Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

A Distinct Platinum Growth Mode on Shaped Gold Nanocrystals

Sungeun Yang," Na-Young Park,” Joung Woo Han,* Cheonghee Kim," Seung-Cheol Lee” and

Hyunjoo Lee™*

* Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul 120-749, South
Korea, " Computational Science Research Center, Korea Institute of Science and Technology, Seoul

136-650, South Korea

Experimental Procedures

1. Coating gold nanocrystals on ITO glass

Shape-controlled gold nanocrystals dispersed in ethanol were synthesized as reported previously.'
Gold nanocrystals in a 1,5-pentanediol solution were washed with ethanol (99.9%, Duksan) to remove
excessive polyvinylpyrrolidone (PVP), which was used as a surface capping agent. Indium tin oxide
(ITO) glass (<10 Q/sq, Samsung Corning) was alternately cleaned by sonication with isopropyl
alcohol (99.5%, Duksan) and DI water (18.3 MQ) for 3 min. This washing process was repeated three
times. The ITO glass was immersed in 10 vol% of 3-aminopropyltrimethoxysilane (APTMS, 97%,
Aldrich) dissolved in methanol (99.8%, Duksan) for 1 day, which yielded an amine-terminated
surface for easier assembly of the gold nanocrystals.” The gold nanocrystals were then immobilized
onto the APTMS-modified ITO surface by immersing the APTMS-modified ITO in the gold
nanocrystal dispersion. Formation of a uniform gold nanocrystal layer on the APTMS-ITO glass took
approximately 4 hrs.

2. Electrochemical measurements
Cyclic voltammetry was performed using VersaSTAT3 (Princeton Applied Research) in a
conventional three-electrode electrochemical cell. The ITO glass with the gold nanocrystals attached
was used as the working electrode; a platinum wire was the counter electrode; and the KCl-saturated
Ag/AgCl (K0260, Princeton Applied Research) was the reference electrode. All of the electrochemical
measurements were recorded and reported versus the KCl-saturated Ag/AgCl reference electrode

(+0.197 V vs. RHE).

3. Removal of PVP from the surface of the gold nanocrystals
The PVP on the surface of gold nanocrystals was removed using an O, plasma treatment (CUTE,

FEMTO Science). The treatment time was varied depending on the sample, but it was typically
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approximately 4 min. Clean peaks from gold oxide formation were observed after O, plasma
treatment following by imposition of high potentials using cyclic voltammetry (figure S1(a)). For the
first sweep after the O, plasma treatment, a small oxidation peak was observed at 0.25 V (red line in
figure S1), which indicates oxidation of cracked PVP species. The intensity of this peak decreased as
the number of sweeping cycles increased, and it disappeared entirely after the tenth sweep. Gold oxide
formation peaks and gold oxide reduction peaks became sharper and larger. After 10 cycles of cyclic
voltammetry, the ITO glass with clean gold nanocrystals was removed from the electrochemical cell,
washed thoroughly with DI water, and dried. This process yielded a clean gold surface on the shaped
nanocrystals. A blue shift in the gold nanocrystals was observed by UV-vis spectra and even by the
naked eye after the PVP removal, as shown in figure S1(b). The PVP layer not only blocked the
electron flow but also affected the optical characteristics. SEM images of the clean shaped gold
nanocrystals were shown in figure S1(c) and (d) after the PVP removal. Both shaped nanocrystals

were well dispersed on the ITO glasses.

4. Platinum deposition on gold nanocrystals using UPD method
A platinum overlayer was formed on the gold nanocrystals through underpotential deposition (UPD)
of copper and then by galvanic exchange of copper for platinum, which is typically referred to as the
‘UPD method’.” The ITO glass with clean gold nanocrystals was immersed in a solution with 10 mM
CuSO0y4(299.99%, Aldrich) + 0.1 M H,SO4(95.0-98.0%, Aldrich), and a 0.05 V potential was applied
to the gold nanocrystals for 120 sec to deposit a copper monolayer on the gold surface.

The potential used was slightly higher than the potential for bulk copper deposition, which begins
at approximately 0 V. Figure S3(a) and (b) clearly demonstrates that copper UPD occurs at 0.31 V for
cubic gold nanocrystals and 0.26 V & 0.07 V for octahedral gold nanocrystals (the lower portion of
the black lines). The peak positions for Cu UPD had a positive dependence on the surface structure of
the gold nanocrystals. The red lines in figure S3(a) and (b) show the linear scan voltammograms after
copper UPD at a fixed potential of 0.05 V. The peaks from copper stripping are similar to the peaks
from the cyclic voltammogram (the upper portion of the black lines), and there is no peak for
stripping the deposited bulk copper. This agreement demonstrates that copper UPD performed at 0.05
V for 120 sec yields a copper monolayer with no bulk copper deposition.

After the copper UPD, the ITO glass with the copper-deposited gold nanocrystals was removed
from the solution and directly immersed into a solution with N,-purged 0.5 mM K,PtCl; (98%,
Aldrich) + 0.1 M HCIO4 (70%, Aldrich). The copper was exchanged with platinum because the
standard reduction potential of platinum is much higher than copper. After 10 min of immersion, the
ITO glass with platinum-deposited gold nanocrystals was removed from the solution, cleaned
thoroughly with DI water, and dried in air. More platinum was deposited on the gold nanocrystals by

repeating a cycle consisting of copper UPD and galvanic exchange of copper for platinum. When
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copper was deposited by UPD on the platinum surface, the potential for copper deposition was

changed to 0.15 V (figure S3(c)).

5. CO stripping
The ITO glass with platinum-deposited gold nanocrystals was immersed in a CO-saturated 0.1 M
H,SO, solution and a -0.147 V potential was applied for 10 min. Then N, gas was purged for 30 min
to remove all of the CO dissolved in the solution. After purging, linear sweep voltammetry was
performed from -0.147 V to 1.0 V. The CO-stripping voltammograms were normalized by assuming

that 420 pC is required to entirely oxidize a CO monolayer on a 1 cm” platinum surface.*

6. First-principles total-calculation method

The theoretical investigations were performed within the framework of the density functional theory
(DFT)*° as implemented in the Vienna ab-initio Simulation Package (VASP)™® and based on the
pseudo-potential plane-wave basis set total energy first-principles method. The electron-ion
interactions were described by projector augmented-wave (PAW) potentials,’ and the exchange-
correlation terms were employed by using a generalized gradient approximation (GGA) proposed by
Perdew and Wang.'"'"" The plane-wave energy cutoff was fixed at 500 eV. The Brillouin zone was
sampled in the slab system with 9x9x1 and 10x10x1 special k-point meshes for the (111) and (100)

surfaces, respectively. Spin-polarized calculations were performed for all of the systems.
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Fig. S1 (a) Cyclic voltammograms after O, plasma treatment. 10 cycles were conducted in 0.1 M
H,SO, solution with a scan rate of 50 mV/s. (b) Change in the color of gold nanocrystals before and
after the PVP removal. SEM images of (c) octahedral and (d) cubic gold nanocrystals deposited on the
ITO glasses after the PVP removal.
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Fig. S2 Cyclic voltammograms for Au(111), Au(100), Au(110) in 0.01 M H,SOy,, at 25+1C with a
scan rate of 50 mV/s. (Journal of Electroanalytical Chemistry 407 (1996) 1-11, Figure 9)"
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Fig. S3 Voltammograms in 10 mM CuSOy + 0.1 M H,SO, solution with a scan rate of 50 mV/s on (a)
cubic gold nanocrystals, and (b) octahedral gold nanocrystals. Black line shows a cyclic
voltammogram (CV) of copper underpotential deposition (UPD), and red line shows a linear scan
voltammogram after holding a potential at 0.05 V for 120 sec, which represents copper stripping. (c)
CV of copper UPD on bare octahedral gold nanocrystals (black), octahedral gold nanocrystals with 1%
platinum deposition (red), octahedral gold nanocrystals with 2™ platinum deposition (blue). Platinum
deposition was performed by the copper UPD and subsequent galvanic exchange of copper into
platinum. When copper UPD occurs on platinum surface, the potential for copper deposition was

changed to 0.15V.
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Fig. S4 High resolution TEM images for the surfaces of bare gold nanocrystals with (a) octahedral,

and (b) cubic shapes.
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Fig. S5. Cyclic voltammograms in 0.1 M CH;0H + 0.1 M H,SO, with a scan rate of 50 mV/s for (a)

octahedral and (b) cubic nanocrystals with three cycles of platinum deposition. The current density

was normalized by electrochemically active platinum surface area measured from H adsorption and

desorption.



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

References

L. D. Seo, J. C. Park and H. Song, J. Am. Chem. Soc., 2006, 128, 14863-14870.

2 Y. D. Jin and S. J. Dong, Chem. Commun., 2002, 1780-1781.

3. S. R. Brankovic, J. X. Wang and R. R. Adzic, Surf. Sci., 2001, 474, L173-L.179.

4 F. Maillard, M. Eikerling, O. V. Cherstiouk, S. Schreier, E. Savinova and U. Stimming,

Faraday. Discuss., 2004, 125, 357-377.

P. Hohenberg and W. Kohn, Physica. Review, 1964, 136, B864-B871.

W. Kohn and L. J. Sham, Physical Review, 1965, 140, A1133-A1138.

G. Kresse and J. Furthmuller, Comp. Mater. Sci., 1996, 6, 15-50.

G. Kresse and J. Furthmuller, Phys. Rev. B, 1996, 54, 11169-11186.

P. E. Blochl, Phys. Rev. B, 1994, 50, 17953-17979.

10. J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh and C.
Fiolhais, Phys. Rev. B, 1992, 46, 6671-6687.

11. J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865-3868.

12. A. Hamelin, J. Electroanal. Chem., 1996, 407, 1-11.

o =N oW




<<
  /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


