
Supplementary information 

Chemicals 

All chemicals were used as received; solutions were prepared using Milli-Q water (resistivity = 18 MΩ 

cm) or absolute ethanol (Sigma Aldrich). Glassy carbon spherical beads (type 1, 200-400 µm) were 

supplied by Alfa-Aesar. Absolute ethanol, gold(III) chloride trihydrate (> 99 %), silver nitrate (>99%), 

ethyl cellulose (48% ethoxyl) and chloroplatinic acid (> 99.9 %) were purchased from Sigma-Aldrich. 

Nafion® membranes N424 were supplied by ion power.  

Cell configuration for the modification of micrometer sized beads  

The cell is composed of one reaction compartment, in which the substrates and the reagents are 

located, separated by two Nafion ® N424 membranes from the two electrode compartments. The 

feeder electrodes, which are immersed in cold ethanol containing no reactants or only supporting 

electrolyte, are connected to a high voltage power supply Heinzinger (PNC 30,000 – 20 ump). The 

distance between both feeder electrodes is 3.3 cm. Gold plates were used as electrodes.  

200 µm - 400 µm carbon beads modification 

An ethanol based gel was first prepared by dissolving ethyl cellulose in absolute ethanol at 200 g.L-1. 

The mixture was then sonicated for at least an hour until a homogenous gel has been obtained. 30 

mg of 200-400 µm glassy carbon beads, previously washed and sonicated in absolute ethanol, were 

then added to 6 ml of the ethyl cellulose gel. 0.25 mM H2PtCl6 or 0.25 mM of HAuCl4 were added 

and the mixture was stirred until the beads were well dispersed. 4 ml of the resulting mixture were 

introduced into the reaction compartment of the cell. Ethanol, containing 1 mM of NH4Cl as 

supporting electrolyte, was cooled for 1 min in liquid nitrogen and then added to the electrode 

compartments. For single ring particles, a voltage bias of 2.0 kV was imposed for 20 s. For parallel 

double ring particles a first run with a voltage bias of 2.0 kV was imposed for 10 s then a second run 

of opposite polarity was carried out for 10 s. For perpendicular double ring particles, the reaction 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2014



compartment was turned by 90° between the two runs. After modification, the gel was taken out 

from the reaction compartment for the washing step. 

Isolation and washing of carbon beads modified in ethyl cellulose gel matrix 

The gel containing the modified beads was dissolved in 50 ml of absolute ethanol under stirring. The 

resulting solution was then centrifuged at 3000 rpm for 2 min. The supernatant was removed and 

this washing process was repeated 3 times. Finally, the modified beads were kept in a small volume 

of ethanol for conservation. 

Simulation Software Comsol  Multiphysics v3.4. 

The description of the transport of matter is based on the Nernst-Planck equation. The mesh used 

consists of 9384 elements. 

D 10-5 cm²s-1 Diffusion coefficient 
F 96485.3 C mol-1 Faraday constant 
n 1 Number of electrons 

Co
0 10 -3 mol L-1 Initial concentration of oxidized species 

Cr
0 0 mol L-1 Initial concentration of reduced species  

E0 0 V Standard potential 
R 8.314472 J mol-1 K-1 Gaz constant 
T 298 K Temperature 
Κe 5 107 S m-1 Bipolar electrode conductivity 
Κs 7.5 10-3 S m-1 Solution conductivity 
k0 0.1 m s-1 Standard rate constant  
α 0.5 Charge transfer coefficient 

Table 1: Constants used for the simulation. 

Electron transfer, at the bipolar electrode boundary, is described with the Butler-Volmer formalism, 

which is used to evaluate the flux of species consumed and generated at the bipolar electrode. 
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The geometry of the simulation space is depicted in Figure S1 (drawing not to scale), the bead 

(diameter l = 1 mm) is at equal distance from the two feeder electrodes. The inter-electrode distance 

is d = 2 cm and the distance between bottom and top of the cell h = 8 mm. 

The bulk concentration values are used to represent the semi-infinite boundary condition for type i, ii 

and iv boundaries. The inward flux at boundary iii is described by Butler-Volmer formalism. Potential 

at the boundary ii is E and –E at the boundary iv. The potential starts at 0 V and is changed as a 

function of time during the first 10 s, the rate is 1 V/s. For t > 10 s E is kept at the constant value of 

10 V.  

We made the approximation that no faradic reaction occurs at the cathodic and anodic feeder 

electrodes (boundaries ii and iv), which reflects the fact that  membranes are used between the 

electrode compartments and the reaction compartment in order to avoid that the faradic reactions 

at the electrodes disturb the reactions at the bipolar electrode. The boundary i is insulating. 

Figure S1. Scheme of the geometry used for the simulation of the concentration profile of species 
generated at the bipolar electrode. All geometries are in axial 2D and described by x and y. Boundary 

types: i, insulator; ii and iv bulk concentration (semi-infinite); iii, flux at the bipolar electrode. The 
length of the cell was d = 20 mm, the bead’s diameter was l = 1 mm. Scheme not at scale. 

 

 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2014



<<
  /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
  /CreateJDFFile false
  /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

  /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


