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

Supplementary information for

Flame synthesis of few-layered graphene/graphite

films

Zhen Li', Hongwei Zhul’z*, Dan Xie® , Kunlin Wangl, Anyuan Cao4, Jinquan Weil, Xiao Li', Lili

Fan', Dehai Wu'

'Key Laboratory for Advanced Manufacturing by Material Processing Technology, Ministry of
Education and Department of Mechanical Engineering, Tsinghua University, Beijing 100084, P.
R. China

*Center for Nano and Micro Mechanics, Tsinghua University, Beijing 100084, P. R. China
3Tsinghua National Laboratory for Information Science and Technology (TNList), Institute of
Microelectronics, Tsinghua University, Beijing 100084, P. R. China

*Department of Advanced Materials and Nanotechnology, College of Engineering, Peking
University, Beijing 100871, P. R. China

* To whom correspondence should be addressed. E-mail: hongweizhu@tsinghua.edu.cn.

This document includes:
Experimental method, structural characterizations of graphene films:
Movie S1, S2

Figures S1~S6



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

Experimental methods

In the first setup (Figure S1a), a laboratory alcohol burner was used as burner 1 and a butane-
fueled Bunsen burner as burner 2. A piece of Ni foil (20 or 50 um thick, >99.5 wt.% pure) of 5 X

5 mm” was first fixed above the alcohol burner. The Bunsen burner was ignited to produce a blue
color torch flame. The torch flame was then pointed onto the Ni foil, heating the foil up to about
850 °C (measured by thermocouple) and lighting up the alcohol burner. After duration of 10 to
40s, the Bunsen torch flame was switched off and the alcohol burner was then capped off
immediately. The Ni foil was first surrounded by the inner flame of alcohol burner, and then kept
in a closure space made by the alcohol burner cap. Therefore, the Ni foil was cooled down in an
atmosphere with little oxygen content.

In the second setup (Figure S1b), to realize large-area deposition, a stainless steel container
was used as burner 1 which could generate a large flame for carburization in Ni foils of
relatively larger area. The deposition area is essentially determined by the size of the steel
container. In our preliminary experiment, a container with an inner diameter of 2 cm was
employed.

See Movie S1, S2 for details.

The nickel foil was floating on the etching solution due to the surface tension during etching.
After nickel was etched away, a graphene layer along with a thick and black sheet was left
floating on the solution. The thick sheet might come from extra carbon content remaining in the
nickel foil after graphene precipitation. After gently peeling off the black sheet, the graphene
layer was obtained (Figure S1d) and transferred to deionized water for washing.
Characterizations of FLG films

Flame synthesized graphene/graphite films were characterized using scanning electron

microscope (SEM, LEO-1530) and transmission electron microscope (TEM, JEM-2010). The
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graphene feature along with their crystallinity of the flame samples were characterized by Raman
spectroscope (Renishaw 2000 with a 514 nm laser).

It was found that graphene grown on the back side of the foil has higher crystallinity (see D
bands in Figure S2a). The line scanning energy dispersive X-ray (EDX) analysis across the cross
section of the Ni foil shows a steep drop of carbon content at the backside Ni/C interface (Figure
S2b), revealing a thin layer of carbon precipitation. It is worth noting that the carburizing time in
the flame synthesis didn’t show obvious influence on the FLG deposition (Figure S3a) which
was essentially dependent on the cooling rate. We note that addition of water in ethanol fuel has
notably reduced the layer number of graphite films. When varying the water concentration from
0 to 60 %, correspondingly increased l>p/lg ratio and Ig/Ip were concurrently observed (Figure
S3d). This could be attributed to the oxidation effect of water vapor which has been confirmed as
a weak oxidizer for carbon etching.

Solar cell assembly

n-type Si (100) wafer (doping density: 1.5~3x10"> cm™) was coated with a 300 nm SiO; layer.
A Ti/Pd/Ag layer was sputtered on the back side of the n-Si as back electrode. Flame synthesized
graphene film was then transferred to the top of the patterned wafer and naturally dried to make a
conformal coating with the SiO, layer and the underlying n-Si through a square window (0.1
cm?). Silver was deposited on the graphene film as upper electrode. Forward bias was defined as
positive voltage applied to the graphene. The current-voltage data were recorded using a
Keithley 2601 SourceMeter. The solar devices were tested with a Newport solar simulator under
AM 1.5 condition.
Ag nanoparticle (NP) deposition on graphene film

The deposition procedure includes: i) transferring the graphene film onto a SiO, substrate; 1)

immersing the film in a 10 mM AgNOs solution for about 15h; iii) washing the film surface with
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distilled water; iv) drying the film under infrared light. For comparison, CVD grown graphene

was also used for Ag NP decoration.

TABLE S1. Photovoltaic properties of G/n-Si solar cells

Method Ve (V) Jie (mA/cm?) FF (%) 1 (%)
CVD-Cu 0.450 8.64 26.0 1.01
CVD-Ni 0.470 12.51 42.0 2.46
Flamel 0.445 11.66 27.6 1.43
Flame?2 0.495 13.03 44.7 2.88
Flame2+HNO; 0.530 13.75 59.7 4.35
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Figure S1. Photographs of the flame synthesis of FLG films. (a) Lab alcohol burner + Bunsen
burner. (b) Stainless steel container + Bunsen burner. (c) Schematic phase diagram of the Ni-C

system. (d) FLG film floating on the water surface. (d) A FLG film transferred on PET.
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Figure S2. (a) Inset: Ni foils inserted in the flame. (b) SEM image and energy dispersive X-ray

(EDX) analysis across the yellow line marked along the thickness.
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Figure S3. Raman spectra. (a) Flame-synthesized samples of different carburizing durations. (d)
Raman spectra of the flame-synthesized samples using different carbon sources. Inset: the Ip/I
intensity ratio is increasing with the carbon content. (c) Raman spectra of flame-synthesized
samples from acetonitrile and pyridine. Inset: XPS spectrum of FLG from pyridine flame. (d)

Flame-synthesized samples from ethanol/water mixture.
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Figure S4. (a) Transmission spectra of the flame synthesized FLG films. (b) Sheet resistance
versus transmittance (at 550 nm) for different thin films. Data for other thin films were captured

from Ref [S1].
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Figure S5. 10-day stability of the HNOj treated graphene/n-Si solar cell.
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Figure S6. (a) XPS spectrum of the flame graphene, SEM images of Ag nanoparticle (NP)

deposition on (b) flame graphene and (c) CVD graphene.

Reference:

[S1] Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Nature Nanotechnol. 2010, 4, 611.

10




<<
  /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 1.4
  /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 ()
  /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 <>
    /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.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


