, 46.3°, 67.9°, 81.6°, and 86.0°, are assigned to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes of the face-centered cubic (FCC) phase, respectively. These diffraction peaks situated between those of pure FCC Pd(0) (JCPDS 46-1043) and Pt(0) (JCPDS 04-0802). The clear peak splitting, observed in all these peaks, confirms the well-defined morphology and the twinned structures of the Pd-Pt nanocrystals, which is consistent with the reports [34,35]. The lattice constant of the Pd-Pt nanocrystals was calculated by Bragg’s formulation as Equation (4).


2dsinθ = nλ



(4)




where d, θ, λ, and n are the lattice distance, diffraction angle, wavelength of X-ray, and diffraction order, respectively. The calculated lattice constant of Pd-Pt nanocrystals in the Pd6Pt1/rGO500-1 sample is 0.3940 nm, which is markedly higher than that of the theoretic value (0.3894 nm) based on the Vegard’s law [17]. This deviation, as well as the peak splitting mentioned above, should be ascribed to the elastic stress from the edges and corners of the well-defined polyhedral nanocrystals. The HRTEM images of the polyhedral nanocrystals in the Pd6Pt1/rGO500-1 sample confirm the well-defined morphology. As shown in Figure 1c–e, clear edges and corners are observed in the well-defined tetrahedron, octahedron and five-fold twinned nanocrystals from the Pd6Pt1/rGO500-1 sample. The lattice distance observed in these nano-polyhedrons is about 0.228 nm, corresponding to the lattice distance of the expanded (1 1 1) facet, which is in good agreement with the XRD pattern. This result indicates that the polyhedral nanocrystals prefer to expose (1 1 1) facet, which is the highest active facet among the low index facets for oxygen reduction reaction [8,9,21]. The fast Fourier transform (FFT) plots (insets of Figure 1c–e) confirm the exposure of (1 1 1) facet in these polyhedral nanocrystals. It is noted that the lattice distance of the outermost two (1 1 1) facets (0.230 nm), corresponding to the negative split (1 1 1) peak in XRD pattern, is slightly higher than that of inner (1 1 1) facets (0.228 nm), also confirming the lattice expansion derived from the elastic stress of the well-defined polyhedrons.



To investigate the effect of the surface state of rGO substrate on the formation of the well-defined Pd-Pt nanocrystals, Pd6Pt1 nanocrystals anchored on different rGO substrates are synthesized for comparison. The rGO500-1, rGO500-3, rGO3500-1, and rGO3500-3 substrates are derived from the reduction of the GO500 with oxidization treatment for one time (GO500-1) and three time (GO500-3), and the GO3500 with oxidization treatment for one time (GO3500-1) and three times (GO3500-3), respectively. As shown in Figure 2 and Figure S5, the morphologies of the Pd6Pt1 nanocrystals anchored on the rGO500-1 and rGO3500-1 (Figure 1a,b) are more well-defined than those on the rGO500-3 and rGO3500-3 (Figure 2a,c), respectively. Mainly truncated tetrahedrons, irregular octahedrons, and irregular five-fold twinned nanocrystals are observed in the Pd6Pt1/rGO500-3 and Pd6Pt1/rGO500-3 samples. This should be attributed to the fact that the excessive oxidation (three-time oxidization treatment) can destroy the continuity of the conjugated π bond of the rGO, which is important for the stabilization of the edges and corners in the well-defined polyhedrons. As shown in Figure 2a,c, clear pores observed in the rGO500-3 and rGO3500-3 confirm the incontinuity of the rGO substrate, corresponding to the destroyed 2-D conjugated π bond. Based on the electron buffer/reservoir effect of the 2-D conjugated π bond electrons mentioned in Scheme 1, the destroyed rGO substrates (rGO500-3 and rGO3500-3) possess smaller ability to stabilize the sharp edges and corners, which results in the truncated and irregular morphologies.



The more well-defined morphology of Pd-Pt nanocrystals on the rGO substrates with lower oxidation (rGO500-1 and rGO 3500-1) than those on the rGO substrates with higher oxidation (rGO500-3 and rGO3500-3) are also confirmed by the XRD patterns (Figure 2d). In comparison to the XRD patterns of the Pd6Pt1/rGO500-3 and the Pd6Pt1/rGO3500-3 samples, the peaks in the XRD patterns of the Pd6Pt1/rGO500-1 and the Pd6Pt1/rGO3500-1 exhibit a clear negative shift and peak splits (marked with arrows), corresponding to the lattice expansion of the nanocrystals derived from well-defined morphology. The lattice constants of the various Pd6Pt1/rGO samples, calculated via Bragg’s formula (Equation (4)), are shown in Table S1. The highest lattice constant of Pd6Pt1/rGO3500-1 sample should be attributed to its most well-defined morphology and smallest size, both of which can cause high elastic tension from the more exposed atoms in the edges and corners. The crystallite sizes of the Pd-Pt nanocrystals in the obtained catalysts were calculated via Scherrer’s equation as D = Kλ/(Bcosθ), where D, K, B, λ, and θ are crystallite size, diffraction constant, peak width at half height, wavelength of X-ray, and diffraction angle, respectively. The calculated crystallite sizes of the Pd-Pt nanocrystals in the Pd6Pt1/rGO500-1, Pd6Pt1/rGO500-3, Pd6Pt1/rGO3500-1, and Pd6Pt1/rGO3500-3 samples are 6.8, 10.5, 2.1, and 8.6 nm, respectively (Table S1). The smallest crystallite size of the well-defined polyhedral Pd-Pt nanocrystals in Pd6Pt1/rGO3500-1 sample confirms the fact that the rGO3500-1 substrate with smooth surface (with fewer defects and surface functional groups) and small size (3500 mesh vs. 500 mesh for rGO500-1) is more suitable for the anchoring of small nanocrystals. Moreover, the sizes of Pd-Pt nanocrystals with well-defined morphology in the Pd6Pt1/rGO500-1 and Pd6Pt1/rGO3500-1 samples are markedly smaller than their mean particle sizes via the count of nanocrystal sizes in TEM images, which is ascribed to that the polyhedral nanocrystals (specially the 5-fold twinned nanocrystal) consist of more than one crystallite, being demonstrated in our previous works [32,33]. The Raman spectra of the Pd6Pt1/rGO500-1, Pd1Pt1/rGO500-1, and Pd6Pt1/rGO3500-1 (Figure S6) are similar to those of the GO500-1 and GO3500-1 substrates (Figure S7), indicating the synthesis of Pd-Pt nanocrystals and the reduction of GO play a small effect in the crystalline structure of graphene sheets.



The shape distributions and size distributions of polyhedral Pd6Pt1 nanocrystals on the rGO500-1 and rGO500-3 substrates are given in Figure 3 to illustrate the effect of the surface state of rGO substrate on the morphology of Pd-Pt nanocrystals. As shown in Figure 3a, tetrahedrons, even with the largest elastic tension due to its highest surface atom ratio [15], occupy the largest ratio (53.3%) when the rGO500-1 was used as substrate. In contrast, irregular nanocrystals take up the largest proportion (56.9%) when the rGO500-3 was used as substrate (Figure 3b). Base on the Gibbs-Wuff’s crystal growth theory, the well-defined polyhedral Pd-Pt nanocrystals with high surface energy must be stabilized by some covered agent to lower the surface energy. Here the rGO with large 2-D conjugated π bond plays the part of the buffer/reservoir to reduce the surface energy of polyhedral Pd-Pt nanocrystals. Therefore, more well-defined Pd-Pt polyhedrons are obtained on the rGO500-1 with continuous smooth surface (Figure 1a), corresponding to continuous 2-D conjugated π bond. In contrast, due to the richer surface functional groups on the surface of rGO500-3 substrate from the high oxidation extent, the mean particle size of the Pd-Pt nanocrystals on the rGO500-3 (Pd6Pt1/rGO500-3, 8.9 nm, Table S1) substrate is smaller than that on the rGO500-1 substrate (Pd6Pt1/rGO500-3, 11.9 nm, Table S1). Moreover, the Pd-Pt nanocrystals in Pd6Pt1/rGO500-3 sample exhibit more uniform size distribution (Figure 3d) than that in Pd6Pt1/rGO500-1 sample (Figure 3c). The smaller particle size and more uniform size distribution should be attributed to the more anchoring sites (surface functional groups) in rGO500-3 to form more Pd-Pt seeds.



The comparison of the Raman spectra of rGO500-1, rGO500-3, rGO3500-1, and rGO3500-3 substrates (Figure S7) confirms the higher continuity of large 2-D conjugated π bond in rGO500-1 and rGO3500-1 than that in rGO500-3 and rGO3500-3. As shown, the peaks at 1354 cm−1 and 1594 cm−1 are assigned to the D band and the G band, respectively. After further acidification, the ratio of D and G band intensities (ID/IG) in both rGO500-3 (ID/IG = 1.03) and rGO3500-3 (ID/IG = 1.04) are higher than that in rGO500-1 (ID/IG = 0.98) and rGO3500-1 (ID/IG = 0.74), respectively, indicating more defects and poor continuity of their surface.



Moreover, the Pd/Pt ratio also plays important roles in the morphology of Pd-Pt nanocrystals due to the different affinities between the metal (Pd, Pt) and the carbon materials, which have been reported in literatures [33,36]. Figure 4 shows the TEM images of the Pd/rGO3500-1, Pd3Pt1/rGO3500-1, Pd1Pt1/rGO3500-1 and Pd1Pt1/rGO3500-1 for comparison with that of Pd6Pt1/rGO3500-1 mentioned above. As shown, all the nanocrystals are uniformly dispersed on the surface of rGO substrates, indicating that the anchoring of metal nanocrystals on the rGO is an efficient method to synthesize the highly dispersed Pd-Pt nanocrystals. By the comparison of the Pd-Pt nanocrystals with various Pd/Pt ratios (including pure Pd and Pt) on the rGO substrate, the Pd6Pt1/rGO3500-1 shows the most regular well-defined morphology, which is in good agreement with our previous work [11]. The mean particle size distributions of these rGO anchored Pd-Pt nanocrystals are given in Figure S8 and the mean particle sizes are collected in Table S1. With the addition of the platinum, the mean particle sizes of Pd-Pt nanocrystals (6.8 nm in Pd6Pt1/rGO3500-1, 8.0 nm in Pd3Pt1/rGO3500-1 and 8.8 nm in Pd1Pt1/rGO3500-1) are markedly smaller than pure Pd nanocrystals (17.9 nm in Pd/rGO3500-1). The Pt nanocrystals exhibit the smallest size (3.9 nm in Pt/rGO3500-1). This should be attributed to the better affinity between Pt and rGO substrate than that between Pd and rGO substrate. The better affinity, corresponding to the better contact between nanocrystals and rGO substrate, protects the Pd-Pt nanocrystals from aggregating to form larger ones.



Figure 5a shows the XRD patterns of the Pd/rGO3500-1, Pt/rGO3500-1, and Pd-Pt/rGO3500-1 samples with different Pd/Pt ratios. The peaks of these samples, located around 39.9°, 46.3°, 67.9°, 81.6°, and 86.0°, are attributed to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) facets of the metal faced center cubic phase, respectively. All of them situated between the diffraction peaks of FCC Pd(0) (JCPDS 46-1043) and Pt(0) (JCPDS 04-0802). As shown, positive shifts of the peaks are observed with the increase of Pt content in the Pd-Pt nanocrystals, which deviates from the Vegard’s law for the alloys. Figure 5b shows the actual lattice constants of the different samples based on the XRD patterns and the theoretic lattice constants based on Vegard’s law. Positive deviations (lattice expansions) are observed in all these samples except Pt/rGO3500-1. The Pd6Pt1/rGO3500-1 sample exhibits the highest deviation (1.64%), corresponding to the largest lattice expansion, which should be attributed to the most well-defined morphology and smallest crystallite size. This result demonstrates that the lattice expansion is derived from the elastic stress of the edges and corners in the well-defined tetrahedral, octahedral, and five-fold twinned nanocrystals. The Pd/Pt ratios also play important roles in the crystallite size of polyhedral Pd-Pt nanocrystals due to the different affinities between the different metal (Pd and Pt) and the rGO substrate. As shown in Table S1, the grain sizes of the nanocrystals in Pd/rGO3500-1, Pd6Pt1/rGO3500-1, Pd3Pt1/rGO3500-1, Pd1Pt1/rGO3500-1, and Pt/rGO3500-1, calculated via Scherrer’s formula, are 10.3, 2.1, 7.4, 7.0, and 5.1 nm, respectively. The Pd6Pt1/rGO3500-1 sample shows the smallest crystallite size.



The reasons for that the best well-defined morphology and smallest crystallite size were obtained with the suitable Pd/Pt ratio of 6/1 in Pd6Pt1/rGO3500-1 sample should be attributed to those as follows. As mentioned above, the complexation of Pd and Pt ions via ammonia to control the reduction rate (Equations (2) and (3)), the adsorption of ammonia on the high energy edges/corners to reduce the surface energy [15], as well as the affinity between the rGO substrate and the metal nanocrystals play important roles in the well-defined morphology of polyhedral Pd-Pt nanocrystals. Due to the better affinity between the Pt metal and the rGO substrate than that between the Pd metal and the rGO substrate [33,34], the contact between the Pd-Pt nanocrystals and rGO substrate will become better with the addition of the Pt metal to maintain the well-defined Pd-Pt nanocrystal morphology. On the other hand, the stronger complexation between the Pd ions and ammonia than that between the Pt ions and ammonia causes the faster reduction rate of Pt complexation than that of Pd complexation [32,33]. With the further increasing of the Pt content in the precursor, it will become more difficult to control the growth of the Pd-Pt nanocrystals, which caused the worse well-defined morphology of Pd-Pt nanocrystals with the further increasing of Pt content. Due to the opposite effects of the Pd/Pt ratios on the morphology of polyhedral Pd-Pt nanocrystals, the Pd6Pt1 nanocrystals in the Pd6Pt1/rGO3500-1 with suitable Pd/Pt ratio exhibit most well-defined morphology.



Due to the well-defined morphology of Pd-Pt nanocrystals with rich edges and corners, as well as the high exposure of active (1 1 1) facets, the Pd-Pt/rGO3500-1 electrocatalysts exhibit high catalytic activity for oxygen reduction reaction (ORR). Due to the high performance of proton exchange membrane with commercial products as Nafion® membrane, proton exchange membrane fuel cells are considered the most promising low temperature fuel cells. Therefore, the catalytic activity for ORR in acid electrolyte is more important than that in alkaline electrolyte. Figure 6a shows the CV curves of the Pd/rGO3500-1, Pt/rGO3500-1, and Pd-Pt/rGO3500-1 with different Pd/Pt ratios in 0.5M H2SO4 electrolyte. To avoid the hydrogen absorption to Pd bulk in the vicinity of 0.00 V vs RHE [37,38,39,40,41,42] and the irreversible reconstruction in the course of oxygen adsorption region [43], the potential range of the CV curves were conducted at 0.10~1.04 V vs RHE. As shown, the sharp anodic peaks around 0.05 V ascribed to the reported β-phase absorbed hydrogen [38,39,40,41] are absent. The broad peak around 0.20~0.80 V vs RHE is ascribed to the oxidation and recombination of the α-phase and α-β phase transition absorbed hydrogen as well as the adsorbed hydrogen on the surface of Pd-Pt nanocrystals [38,39,40,41,43]. The integrated area of the hydrogen absorption/adsorption peaks around 0.20~0.80 V vs RHE with double layer correction (Figure S9a) is corresponding to the qualitative electrochemical active surface area (ECSA) of the Pd-Pt based electrocatalysts. The CV curves of pure rGO with high integrated area confirms the electric double layer of active materials, which was corrected in the qualitative ECSA. Therefore, the largest hydrogen adsorption peak, the largest metal reduction peak, and the largest electric double layer current in the CV curve of Pd6Pt1/rGO3500-1 demonstrate its largest ECSA, which is derived from its smallest crystallite size and most well-defined morphology (more corners and edges). Figure 6b shows the ORR curves of the Pd-Pt/rGO3500-1 with different Pd/Pt ratios, Pt/rGO3500-1 and the commercial JM Pt/C. As shown, when the rGO was used as substrate, the Pt/rGO3500-1 electrocatalyst exhibits slightly higher ORR activity than the commercial JM Pt/C. These Pd-Pt/rGO3500-1 electrocatalysts with low Pt contents exhibit comparable catalytic activity for ORR to that of JM Pt/C catalyst. The specific mass activities based on the total metal mass and based on the Pt mass, which was calculated via extracted kinetic current density as Equation (1), are shown in Figure 6c. The specific mass activity for ORR of the Pt/rGO3500-1 based on the total metal is higher than that of the commercial JM Pt/C, implying that the rGO substrate can improve the catalytic activity of Pt catalyst. The specific mass activity of Pd6Pt1/rGO3500-1 based on Pt mass is much higher than those of Pt/rGO3500-1 and JM Pt/C, while both the Pd3Pt1/rGO3500-1 and Pd1Pt1/rGO3500-1 exhibit lower specific mass activity than Pt/rGO3500-1. The activity based on Pt mass exhibits an order of Pd6Pt1/rGO3500-1 > Pt/rGO3500-1 > JM Pt/C > Pd3Pt1/rGO3500-1 > Pd1Pt1/rGO3500-1. This result indicates that the well-defined morphology and small crystallite size endow the Pd6Pt1 nanocrystals in more active Pd6Pt1/rGO3500-1 sites—including exposed (1 1 1) facets, corners, and edges—contributing its higher specific mass activity.



Due to the high content of Pd metal which is inert for methanol oxidation, the Pd-Pt/rGO3500-1 electrocatalysts exhibit high methanol tolerance. As shown in Figure 6d. The anodic peaks caused by methanol oxidation, which are clearly in the ORR curves of JM Pt/C and Pt/rGO3500-1, are absent in all the ORR curves of Pd-Pt/rGO3500-1 electrocatalysts. The overpotentials of the Pd6Pt1/rGO3500-1, Pd3Pt1/rGO3500-1, Pd1Pt1/rGO3500-1, Pt/rGO3500-1, and JM Pt/C electrocatalysts, caused by methanol oxidation at 1.0 mA cm−2, are 3.1, 2.9, 45.6, 45.9, and 271.3 mV, respectively. These results indicate the high methanol tolerance of Pd-Pt/rGO3500-1 electrocatalysts and their potential application in direct methanol fuel cells. The high methanol tolerance of the Pd-Pt/rGO3500-1 electrocatalysts is also confirmed by their low catalytic activities for methanol oxidation reaction (MOR). As shown in Figure S9b–f, clear MOR peaks are observed in the CV curves of JM Pt/C (22.5 mA cm−2 of peak current, Figure S9b). In contrast, the CV curves of all the Pd-Pt/rGO3500-1 electrocatalysts (Figure S9c–f) are only with slightly higher area in the H2SO4 solution with (black solid line) methanol than that without methanol (red dashed line), indicating the inert status of the Pd-Pt/rGO3500-1 electrocatalysts for the MOR, corresponding to their high methanol tolerance.




4. Conclusions


Well-defined polyhedral Pd-Pt nanocrystals anchored on the rGO substrates were firstly synthesized via a facile and effective surfactant-free process. The formation mechanism of the well-defined polyhedral Pd-Pt nanocrystals was carefully illustrated via tuning the surface state of the rGO substrate and the Pd/Pt ratios in precursors. The various morphologies of the polyhedral Pd-Pt nanocrystals on rGO substrates with different surface states demonstrate that the electrons delocalized from the large π bond of rGO play important roles in stabilizing the hanging bonds of the corners and edges of polyhedral Pd-Pt nanocrystals in the surfactant-free synthesis system. The effect of Pd/Pt ratios on the morphology of polyhedral Pd-Pt nanocrystals indicates that the suitable affinity between the Pd-Pt nanocrystals and rGO substrate is a key factor to obtain well-defined polyhedral Pd-Pt nanocrystals. Lattice expansion and exposed (1 1 1) facets are clearly observed in the well-defined polyhedral Pd-Pt nanocrystals in Pd6Pt1/rGO3500-1 sample. Due to the rich edges and corners, as well as the high exposure of active (1 1 1) facets, the Pd-Pt/rGO3500-1 electrocatalysts with low Pt content exhibit high catalytic activity for ORR and good methanol tolerance.
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Scheme 1. Scheme for the synthesis of the polyhedral Pd-Pt nanocrystals anchored on the rGO. 
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Figure 1. (a) TEM image, (b) XRD pattern, and (c–e) high resolution TEM images (including FFT plots) of the different nanoparticles in Pd6Pt1/rGO500-1 sample (c, tetrahedron; d, octahedron; e, five-fold twinned nanocrystal). 
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Figure 2. TEM images of the (a) Pd6Pt1/rGO500-3; (b) Pd6Pt1/rGO3500-1; and (c) Pd6Pt1/rGO3500-3 electrocatalysts; (d) XRD patterns of the Pd6Pt1/rGO500-1, Pd6Pt1/rGO500-3, Pd6Pt1/rGO3500-1, and Pd6Pt1/rGO3500-3 electrocatalysts. 
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Figure 3. Shape distributions (a,b) and size distributions (c,d) of polyhedral Pd6Pt1 nanocrystals on Pd6Pt1/rGO500-1 (a,c) and Pd6Pt1/rGO500-3 (b,d) substrates. 
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Figure 4. TEM images of the (a) Pd/rGO3500-1; (b) Pd3Pt1/rGO3500-1; (c) Pd1Pt1/rGO3500-1; and (d) Pt/rGO3500-1 samples. 
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Figure 5. (a) XRD patterns of the Pd/rGO3500-1, Pd-Pt/rGO3500-1 with different Pd/Pt ratios and Pt/rGO3500-1 samples; (b) actual lattice constant and fitted lattice constant based on Vegard’s law, as well as the deviation between the actual and fitted data. 
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Figure 6. (a) C–V curves and (b) current-potential (I–V) polarization curves of the Pd6Pt1/rGO3500-1, Pd3Pt1/rGO3500-1, Pd1Pt1/rGO3500-1, Pt/rGO3500-1, and JM Pt/C electrocatalysts in the 0.5 M H2SO4 solution, scan rate for C–V curves and I–V curves: 50 mV s−1 and 5 mV s−1, respectively. (c) Specific mass activities of different electrocatalysts based on total metal (Pd+Pt, bars at left) and Pt metal (bars at right). The mass loading on the GC electrode for total electrocatalysts and for Pd+Pt metal are 310 and 62 μg cm−2, respectively. (d) I–V curves of the different electrocatalysts in the 0.5 M H2SO4 solution with 0.5 M methanol with the potential scan rate of 5 mV s−1. 
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