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Experimental

Electrochemical measurements


The electrochemical activity of PdPS and its rGO composite towards ORR was followed using a three - electrode cell and the measurements were carried out at 25 (C in 1 M KOH. The reference electrode used was Hg/HgO, OH¯ (MMO) and Pt foil was used as the counter electrode. The electrolyte was purged with pure O2 gas and a blanket of oxygen was maintained over the electrolyte during the experiment. Rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) studies were carried out in the linear sweep voltammetry mode at different rotation rates (RDE, Pine instruments, USA). Chronoamperometric studies were carried out to understand the methanol tolerance of the catalyst. The rotating ring disk electrode (RRDE) studies were carried out at 25 (C with gold disk– platinum ring electrode set up using a             bi-potentiostat (Autolab) and rotor control system (Pine instrument, USA). 


The number of electrons transferred and the percentage of hydrogen peroxide produced were calculated using the following equations (Eq S1 and Eq S2), where iD is the disc current and iR is the corresponding ring current at a given potential and rotation speed. The collection efficiency (N) of the RRDE electrode was determined using in a solution of potassium hexacyanoferrate (5 mM) in KOH (0.1 M). 
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                                                                                                     (Eq. S1)                                                                  
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                                                                                     (Eq. S2)                                                                                           


The OER studies were carried out using a three - electrode cell in 1 M KOH as the electrolyte. The reference electrode used was Hg/HgO, OH¯ (MMO) and Pt foil was used as the counter electrode. The electrolyte was purged with pure O2 gas and a blanket of oxygen was maintained over the electrolyte during the experiment.
Electrode Preparation



The catalyst ink was drop casted on glassy carbon disk of ~5 mm diameter (geometric area: 0.07 cm2) embedded in a Teflon cylinder. Prior to the coating, the GC electrode was polished with 0.05 µm alumina slurry, washed several times with distilled water. The catalyst layer was prepared by mixing 10 mg of the catalyst (rGO-PdPS composite) with 2 mL of isopropanol by stirring for 30 min. and subsequently, 20 µL of nafion (perfluorosulphonic acid based resin provided as 5% solution in lower aliphatic alcohols, Aldrich, USA) solution was added. An amount of 10 µL of the slurry was spread on the glassy carbon disk surface. The loading of catalyst 1 mg cm-2 was maintained throughout the experiments.
Fuel cell fabrication




The rGO-PdPS composite was tested for its ORR activity in alkaline fuel cell. Fumapem FAA-3-50 non-reinforced anion exchange membranes from fumatech (Germany) were used in this work. The thickness of the AEMs was 45 - 50 µm in the dry state. The membranes were reported to have an ion exchange capacity of 2.02 meq g-1, dimensional swelling of 17% in H2O and a specific conductivity of 40 - 45 mS cm-1 in its –OH form at 25°C. Fumion FAA-3 ionomer from FuMA-Tech was used as the catalyst binder and also to enhance the ionic conductivity between the catalyst and the membrane. The FAA-3 ionomer contained polyaromate type of polymer functionalized with quaternary ammonium group with an ion exchange capacity of 2.4 – 2.9 meq g-1 and was thermally stable upto 200°C. 

Membrane pre-treatment 




The dry membranes provided by fumatech were in bromide form. It was treated with 1 M KOH solution for 24 h. under ambient conditions to convert the Br- into OH-. The membranes were transferred to fresh KOH solution after every 6 h. After pre-treatment, the membranes were briefly rinsed with deionised water and used immediately.
Catalyst ink preparation




The rGO-PdPS composite was ground in isopropyl alcohol with required amount of vulcanized carbon, to prepare 40% rGO-PdPS on carbon catalyst. A 10 wt% solution of FAA-3 ionomer in NMP was prepared by stirring the mixture at 25 (C. Catalyst inks were prepared by stirring the required amount of catalyst in the FAA-3 ionomer solution for 24 h. which was then sonicated for 1 h. to obtain a homogeneous suspension. The final catalyst ink composition contained 25% of ionomer over the total catalyst content i.e. the ratio of the catalyst to the ionomer was 3:1. Separate catalyst inks were prepared by using 40% rGO-PdPS on carbon as catalyst for cathode and 40% platinum on carbon as the catalyst for anode.

Coating of catalyst ink




The prepared catalyst inks were coated on the micro porous carbon layer of the GDL using a hand brushing procedure. After each catalyst layer coating, the electrodes were dried in a vacuum oven at 50°C to evaporate the solvent. Successive layers were coated until the desired catalyst loading was achieved. Finally, the electrodes were sintered at 60° C in vacuum oven for 6 h.

MEA preparation and fuel cell testing 




The prepared electrodes were dipped in 1 M KOH solution for 24 h. to convert the ionomer from bromide to –OH form. The electrodes were transferred to fresh KOH solution after every 6 h. to ensure complete exchange. The electrodes were briefly rinsed to remove the surface excess KOH and then placed on each side of the pretreated membrane, facing the catalyst side against the membrane. Graphite bipolar plates having parallel gas flow channels were used as current collectors. The fuel cell was fed with humidified H2 and O2 gases and the stoichiometric ratio was maintained using mass flow meters.

The kinetic parameters are evaluated using the following equation.
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where current density is denoted by j, jk and jd indicate the kinetic and diffusion- limited current densities, respectively, k represents the electrochemical rate constant for ORR, F denotes the Faraday constant (96485 Cmol-1), ω is the angular frequency (rads-1), n is the number of electrons transferred during ORR, Cb is the bulk concentration of O2 (7.8 × 10-7 molcm-3)37

, υ is the kinematic viscosity (0.01cm2s-1) of the electrolyte.37

( ref. in the main manuscript) , D is the diffusion coefficient of oxygen (1.8 × 10-5 cm2s-1)
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Fig. S1. SEM images of (a) PdPS and (b) rGO-PdPS along with elemental mapping. The scale bar in (a) is 1 µm and in (b) is 6 µm.
	
	C (%)
	O (%)
	Pd (%)
	P (%)
	S (%)

	PdPS
	-
	-
	34.2
	33.4
	32.4

	rGO-PdPS
	42.2
	16.2
	14.9
	13.6
	13.1


Table S1. The atomic percentage in PdPS and rGO-PdPS from XPS analysis.
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Fig. S2. a) Rotating –disk voltammograms of bulk PdPS coated on GC in O2-saturated 1 M KOH at a sweep rate of 5 mVs-1. Different rotation rates are used as shown in the figure. b) Corresponding K-L plots (i-1 vs ω-0.5) at different applied potentials. Inset: Number of electrons at different applied potentials. c) Rotating –disk voltammograms of 40 wt% Pt-C on GC in O2-saturated 1 M KOH at a sweep rate of 5 mVs-1. d) K-L plots at different applied potentials. Number of electrons at different applied potentials is given as the inset.
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Fig. S3. Rotating ring-disk electrode voltammograms recorded on rGO-PdPS composite in O2-saturated 1M KOH at different rotation rates. The disk potential is scanned at 5 mVs-1 and ring potential is fixed at 1.475 V vs RHE. The upper half of the voltammograms show ring currents, denoted as iR while the lower half of the voltammograms show disk currents, denoted as iD.
	Potential

    (V vs RHE)
	No. of electrons from (RDE)
	No. of electrons determined from (RRDE)
	% H2O2
	Rate constant  (cm s-1)

	0.675
	3.5
	3.3
	~25.4
	1.96 x 10-2

	0.575
	3.6
	3.4
	~ 26.5
	1.92 x 10-2

	0.475
	3.8
	3.4
	~ 23.4
	1.82 x 10-2

	0.375
	3.9
	3.5
	~ 21.8
	1.96 x 10-2


Table S2. Kinetic parameters including the number of electrons derived from RDE and RRDE measurements.  The amount of peroxide formed during ORR is also given. 
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Fig. S4.  Chronoamperometric responses (percentage of relative current vs. operation time) of rGO-PdPS and Pt-C on GC electrode kept at 0.8 V vs RHE in O2-saturated 1M KOH solution.
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Fig. S5. Rotating disk electrode voltammograms on rGO (black), PdPS (red), rGO+PdPS physical mixture (blue), rGO-PdPS composite (violet) and 40 wt% Pt-C (green) in O2-saturated 1M KOH with a sweep rate of 5 mVs-1 at 1600 rpm. 
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Fig. S6. XPS survey spectrum of rGO-PdPS composite after carrying out ORR in O2-saturated 1 M KOH solution. a), b), c), d), e) and f) high resolution deconvoluted C 1s, O 1s, Pd 3d, S 2p and P 2p of rGO-PdPS composite, respectively. The experimental data points along with the sum of the spectra are given.
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Fig. S7. Voltage vs. current density (for the optimization of the fuel cell performance by varying the rGO-PdPS loadings at the cathode). A constant Pt loading of 0.8 mg cm-2 at the anode was maintained for all the fuel cells tested.
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Fig. S8. Tafel polarization curves for oxygen evolution on rGO-PdPS and PdPS in 1 M KOH electrolyte. The scan rate used was 5 mV s-1.
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Fig. S9. (a) Voltammograms on rGO-PdPS before (red) and after (black dot) 500 cycles of OER, in 1 M KOH solution at 100 mV s-1 scan rate.  
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