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Chemicals:Iron (III) chloride (FeCl3) and cobalt (II) chloride hexahydrate (CoCl2.6H2O) were purchased from 

AcrosOrganics Chemical Reagent Co. 1,10-phenanthroline (phen), melamine, potassium permanganate (KMnO4), 

phosphorus (V) oxide (P2O5), sodium nitrate (NaNO3), sodium thiosulfate pentahydrate(Na2S2O8.5H2O), hydrogen 

peroxide (H2O2), sulphuric acid (H2SO4) were purchased from Sinopharm Chemical Reagent Co. (Shanghai, 

China). Graphite powder (99+%) was purchased from Alfa Aesar. VXC-72 was supplied by Cabot Corp. (USA) 

and carbon nanotubes (CNTs) were from Ningbo institute of materials technology & engineering, China. All 

aqueous solutions were prepared with ultrapure water (18.2 MΩ·cm at 25 ºC) produced from a Millipore water 

system (Synergy® UV, France).  

Synthesis of graphene oxide: Graphene oxide (GO) was synthesized from natural graphite flakes by a modified 

Hummers method.1Graphite powder (3 g, 100 mesh) was placed into a mixture of concentrated H2SO4 (12 mL), 

Na2S2O8·5H2O (3.26 g) and P2O5 (2.5 g). The mixture was incubated at 80 ºC for 4.5 h. Next, the mixture was 

cooled down to room temperature and diluted with 0.5 L of H2O and left overnight. In the following, the mixture 

was filtered and washed using a 0.45 μMmillipore-filter to remove the residual acid. The product was dried under 

ambient condition. This pre-oxidized graphite was then subjected to oxidation by the following steps. The 

pretreated graphite powder was placed into concentrated H2SO4 (0 ºC, 120 mL). Next, KMnO4 (15 g) was added 

gradually under stirring and the temperature of the mixture was kept to be below 20 ºC. Next, the mixture was 

stirred at 35 ºC for 2 h, followed by the additional of 0.7 L H2O. Shortly, 20 mL of 30% H2O2 was added to the 

mixture. The resulting brilliant-yellow mixture was filtered and washed with 10 wt% HCl aqueous solution (1 L) 

and then washed repeatedly with H2O until the pH of the filtrate was neutral. The GO slurry was dried in a vacuum 

oven at 60 ºC and purified by dialysis for one week. 

Synthesis of Fe3Co-rGO Electrocatalyst: Phen (105 mg) and melamine (66 mg) at 1:1 molar ratio were added to 

100 mL of water in a round-bottom flask and the mixture was incubated at 80 oC. 10 mL of 41 mM FeCl3 and 10 

mL of 13 mM CoCl2·6H2O was mixed at Fe/Co molar ratio of about 3:1 and heated to 80 oC.100 mL of 2 mg/mL 

GO aqueous solution was prepared under sonication at 80 oC. In this case, the mass loading of transition metal 

salts on GO is 32 wt%.  
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Initially, the three stock solutions were mixed together and stirred for 30 min at 80 oC, followed by cooling 

down to room temperature in about 80 min to form dark-yellow precipitates. Next, 50 mL of 8 mg/mL NaBH4 

aqueous solution was added. The dark-yellow precipitates gradually turned into black, indicating the completion of 

the reduction of GO. The black precipitates were filtered, washed with water, and dried overnight at 65 oC. Next, 

the sample was heat-treated in argon (80 mL/min) at 800 oC with a heating rate of 4 °C min-1 for 2 h. Finally, the 

heat-treated sample was leached in 0.5 M H2SO4 aqueous solution at 80 oC for 30 min to remove unstable species. 

Next, the product was repeatedly washed with water until the filtrate pH reached 7. Finally, the sample was dried 

again at 65 ºC prior to being used for further measurements. Controlled experiments were carried out by varying 

one parameter each time while keep all the others the same, including phen/melamine molar ratio (phen alone, 

1:0.75, 1:1, 0.75:1, melamine alone), support type (VXC-72, rGO, carbon nanotubes), Fe/Co molar ratio (Fe alone, 

1:1, 3:1, 1:3, Co alone), and heating temperature (450, 650, 775, 800, 850, and 900 ºC). 

Electron Microscopy and X-ray Diffraction Studies: The X-ray diffraction (XRD) spectrum was recorded in 

transmission geometry with Cu Kα radiation (λ = 0.15432 nm) in the range of 10-80° on Rigaku D/Max 2400 with 

2θ scan mode at a scanning rate of 5º min-1. XPS (Thermo ESCALAB 250Xi), SEM (HITACHI S5500, 30 KeV), 

TEM (FEI Tecnai G2 Spirit, 120 KeV), HRTEM and HAADF STEM (FEI Tecnai G2 F30 S-Twin, 300 KeV) were 

performed on obtained electrocatalysts. The samples for electron microscopy analysis were prepared by adding 

drops of colloidal suspensions onto a standard copper grid and wicking away the excess liquid with a tissue paper. 

The grids were air-dried for at least 2 h before imaging. 

Electrochemical Measurements: Electrochemical measurements of cyclic voltammetry (CV), rotating disk 

electrode (RDE) and rotating ring-disk electrode (RRDE) were carried out by a potentiostat (760D, CH 

Instruments, Shanghai, China) with a conventional three-electrode electrochemical cell installed with a platinum 

mesh as the counter electrode and a Hg/HgO (1 M NaOH) as the reference electrode. For the preparation of 

working electrodes, an electrocatalyst was dispersed with the aid of sonication in a mixed solution consisted of 

water, ethanol, and Nafion solution (5 wt%, Dupont) (Vwater:Vethanol:VNafion=1:9:0.1) to form a catalyst ink (3.9 

mg/mL). Next, 60 μL of the catalyst ink was dropped on the surface of glassy carbon RDE (0.19625 cm2, PINE 

Instruments) and then evaporated in air. For comparison, working electrodes of 20 wt% commercial Pt/C (Johnson 

Matthey-JM) were prepared in a similar manner. Cyclic voltammetry (CV) characterization of catalysts was 

carried out in N2-purged alkaline solution (0.1 M KOH) with a potential range of -0.8 to 0.2 V (vs. Hg/HgO) at a 

positive scanning rate of 100 mV s-1. The oxygen reduction reaction (ORR) polarization curves of RDE and RRDE 

(disk area: 0.2475 cm2, ring area: 0.1886 cm2, PINE Instrument) were obtained in O2-saturated 0.1 M KOH 

aqueous solution with a scanning range of -0.8 to 0.2 V (vs. Hg/HgO) and a positive scanning rate of 5 mV s-1 at 

1600 rpm. The ring potential of RRDE was kept constant at 0.2 V (vs. Hg/HgO). The peroxide percentage (%HO2
- 

and electron transfer number (n) were evaluated based on the following equations:   
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In equation (1), jlim is the limiting current density; n is the number of electrons transferred per oxygen molecule; 

F(96485 C mol-1) is the Faraday constant; D (1.9×10-5 cm2 s-1) is the diffusion coefficient of O2 in 0.1 KOH and 

Co (1.2×10-6mol cm-3) is the concentration of O2 in the electrolyte.2 ν is the kinetic viscosity of the solution (0.01 

cm2 s
-1); and ω is the electrode rotation rate (rad s-1). In equation (2) and (3), Ir and Id is the ring and disk current, 

respectively. The manufacturer’s value of N (ring collection efficiency) is 37%. For durability test, potential 

cycling were conducted under a harsh degradation condition in the range of -0.4 to 0.2 V (vs. Hg/HgO) for a total 

number of 1500 cycles in O2-saturated 0.1 M KOH. The potential sweep rate was 100 mV s-1. After certain cycling 

numbers, ORR polarization curve was collected to track the degradation of electrocatalysts. 

 

Figure S1.The ORR polarization curves of electrocatalystat different theoretical loadings (transition metal salts on 

GO) obtained at a positive scanning rate of 5 mVs-1and 1600 rpm in O2-saturated 0.1 M KOH aqueous solution. 
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Figure S2.(a) Ring current density and disk current density of the Fe3Co-rGO obtained at different rpmand (b) n 
number and %HO2

-at 1600 rpmin O2-saturated 0.1 M KOH aqueous solution with a positive scanning rate of 5 
mVs-1; (c) ORR polarization curves of the Fe3Co-rGO (repeated) recorded in O2-saturated 0.1 M KOH at different 
scan rates (225-1600 rpm); (d) K-L plots (repeated) at different potentials derived from the ORR polarization 
curves in (c). 
 

 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A
This journal is © The Royal Society of Chemistry 2013



 

Figure S3. Current density degradation at 0 V (vs. Hg/HgO) in the potential cycling process from -0.4 to 0.2 V at a 

scan rate of 100 mV s-1. 

 

 

Figure S4. The ORR polarization curves of (a) the 20 wt% Pt/C, (b) the Fe3Co-rGO (c) 20 wt% Pt/C (repeated) 

and (d)Fe3Co-rGO (repeated) obtained after certain potential cycling numbers (0, 200, 400, 600, 1000 and 1500) 

with a positive scanning rate of 5 mVs-1 at 1600 rpm in O2-saturated 0.1 M KOH aqueous solution. 
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Figure S5. SEM (a) and TEM (b) image of the electrocatalyst Fe3Co-rGO. 

 

 

 

 

 

 

Figure S6.The size distribution of nanoparticles on rGO of the Fe3Co-rGO by measuring randomly selected 220 

individual nanostructures. 
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Figure S7. (a) HAADF STEM image of the Fe3Co-rGO; (b) EDX of the Fe3Co-rGO for the selected area in (a). 

 

 

 
Figure S8. Fe and Co EDX mapping of selected area 1 for the Fe3Co-rGO. 
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Figure S9.HR-TEM image for Fe3Co-rGO. 

 

 

 

 

 

 

Figure S10.High resolution XPS of Fe and Co for the Fe3Co-rGO. 
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Table S1.ORR activity of recently reported highly active non-noble metal electrocatalysts in alkaline solutions 

compared with the 20 wt% commercial Pt/C at a metal loading of 20 µgPt cm-2 
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Literature CKOH 

 (M) 

RDE 

 (rpm/mVs-1) 

△Eonset potential 

(mV) 

△E1/2 

(mV) 

   H2O2 

   (%) 

This study 0.1  1600/5 5 -23 ~18 

Nat. Mater., 

2011, 10, 780 

0.1  1600/5 unknown -30          ~6 

J. Am. Chem. Soc., 

2012, 134, 15849 

1  1600/5 unknown -35 ~12 

J. Am. Chem. Soc., 

2012, 134, 3517 

0.1/1 1600/5 unknown -20 ~10 

Angew. Chem. Int. 
Ed.,2011, 50, 3257 

1  1600/5 10 unknown unknown 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A
This journal is © The Royal Society of Chemistry 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


