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Abstract

Carbon black (CDX975) supported Pd and Pd-Co-Au alloy electrocatalysts are prepared by water-in-oil microemulsion technique using water as aqueous phase, non-ionic Triton-X-100 as surfactant and cyclohexane as oil phase. The as-synthesized Pd-Co-Au/CDX975 is heat-treated at different temperatures raging from 700 to 900 °C to promote alloy formation. The prepared materials are characterized by powder XRD and EDX. The role of alloying elements on the redox behaviour of Pd as well as the enhanced ORR activity of Pd-Co-Au alloys is studied by cyclic voltammetry and ultraviolet photoelectron spectroscopy. Face-centered cubic structure of Pd and presence of respective elements with controllable composition in the prepared materials is evident from the analysis of XRD and EDX. Electrochemical oxygen reduction measurements performed by linear sweep voltammetry indicate the good ORR activity of Pd-Co-Au/CDX975 catalysts than that of Pd/CDX975. Chronoamperometry studies indicate the good stability of Pd-Co-Au alloys than Pd. 
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Introduction

Pd is one of the efficient electrocatalyst for oxygen reduction reaction (ORR). But the intermediate oxygen species covered on the Pd surface at the technically relevant potential region of 0.7-0.9 V vs NHE significantly reduces ORR activity [1-5]. To enhance ORR activity, various bimetallic Pd alloys such as Pd-Co, Pd-Cr, Pd-Ni, Pd-Fe and Pd-Ti were investigated [6-9]. The results implied the good activity of Pd alloys compared to the Pd. But the poor stability of Pd alloy catalysts under the experimental conditions due to the leaching of alloying elements causes the significant decrease in ORR activity [10]. Recently, ternary Pd alloys combinations with optimum compositions (Pd-Co-Au (70:20:10 atom%) and Pd-Co-Mo (70:20:10 atom%)) were proposed as active catalysts for ORR in single-cell proton exchange membrane fuel cells (PEMFCs) [11-14]. They observed comparable PEMFC performance of Pd-Co-M/C (M = Au and Mo) with that of Pt/C. The origin of the good ORR catalytic activity of Pd alloys has been undertaken and various hypotheses have been proposed to explain the enhanced ORR activity of Pd alloys compared to that of Pd [6-9,11,15,16]. It is assumed that the observed enhancement in the ORR activity for the Pd alloys might be related to the electronic property of Pd like the Pt alloys. But still the reason for enhanced ORR activity of Pd alloys is not clear. 
In the present work, 20 wt% Pd/CDX975 and Pd-Co-Au(7:2:1)/CDX975 catalysts are prepared by water-in-oil microemulsion method using non-ionic surfactant, Triton-X-100.  The role of alloying elements towards the enhancement of ORR activity of Pd-Co-Au alloy catalysts in comparison to Pd is investigated by cyclic voltammetry and UPS. Finally, stability of the materials is ascertained by chronoamperometry.
Experimental

Carbon supported Pd and Pd-Co-Au alloy electrocatalysts are prepared by water-in-oil microemulsion technique. The microemulsion system used in this study consisted of non-ionic Triton-X-100 as a surfactant, propanol-2 as a co-surfactant, cyclohexane as the continuous oil phase and either the Pd-Co-Au precursor (H2PdCl4, CoCl2 and HAuCl4) solution or hydrazine solution as the dispersed aqueous phase. Microemulsion 1 and 2 are prepared separately by mixing by volume 10% surfactant, 35% cyclohexane, 40% propanol-2 and 15% of the aqueous phase. The amount of hydrazine was in stoichiometric excess compared with the equal volume of Pd-Co-Au precursor solution in microemulsion I. The two stable microemulsions were then mixed together and ultrasonicated for 2 h. Pd–Co-Mo nanoparticles were formed upon contact between the precursor containing droplets and the hydrazine containing droplets. The reductions of H2PdCl4, CoCl2 and HAuCl4 are as follows:
2H2PdCl4 + N2H5OH → 2Pd + 8HCl + N2 + H2O            
2CoCl2 + N2H5OH → 2Co + 4HCl + N2 + H2O               
4HAuCl4 + 3N2H5OH → 4Au + 16HCl + 3N2 + 3H2O    
Subsequently, an appropriate amount of carbon black (CDX975, received from Columbian Chemicals Company, USA; Surface area ~300 m2 g-1) was added to the mixture to give a metal(s):C weight ratio of 20:80. The resultant slurry was kept under constant stirring for 2 h, filtered, washed with acetone followed by deionized water and finally dried in an air oven at 75 °C for 2 h. The nominal metal content on the carbon was 20 wt%. The powder samples thus obtained were heat-treated at different temperatures 700, 800 and 900 °C in a flowing mixture of 10% H2–90% Ar for 1 h and cooled to room temperature. Similarly, 20 wt% Pd/CDX975 was prepared to investigate the effect of alloying elements of Pd towards the oxygen reduction activity. 
XRD measurements were performed on a Rigaku Miniflex X-ray diffractometer using a Cu Kα source operated at 30 keV at a scan rate of 0.025° s−1 over the 2θ range of 10-90°. The average size of metal crystallites was calculated using a Scherrer formula from a FWHM of (220) diffraction line. Electron microscope with EDX (FEI, Model: Quanta 200) was used to observe the composition of the catalysts. Ultraviolet photoemission spectroscopy (UPS) measurements of the catalysts was carried out with Omicron nanotechnology instrument using an Al monochromatic X-ray (hν = 1486.6 eV) and operated under the base pressure of ≤2 x 10-9 mbar. The powder samples were mounted onto the holder and the catalyst surface was scraped in situ by repeated cycles of Ar-ion sputtering to remove any surface contamination that could arise from atmospheric components like water and CO2. The energy resolution of the spectrometer was set at 1.1 eV at pass energy of 80 eV. The binding energy (BE) was calibrated with respect to Ag 3d core level. For the high-resolution valence-band photoemission spectra, the total energy resolution, including the photon energy resolution, was less than ~0.05 eV.

Electrochemical activity of the Pd/CDX975 and Pd-Co-Au/CDX975 catalysts was determined by cyclic voltammetry using a potentiostat (BAS 100 electrochemical analyzer). All experiments were performed at room temperature in a conventional one-compartment electrochemical glass cell assembled with glassy carbon (GC) disk as the working electrode, Ag/AgCl, 3.5 M KCl (+0.205 V vs NHE) as the reference and Pt foil as the counter electrodes, respectively. The electrode was fabricated as follows: 5 mg of catalyst was dispersed in 5 ml of isopropanol by ultrasonication for 15 min. GC disk (0.07 cm2) was polished to a mirror finish with 0.05 (m alumina suspensions before each experiment and served as an underlying substrate of the working electrode. An aliquot of 20 (l catalyst suspension was pipetted onto the mirror polished glassy carbon substrate, leading to a metal loading of 56 (gmetal cm-2 and dried in flowing argon at room temperature. Then 10 (l of a diluted Nafion® solution (Aldrich, 5 wt% in 15-20% water/low aliphatic alcohols) were pipetted on the electrode surface in order to attach the catalyst particles onto the GC disk. After preparation, the electrodes were immersed in deaerated 0.5 M H2SO4. Then the cyclic voltamograms were recorded between +0.0 and +1.2 V vs. NHE at a scan rate of 25 mV s-1. For oxygen reduction measurements, linear sweep voltammograms (LSVs) were recorded between +0.2 and +1.2 V vs. NHE at a scan rate of 5 mV s-1 in both Ar- and O2-saturated 0.5 M H2SO4. Oxygen reduction activity was calculated by taking the difference in activity at +0.7 V vs. NHE in Ar- and O2- saturated 0.5 M H2SO4. Current densities are normalized to the geometric area of the glassy carbon substrate (0.07 cm2).

Results and discussion

Powder X-ray diffraction (XRD) patterns for the carbon supported Pd and Pd-Co-Au alloy catalysts are shown in Fig. 1. Both Pd/CDX975 and as-synthesized Pd-Co-Au/CDX975 catalysts exhibited peaks at 2θ values around 40, 47, 68, 82 and 87° corresponding to the (111), (200), (220), (311) and (222) planes of face-centered cubic (fcc) structure of Pd (JCPDS No. 88-2335). The broad peaks indicate that the particles are in nanocrystalline range. The diffraction peak at 2θ value of 25° corresponds to the (002) plane of the hexagonal structure of the carbon support. No appreciable change in the X-ray diffraction pattern of the as-synthesized Pd-Co-Au/CDX975 compared to the Pd/CDX975 is observed. It indicates that the metal nanoparticles are not transformed into alloy. In order to improve alloying, it is heat-treated at different temperatures from 700 to 900 °C. With increasing temperature, the diffraction peaks are shifted to higher angles compared to the Pd/CDX975 catalyst. It indicates the contraction of Pd lattice due to alloy formation. The extent of shift increases and the lattice parameter decreases with increasing heat-treatment temperature, suggesting an increase in the degree of alloying. The XRD peaks decrease in width and increase in intensity with increasing the heat-treatment temperature indicating that the alloys are becoming more crystalline and/or have large crystallite sizes. The structural parameters deduced from the XRD pattern are given in Table 1. It indicates the increase in degree of alloying and crystallite size there by decrease in surface area of Pd-Co-Au with heat- treatment temperature. Elemental analysis performed by EDX confirms the presence of Pd and C in Pd/CDX975 and Pd, Co, Au and C in Pd-Co-Au/CDX975, respectively. The calculated elemental composition (wt%) in all the catalysts is given in Table 2. In heat-treated Pd-Co-Au/CDX975 catalysts, it is corresponding to the approximate atomic ratio of 7:2:1.  
Cyclic voltammograms (CVs) of the carbon supported Pd and Pd-Co-Au alloy catalysts in deaerated 0.5 M H2SO4 solution at a scan rate of 25 mV s-1 are shown in Fig. 2. The redox features of the Pd/CDX975 are found to be consistent with literature reports [17,18]. The redox peaks observed in the +0.15-0.25 V region correspond to the adsorption/desorption of hydrogen on the Pd surface and formation of the Pd hydride phase. The redox peaks in the 0.6-1.2 V region corresponding to the formation and reduction of surface Pd oxides (Pd-OH or PdOx species). With increasing OHad formation/surface oxidation, the ORR activity decreases and also it has been reported that the PdOx species at the metallic Pd surface is inactive toward oxygen reduction [19]. For the as-synthesized Pd-Co-Au/CDX975 catalyst anodic peak was shifted to lower potentials of about 0.14 V vs NHE compared to the Pd/CDX975. It shows the modification of the electronic structure of Pd by the presence of Co and Au. In the case of heat-treated Pd-Co-Au/CDX975 catalysts at 700, 800 and 900 °C, the hydrogen adsorption/desorption peaks on the surface of the Pd alloys were observed at potentials of 0.04 V vs NHE showed a similar behavior to that of Pt [17,20]. This is due to the interruption of the dissolution of hydrogen into the Pd lattice by alloying elements. Moreover, the formation of surface oxy species which are the poisoning species for oxygen reduction were not observed and this may be beneficial to the oxygen adsorption at low overpotential and thus the ORR kinetic enhancement. 
Linear sweep voltammograms (LSVs) of the carbon supported Pd and Pd-Co-Au catalysts in both Ar- and O2-saturated 0.5 M H2SO4 at a scan rate of 5 mV s-1 are shown in Fig. 3. When the potential was swept from +1.2 to +0.2 V vs NHE, single oxygen reduction peaks were observed in the potential region of 1.0–0.6 V in all the catalysts. The steep increase in peak current indicates the facile kinetics of oxygen reduction. The calculated ORR activity of the catalysts is given in Table 1. The results indicate the good ORR activity of Pd-Co-Au/CDX975 catalysts compared to the Pd/CDX975. This is due to the suppression of (hydr)oxy species on Pd electrode surface by the presence of alloying elements. Among all the heat-treated Pd-Co-Au/CDX975 catalysts, maximum activity was observed for the heat-treated Pd-Co-Au/CDX975 at 800 °C compared to the 700 and 900 °C. The initial increase is due to an increase in the degree of alloying while the decrease at higher temperatures is due to an increase in particle size and a decrease in surface area. Oxygen reduction proceeded in a relatively positive potential region for the Pd-Co-Au/CDX975 catalysts compared to the Pd/CDX975. The overpotential for ORR of the Pd alloys was 50 mV less compared to that of Pd. This is due to the modification of electronic structure and alteration of energy levels of Pd by the presence of Co and Au. The differences in the onset potential for oxygen reduction at various heat-treated Pd-Co-Au/CDX975 catalysts may be due to differences in the surface activation which are related to the size and distribution of the metallic nanoparticles.

The voltammetric behaviour of carbon supported Pd and Pd-Co-Au alloys indicate the change in the electronic structure of Pd by alloying elements, Co and Au. To investigate the surface electronic properties of Pd, valence band spectra of Pd/CDX975 and heat-treated Pd-Co-Au/CDX975 at 800 °C catalysts is recorded and shown in Fig. 4. It depicts the shift of Pd d-band center from 2.27 eV on Pd/CDX975 to 3.04 eV on Pd-Co-Au/CDX975. A similar downshift was observed for a variety of bimetallic Pt alloys in literature [21]. The downshift of d-band center indicates the decreased density of states (DOS) at the Fermi level of Pd in the Pd-Co-Au/CDX975. As a result, the formation of Oads or OHads on Pd surface was inhibited (evident from CV behaviour shown in fig. 2) and leads to the good ORR activity (evident from LSV behaviour shown in fig. 3). 

Stability of Pd and Pd-Co-Au alloy electrocatalysts is examined at +0.7 V vs NHE in O2-saturated 0.5 M H2SO4 solution for 3 h and the corresponding current density-time plot is shown in Fig. 5. During the test, oxygen gas is bubbled continuously into the solution. It can be seen that the performance of Pd-Co-Au/CDX975 catalysts is better than Pd/CDX975. In the case of heat-treated Pd-Co-Au/CDX975 at 700 °C, current density declines slowly by the dissolution of alloying components. This may be due to the poor degree of alloying. Among all the carbon supported Pd-Co-M alloy catalysts, heat-treated Pd-Co-M/CDX975 at 800 and 900 °C exhibited good performance possibly due to high degree of alloying.
Conclusions
Carbon supported Pd and Pd–Co–Au alloy catalysts were synthesized by water-in-oil microemulsion method and characterized by XRD and EDX. XRD showed the single phase face-centered cubic structure of Pd in the catalysts. EDX analysis confirmed the average atomic composition of 7:2:1 in the heat-treated Pd-Co-Au/CDX975 catalysts. Voltammograms and valence band spectra of the catalysts indicated the inhibition of (hydr)oxy species on Pd surface by the presence alloying elements thereby good electrochemical performance. The good ORR activity and stability of the Pd-Co-Au/CDX975 compared to that of Pd/CDX975 makes them as applicable electrode materials for oxygen reduction in electrochemical device applications.
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Table 1 Structural parameters of Pd/CDX975 and Pd-Co-Au/CDX975 catalysts

	Catalyst
	Heat-treatment temp (˚C)
	Lattice parameter

(nm)
	Degree of alloying

(%)
	Crystallite size (nm)
	Surface area

(m2 g-1)

	Pd/CDX975

Pd-Co-Au(7:2:1)/CDX975

Pd-Co- Au (7:2:1)/CDX975 

Pd-Co- Au (7:2:1)/CDX975 

Pd-Co- Au (7:2:1)/CDX975 
	As-syn

As-syn

700

800

900
	0.3898

0.3896

0.3854

0.3839
0.3824
	--

--

59

79

100
	1.2

2.1

6.3

8.7

10.4
	232

--

78

56

47


Table 2 EDX composition, onset potential and ORR activity of Pd/CDX975 and Pd-Co-Au/CDX975 catalysts

	Catalyst
	EDX composition

Pd:Co:Au

(wt%)
	Onset potential

(mV vs. NHE)
	ORR activity at +0.7 V vs NHE 

(mA cm-2)

	20% Pd/CDX975

20% Pd-Co-Au(7:2:1)/CDX975 at 700 ˚C

20% Pd-Co-Au(7:2:1)/CDX975 at 800 ˚C

20% Pd-Co-Au(7:2:1)/CDX975 at 900 ˚C
	100 :- :-

70.2:11.2:18.6
71.3:11.6:17.1
71.8:11.3:16.9
	+840

+875

+905

+880
	1.6

3.3

3.9

2.9
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Fig. 1. Powder X-ray diffraction patterns of (a) Pd/CDX975 (b) as-synthesized Pd-Co-         
           Au(7:2:1)/CDX975; heat-treated Pd-Co-Mo(7:2:1)/CDX975 at (c) 700 (d) 800  
           and (e) 900 °C respectively
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Fig. 2. Cyclic voltammograms (CVs) of carbon supported Pd and Pd-Co-Au catalysts in  
            Ar-saturated 0.5 M H2SO4; Scan rate – 25 mV s-1
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Fig. 3. Linear sweep voltammograms (LSVs) of O2 reduction on carbon supported Pd and  
           Pd-Co-Au catalysts in 0.5 M H2SO4; Scan rate – 5 mV s-1 (Empty and full symbols             
           corresponding to the LSVs in Ar- and O2- saturated 0.5 M H2SO4) 
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Fig. 4. Valence band spectra of (a) Pd/CDX975 and (b) heat-treated Pd-Co-Au/CDX975       
            at 800 °C
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Fig. 5. Current density-time plot of (a) Pd/CDX975; heat-treated Pd-Co-    
                 Au(7:2:1)/CDX975 at (b) 700 (c) 800 and (d) 900 °C respectively in   
                 oxygen saturated 0.5 M H2SO4 at +0.7 V vs NHE for 3 h
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