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Supporting Information

Experimental

Materials

Pyrrole (98%) monomer (Py), iron (III) chloride (FeCls), and Acid Red 1 (disodium 5-
(acetylamino)-4-hydroxy-3-(phenylazo)-2,7-naphthalenedisulfonate) (C;sH;sN3OgS,:2Na) were
purchased from Sigma-Aldrich. Py was vacuum distilled before use; other chemicals were used as
received. The distillated Py was refrigerated and stored in the dark.

The aqueous solution of the electrolyte used, 0.1 M KOH, was prepared with ultrapure water (18.2
MQ-cm resistivity at 25 °C). All gases (nitrogen, oxygen) were 99.995% purity. Nafion 117
solution (5 wt. % in a mixture of lower aliphatic alcohols and water) from Sigma-Aldrich was
used to prepare the catalyst inks.

Synthesis

Two different polypyrrole morphologies, i.e. granular and tubular, PPy(g) and PPy(t) respectively,
were synthesized by chemical oxidative polymerization with or without structuring agent in the
reaction medium, according to previously published protocols.!"?

An aqueous solution of FeCl; (0.045 mol) dissolved in 50 ml of deionized water was added to a
solution of Py (0.02 mol) in 50 ml of deionized water (FeCl3/Py=2.25/1, molar ratio). The mixed
solution was vigorously stirred for 6 h at ambient temperature to obtain PPy(g).

PPy(t) was synthesized using Py, FeCls as oxidant and Acid Red 1 (disodium 5-(acetylamino)-4-
hydroxy-3-(phenylazo)-2,7-naphthalenedisulfonate) as structuring agent. Py (0.02 mol) and Acid
Red 1 (0.004 mol) (Py/Acid Red 1 = 1/0.2, molar ratio) were dissolved in 30 mL deionized water
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with vigorous magnetic stirring for 30 min. Then, 33.4 mL of 1M aqueous FeCl; solution was
added dropwise into the previous solution without stirring over 2 h at 278 K. The resultant mixture
was allowed to stand for 24 h.

After polymerization, the precipitate was collected by filtration and washed thoroughly with
deionized water and methanol to remove the residual monomers and short oligomers, oxidants and
their decomposition products. The PPy polymers were further purified by a soxhlet extraction
using methanol as the solvent and dried at 40°C for 24 hours.

The resulting powders were then placed for 2 h in a tube furnace under Ar atmosphere to remove
any residual air before increasing the temperature. After that, the temperature was increased at a
ramping rate of 5 °C min™' until the desired heat-treatment temperature (800 °C) was reached, held
at this temperature for 2 h, followed by cooling to room temperature at a rate of =5 °C min™'. The
final materials were called PPy(g)/800 and PPy(t)/800.

Characterizations

The scanning electron microscopy (Hitachi S-4500) was performed on materials drop casted on
doped silicon crystal.

Thermogravimetric analysis (TGA) measurements were performed for PPy(g)/800 and PPy(t)/800
samples using a Q50 TA instrument. The runs were performed in platinum crucibles, containing
approximately 2.5 mg of the sample under air condition. The rate heating was 10 °C min™ from 50
to 1000 °C.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Analytical
Axis Ultra DLD system using an Al Koo source monochromatized at 1486.6 eV. We used a
hemispheric analyzer working at pass energy of 20 eV for N 1s core level.

Electrochemical measurements

The electrochemical characterizations were conducted in a single-compartment three-electrode
cell using a ring-disk electrode setup with a bipotentiostat (Model VSP Bio-Logic SAS) and
rotation control unit (Princeton Applied Research Model 636). Saturated KCI calomel electrode
(SCE, 0.241 V vs. NHE) and a graphite plate served as reference and counter electrode,
respectively. All potentials are referenced to SCE. A rotating ring disk electrode from Pine
Instruments employing a glassy carbon (GC) disk (& 5 mm, Agisk-geom= 0.1963 sz) and Pt ring
(Sring = 0.110 cm’) was used as the working electrode.

The catalyst inks were prepared by dispersing 10 mg of each catalyst in ethanol (370 pL), H,O
(150 pL) and 5 wt% Nafion (80 pL) mixture under sonication (1h). To produce a catalyst loading
of about 425 pg cm ™, a 5 pL drop was placed on GC disk and dried in air. Other catalyst loadings
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i.e. 255 ug cm ™ and 85 pg cm > were realised by the drop coating of 3 and 1 pL respectively. A
commercial Pt (40 wt.%)/Vulcan (Pt/C) catalyst ink was used for comparison. 2 UL of Pt/C ink
deposited on GC produce a catalyst loading of 81.50 pgp: cm 2. Current densities were normalized
in reference to the geometric area of the GC RDE (0.1963 cm?).

The electrolyte used in all of the studies was 0.1 M KOH, and prior to measurements the electrode
was cycled in Nj-saturated solution until steady-state cyclic voltammogram (CV) was reached. O,
was then bubbled for 30 min to achieve saturation. Under moderate O, bubbling, electrochemical
measurements were conducted. CVs were recorded by scanning the disk potential from 0.3 to —0.9
V vs. SCE at a scan rate of 20 mV s, and rotating ring-disk electrode (RRDE) measurements
were conducted at 5 mV s, with a rotation speed of 800 rpm. The Pt ring was set at 0.456 V vs.
SCE. Stability experiments were carried out for PPy(g)/800 and PPy(t)/800 catalysts using
chronoamperometry with the electrode rotation rate fixed at 1000 rpm (E = —-0.350 V vs. SCE) in
O,-saturated 1 M KOH.

The number of transferred electrons (7) and the yield of peroxide species can be also calculated

from the Eq. 1 and Eq. 2 based on RRDE measurements:"*~]
% (peroxide species) = 100 x (4—n)/2 (2)

where I is the faradaic current at the disk, I is the faradaic current at the ring. The value of the
collection efficiency of the rotating-ring disk electrode was determined to be N = 0.257, using the

reversible one-electron Fe(CN)g /* redox couple, according to the manufacturer’s instructions.

References:

1. C. M. Yang, C. Weidenthaler, B. Spliethoff, M. Mayanna and F. Schuth, Chem. Mater., 2005,
17, 355.

2. W. Yan and J. Han, Polymer, 2007, 48, 6782.

3. K. P. Gong, F. Du, Z. H. Xia, M. Durstock and L. M. Dai, Science, 2009, 323, 760.

4. L.Yang, S. Jiang, Y. Zhao, L. Zhu, S. Chen, X. Wang, Q. Wu, J. Ma, Y. Ma, Z. Hu, Angew.
Chem. Int. Ed., 2011, 50, 7132.

5. M. Lefevre, J. P. Dodelet, Electrochim. Acta, 2003, 48, 2749.

Results and discussions
The morphologies and chemical compositions were studied by scanning electron microscopy

(SEM) and X-ray photoelectron spectroscopy (XPS), respectively. The electrocatalytic
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performances towards the ORR in alkaline media according to their morphologies were studied by

voltamperometry rotating ring-disk electrode (RRDE) measurements.

Figure S1. SEM images of PPy (g) (A), PPy (g)/800 (B), PPy (t) (C) and PPy (t)/800 (D).
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Figure S2. XPS survey spectra showing the elemental composition of (a). PPy(g) and PPy(g)/800,
(b). PPy(t) and PPy(t)/800

Thermogravimetric analysis (TGA) of PPy(g)/800 and PPy(t)/800 (Fig. S3, black line) was
performed under air to highlight the presence of inorganic material inside the samples. The TGA
curves present only one weight-loss step between 50 and 1000 °C, for both samples. PPy polymers

were fully burned within the narrow 350-600°C range. It is worth to mention that PPy(t)/800
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needed a slightly higher temperature (620°C) than PPy(g)/800 (580°C) to be completely burned.
For both samples, the materials remaining after annealing at 1000 °C were below 2% of the entire

weight, which likely corresponds to inorganic material after purification steps.
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Figure S3. TGA (black) and DTG (red) curves of: (a). PPy(g)/800 and (b). PPy(t)/800
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Figure S4. RRDE measurements for different loading of PPy(t)/800 in O,-saturated 0.1 M KOH.
The ring electrode was polarized at 0.456 V (5 mV s™', 800 rpm).

The impact of the PPy(t)/800 electrocatalyst loading on the ORR was investigated by RRDE
experiments in 0.1 M alkaline media (Fig S4). The increase of the catalyst loading shows the
formation of less peroxide species at the disc electrode. It can be explained by the the high catalyst
thickness that traps peroxide species at the disk electrode and hides the compounds from the ring
electrodeand hides the compounds to the ring electrode. Nevertheless, the values of n found are in
a narrow interval whatever the catalyst loading: 3.85, 3.82 and 3.68 for 425 ug cm™, 225 ug cm™
and 85 ug cm™, respectively. Thus, PPy(t)/800 catalysts operate under a 4e” and 2¢~ combined

ORR process, with a predominant 4¢” pathway. Furthermore, the onset potential of the ORR is

more positive for high loading.
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Table S1. Ratio analysis of the peaks in XPS spectra
% C %N | %0 | %Cl | % Fe % S
PPy(g) 71.5 17.4 6.7 4.4 - -
PPy(g)/800 84.0 11.3 3.6 - 1.1 -
PPy(t) 67.5 12.2 16.7 | 0.2 0.2 3.2
PPy(t)/800 86.2 9.2 42 - 0.2 0.2
Table S2. N1s composition from XPS
Peak | Compo PPy(g) PPy(t) Peak | Compo PPy(g)/800 PPy(t)/800
nent nent
BE Atomic BE Atomic BE Atomic BE Atomic
(eV) % (eV) % (eV) % (eV) %
N1 N Is 397.7 7.1 397.8 2.8 N5 N Is 398 32.1 398 32.6
N2 N Is 399.6 61.7 399.5 58.27 N2 N s 399.5 6.4 399.4 6.3
N3 N Is 400.7 243 400.3 31.56 N6 N s 400.6 57.2 400.6 57.7
N4 N Is 402.0 6.9 401.4 7.37 N4 N Is 403.0 43 401.9 34

Table S3. Stability evolution in time for PPy(g)/800 and PPy(t)/800 assessed by
chronoamperometry (E =-0.35 V vs. SCE and 1000 rpm)

PPy(g)/800

time / h 2 4 6 8 10 12 14 16
j/mAcm” -0.77 | -0.72 | -0.70 | -0.68 | -0.67 | -0.63 | -0.60 | -0.595
% loss - 6.5 9.1 11.7 | 149 | 182 22.1 22.7
PPy(t)/800

time / h 2 4 6 8 10 12 14 16
j/mAcm” -1.77 | -1.71 | -1.61 | -1.55 | -1.55 | -1.49 | -1.47 |-145
% loss - 34 9.0 124 | 124 | 158 16.9 18.1

The PPy(t)/800 catalyst exhibits a reduction current density two times higher than the PPy(g)/800

catalyst. Moreover, the current density decreases more slowly in time for the tubular catalyst.




<<
  /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


