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Abstract:



Carbon-supported Pt–Ru alloys with a Pt/Ru ratio of 1:1 were prepared by NaBH4 reduction at room temperature. X-ray diffraction (XRD) measurements indicate that the as-prepared Pt–Ru nanoparticles had a face-centered cubic (fcc) structure. X-ray photoelectron spectroscopy (XPS) analyses demonstrate that alloying with Ru can decrease the 4f electron density of Pt, which results in a positive binding energy shift of 0.2 eV for the Pt 4f peaks. The catalytic properties of the synthesized Pt–Ru alloy catalysts were compared with those of commercial Pt/C catalysts by linear sweep voltammetry (LSV). The results show that the mass activity of the oxygen reduction reaction (ORR) is enhanced by 2.3 times as much mass activity of Pt relative to the commercial Pt/C catalyst. Single-chambered microbial fuel cell tests also confirm that the Pt–Ru alloys as cathode catalysts have better performance than that of commercial Pt/C catalysts.
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1. Introduction


Microbial fuel cells (MFCs) are devices that convert the chemical energy stored in organic matters into electrical energy, using microorganisms as biocatalysts. In addition to producing energy, biological wastewater is also treated simultaneously during the conversion process in the MFCs. During the conversion process, an electron acceptor is employed to receive the electrons transferred from the anode and complete the electrical circuit. Oxygen is undoubtedly a superior electron acceptor compared to others such as potassium ferricyanide K3Fe(CN)6 and potassium permanganate (KMnO4), owing to its lower cost, higher electron capture capability, and environmental compatibility. Thus, the oxygen reduction reaction (ORR) is one of the key processes in the conversion of chemical energy to electrical energy in MFCs [1]. Owing to the sluggish kinetics of the ORR, Pt is typically used as a catalyst to accelerate the oxygen reduction process and directly transform chemical energy into electricity. It seems that cathode catalysts for the ORR present a major challenge for the practical applications of MFCs [2]. However, the scarce supply of Pt and consequent high cost continue to be the main obstacles for the large-scale commercialization of MFCs. Therefore, researchers have devoted considerable efforts towards developing catalysts for the ORR, which are highly stable, active, and cost-effective.



Recent studies have examined the application of bimetallic Pt alloys as oxygen reduction catalysts. The catalytic activity of Pt towards the ORR at the cathode can be improved by alloying it with transition metals such as Pd, Ru, and Ni [3]. Pt-based bi- or tri-metallic electrocatalysts such as Pt–Co [4], Pt–Ni [5] Pt–Cu [6], Pt–V [7], and Pt–Pd–Co [8] have been found to exhibit markedly higher electrocatalytic activities towards the ORR compared to Pt alone in low-temperature fuel cells. This enhanced catalytic effect has been explained by various models, such as the “electronic effect” [9], which suggest that the alloying element promotes the catalytic effect of Pt. Among the various Pt alloy catalysts used for the ORR, Pt–Ru alloys have been extensively studied. These catalysts show higher current density and more positive ORR onset potentials than Pt/C in the acidic as well as alkaline media [3,10,11]. Further, it has been observed that the electrocatalytic activity of the Pt–Ru/C catalyst towards the ORR is strongly dependent on factors such as the nature of components in the system, particle size, and morphology. Based on our previous investigations, we understand that increasing the alloying degree of the Pt–Ru/C catalyst is favorable for enhancing its electrocatalytic activity and stability. Up to now, the role of Ru in enhancing the catalytic activity of Pt in the Pt–Ru catalyst is not clear, and the catalytic activity of the Pt–Ru alloy towards the ORR at neutral pH has not been well studied.



In the present study, we fabricated a carbon-supported 20 wt % Pt–Ru catalyst with a high alloying degree and Pt/Ru atomic ratio of 1:1 by a simple chemical reduction method and compared its characteristics with commercially available 20 wt % Pt/C catalysts. The catalyst prepared in this study was characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and energy dispersive X-ray spectroscopy (EDS), with the goal of understanding the effect of Pt–Ru composition on the ORR activity in the MFCs. The electrochemical activity and stability towards the ORR in both three electrode cells, as well as air–cathode single-chamber MFCs, were tested. The results show that the Pt–Ru/C nanoparticles with high catalytic activity towards the ORR is a promising catalyst in MFCs.




2. Results and Discussion


2.1. Physical Characterization


Figure 1 shows the typical XRD patterns of the Pt/C and Pt–Ru/C nanoparticles. Firstly, the diffraction peaks around 2θ values of 40°, 47°, 68°, and 82° could be attributed to the Pt (111), (200), (220), and (311) crystalline planes, respectively, and correspond to crystalline Pt with a face-centered cubic (fcc) structure (JCPDS Card No. 04-0802). This pattern indicates that metallic Pt nanocrystals were generated. Secondly, there is a slight positive shift in the positions of the diffraction peaks for the Pt–Ru/C catalyst compared with the corresponding peak positions for Pt/C. This indicates that Ru has penetrated into the Pt lattice, forming a Pt–Ru alloy in the former case [12].


Figure 1. X-ray diffraction (XRD) patterns of the Pt/C and Pt–Ru/C catalysts.
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The particle size and composition of Pt–Ru/C were analyzed by TEM and EDX, respectively. The composition of the catalyst determined by EDX analysis indicates the presence of both Pt and Ru (data not shown), and these results manifest that Pt and Ru were successfully reduced. Figure 2 presents TEM images of the Pt/C and Pt–Ru/C catalysts. The average size of the Pt–Ru/C (3.9 nm) nanoparticles was smaller than that of the Pt/C nanoparticles (8.2 nm), indicating that alloying with Ru favors an increase in the catalytic activity, because of the reduction in particle size. It has been reported that both the activity and reaction mechanism may be affected by particle size [13]. The smaller the particle size, the higher the catalytic activity would be. In addition, the TEM images suggest that both Pt and Pt–Ru nanoparticles are uniformly dispersed.


Figure 2. TEM images of (a) Pt/C; and (b) Pt–Ru/C catalysts.
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Figure 3 shows the XPS spectra of the Pt–Ru/C and Pt/C catalysts in the Pt 4f and Ru 3p regions. Generally, the addition of Ru may lead to changes in the electronic structure of the Pt atoms owing to lattice strain [14]. As shown in Figure 3a, the 4f spectra of Pt in Pt–Ru alloys and commercial Pt/C catalyst can be deconvoluted into two pairs of doublets, in which the more intense doublet (at 71.9 and 75.2 eV for Pt in Pt–Ru/C and at 71.6 and 74.9 eV for Pt in Pt/C catalyst, respectively) corresponds to Pt0. The second and weaker doublet, with binding energies (BEs) higher than those of Pt0, could be assigned to PtII as in PtO and Pt(OH)2 [15,16]. For Ru in Pt–Ru/C, one doublet at 463.2 and 486.0 eV corresponds to the zerovalent state of Ru.


Figure 3. The 4f XPS spectra of Pt (a) in Pt–Ru/C and Pt/C catalysts and 3p XPS spectrum of Ru; (b) in the Pt–Ru/C catalyst.
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Specifically, in comparison with the 4f peak positions of the commercial Pt/C catalyst, the 4f BEs of Pt in Pt–Ru/C clearly shifts to higher values, as indicated by Figure 3a, illustrating that the electronic structure of Pt has been modified by alloying with Ru. Besides particle size, the electronic interactions between the Pt and Ru atoms in Pt–Ru/C, as well as atomic composition, play an important role in determining the BE position for Pt 4f7/2 [17,18], as reported by Hu et al. [19]. The positive shift in Pt 4f BE means the decrease of electron density around the Pt atoms, which would be helpful in improving the adsorption of oxygen on the Pt sites, and hence promote the ORR [17,18,20].




2.2. Electrochemical Activity


We utilized a rotating disk electrode (RDE) to study the ORR activity of the catalysts. Figure 4 shows linear sweep voltammetries (LSVs) of the Pt–Ru/C and Pt/C nanoparticles in an oxygen-saturated 50-mM phosphate buffer solution (PBS). The onset potential for the current peak in the Pt–Ru/C catalyst was 0.48 V (vs. the reversible hydrogen electrode (RHE)), whereas the corresponding value for the commercial Pt/C catalyst was 0.45 V. (vs. the RHE). Thus, there is a slight positive peak shift for Pt–Ru/C compared to Pt/C. Based on this result, we hypothesize that the Pt sites act as the adsorption and reduction centers for oxygen.


Figure 4. Linear sweep voltammetries (LSVs) of the Pt/C and Pt–Ru/C catalysts in the O2-saturated pH-neutral electrolyte.
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The π-bond of the adsorbed oxygen was weakened by the Ru atoms owing to the electronic coupling effect, which was supported by the XPS results. Further, alloying with Ru favors O–O bond breaking and O/OH hydrogenation [21,22]. Moreover, the addition of Ru is in favor of decreasing OH coverage on Pt, caused by lateral repulsion between the OH adsorbed on Pt and the OH or O adsorbed on a neighboring surface Ru atom. Hence, the ORR catalytic activity on Pt nanoparticles has been improved due to the strong adsorption of OH on Ru at low potentials [23].



To further demonstrate the efficiency of different catalysts towards the ORR in a neutral solution, the room-temperature performances of the MFCs containing Pt/C and Pt–Ru/C as cathode catalysts were assessed. Figure 5 shows the power densities and polarization curves of the MFCs with different cathodes. The results demonstrate that the maximum power density of the MFCs (Figure 5a) with a lower loading of Pt (Pt–Ru/C) as the cathode catalyst was 1139 mW·m−2, which was slightly higher than the corresponding value for Pt/C (985 mW·m−2). The maximum power densities generated in the MFCs are in a middle level compared with results in previous studies [4,24,25,26,27]. This enhancement in power density may be attributed to the synergistic effect of the addition of Ru (which improves the catalytic activity towards the ORR). A similar result was reported by Zardari et al. under alkaline conditions [3]. The polarization curves (Figure 5b) were obtained by determining the change in voltage as a function of current density. The electrode potential decreased with the increase in the current density. The non-linear polarization curves observed for the MFCs indicate that the decrease in the voltage was caused mainly by ohmic activation followed by the diffusion losses [28]. As observed from Figure 5b, the open-circuit potential of Pt–Ru/C (0.60 V) was 0.05 V higher than that of the Pt/C (0.55 V) catalyst. In contrast, the overpotential of the Pt–Ru/C catalyst was lower than that of the Pt catalyst. In addition, the Coulombic efficiency of the MFCs with Pt–Ru/C as cathode catalyst, calculated according to Equation (3), was 36.23% higher than that of the Pt/C catalyst, which exhibited a value of 32.39%.


Figure 5. (a) Power density and (b) electrode polarization of the Pt–Ru/C and Pt/C cathode catalysts in the single-chamber microbial fuel cells (MFCs).
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3. Experimental


3.1. The Preparation of Catalysts


The Pt–Ru electrocatalyst was prepared according to a method published in the literature [11]. Vulcan XC-72 (Shanghai Cabot Chemical Co. Ltd., Shanghai, China, BET surface area of 235 m2·g−1, denoted as C) was used as the carbon support. H2PtCl6·6H2O and RuCl3 were obtained from Shanghai July Chemical Co. (Shanghai, China) and were used as the Pt and Ru precursors, respectively. To prepare the Vulcan carbon-supported Pt–Ru catalyst, Vulcan carbon XC-72 (60 mg) was mixed with 1.1 mL of H2PtCl6·6H2O (0.0193 M), 2.63 mL of RuCl3 (0.048 M), and 12 mL of a solution containing THF (6 mL), CH3CH2OH (4.8 mL), and H2O (1.2 mL). The suspension obtained was sonicated for 1 h and then stirred for 20 h. Then, appropriate amounts of NaBH4 and sodium carbonate were added, and the mixture was stirred for 1 h at 10 °C. Finally, after the suspension was filtered, washed, and dried in a vacuum oven at 60 °C for 10 h, the Pt–Ru/C catalyst containing 20 wt % Pt–Ru was obtained. The performance of this catalyst was compared to that of a commercial Pt/C catalyst (Shanghai July Chemical Co.) containing 20 wt % Pt/C.




3.2. Physical Characterization


The compositions of the catalysts were measured using an energy dispersive spectrometer from a Vantage Digital Acquisition Engine (Thermo Noran, Madison, WI, USA). The XPS measurements were carried out on a Kratos XSAM-800 spectrometer (Kratos, Manchester, UK ) with Mg Kα radiation. The binding energy (BE) was calibrated with reference to the C 1s peak at 284.6 eV. The structural features of the prepared catalysts were studied via XRD (D-MAX 2200VPC, Rigaku, Tokyo, Japan) using Cu Kα radiation (λ = 0.15406 nm). TEM measurements were performed on a JEOL-2010 transmission electron microscope (JEOL, Tokyo, Japan )at an acceleration voltage of 200 kV.




3.3. Electrochemical Activity


The working electrode preparation and electrochemical measurement procedures were similar to those published in the literature [29]. The electrochemical measurements were performed using a conventional three-electrode electrochemical cell connected to a CHI 600 electrochemical analyzer (Shanghai Chenghua Co., Shanghai, China). A saturated calomel electrode (SCE) was used as the reference electrode, whereas Pt wire was the counter electrode. The Pt or Pt–Ru loading on the surface of the electrode was 28 µg·cm−2. All the chemicals used were of analytical grade. The electrochemical experiments were conducted with a 50-mM PBS as the electrolyte. LSVs were measured at a scan rate of 50 mV·s−1 between −0.2 and 0.8 V vs. SCE in an O2 saturated PBS solution. The potentials were calibrated and converted to an RHE [30]. The electrolytes were deaerated by bubbling with high-purity nitrogen or oxygen. Additionally, a gentle nitrogen or oxygen flow was maintained above the surface of the electrolyte solutions during the measurements. All the electrochemical experiments were performed at 25 ± 5 °C.




3.4. Microbial Fuel Cell Measurements


3.4.1. MFC Construction and Electrode Preparation


An air–cathode single-chamber MFC with an inner volume of 40 cm3 was constructed and is shown in Figure 6. PAN-carbon and graphite felt (5 cm × 2 cm × 0.5 cm) were used as the anode materials, whereas 20% Pt or 20% Pt–Ru was used as the cathode catalyst for the ORR with a loading of 0.5 mg·cm−2. Carbon cloth was used as the cathode material. The cathode was located on one side of the MFC with the ion-exchange film in direct contact with the anode electrolyte and the catalyst-coated layer facing air. All the anodes were first cleaned by dipping in pure acetone (Aladdin, Shanghai, China) overnight and were subsequently treated by soaking the carbon cloths in a solution consisting of concentrated sulfuric acid (100 mL·L−1) and ammonium peroxydisulfate (200 g·L−1) for 15 min. Ti wires were used as cathode and anode leads. The acrylic plates, electrodes, and the membrane were assembled along with a silicon gasket to prevent leakage. A 1000-Ω resistor was routinely used as the load resistor. Each experiment was performed twice.


Figure 6. Illustration of the air cathode MFC Reactor.
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3.4.2. Enrichment and Operation


All the MFCs were operated in the fed-batch mode. The cells were inoculated from a running MFC as a result of an enrichment transfer procedure over a period of three months in our laboratory, initiated from activated sludge that was obtained from the ZhuJiang River, Haizhu District, Guangzhou (Guangdong, China). Glucose (1 g·L−1, 62.5 mL) and the culture media solution containing KH2PO4 (13.6 g·L−1), NaOH (2.32 g·L−1), NH4Cl (0.31 g·L−1), and NaCl (1.0 g·L−1) were used to compose the artificial wastewater and added to the reactors [31,32]. The reactors were refilled by the artificial wastewater until the output voltage decreased to less than 50 mV. Thus, a complete operation cycle was formed.




3.4.3. Analytical Method


The power density was measured by varying the external resistance in the MFC circuit from 50 to 90,000 Ω. The external circuit voltage (E) was collected using a data-acquisition system connected to a computer (model ZP1001) from Guangzhou NXP Ltd. The current density (I) and power density (P) were calculated using Equations (1) and (2), respectively.
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(1)




and
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(2)




where R is the external resistance, A is the apparent area of the cathode material, and V is the volume of the anode chamber.



The Coulombic efficiency (CE) was calculated according to Equation (3).
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(3)




where i is the current produced, V is the liquid volume (0.04 L), F is Faraday’s constant (96485 C (mol of electrons)−1), b is the number of moles of electrons produced per mole of O2 (4 mol·mol−1), M is the molar mass of O2 (32 g·mol−1), and [33] ΔCOD is the chemical oxygen demand (COD) on the difference in time tb. The COD for glucose at a concentration of 1g·L−1 was assumed to be 1.063 g·L−1.



All the aqueous samples from the MFCs were filtered through a membrane with a pore diameter of 0.22 mm to avoid interference from impurities. The filtrate was used for the determination of COD according to a standard method [34].






4. Conclusions


In this study, we successfully fabricated nanostructured Pt–Ru alloy catalysts with a Pt/Ru ratio of 1:1, by a NaBH4 reduction at room temperature. The alloy catalysts were characterized by XRD, TEM, XPS, and EDS analyses. The results of these measurements revealed that the Pt–Ru alloy nanoparticles are ~3.9 nm in size, and the metal nanoparticles are dispersed uniformly on the carbon support. The electrochemical measurement results indicated that the Pt–Ru alloys possess 2.3 times as much mass activity of Pt towards the ORR compared with the commercial Pt/C catalyst. The Pt–Ru/C catalyst exhibited a higher activity owing to the synergistic effects from the decrease in Pt loading and doping with Ru. The above results clearly illustrate the role of Ru in the bimetallic catalyst and demonstrate that Pt–Ru/C is a promising substitute for Pt nanoparticles for the ORR in single chamber MFCs.
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