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1. Experimental details 

The oxidation of graphite and the extent of exfoliation of GO is studied using X-ray diffraction 

(XRDX’Pert PRO MPD diffractometer, PANalytical). Scans at 2θ from 5 to 35° with 0.02° /sec 

step size at 40 KV voltage with an intensity of 20 Å using CuKα radiation of wavelength 1.5406 

Å was conducted. 

Transmission Electron Microscopy (TEM) was performed using FEI Tecnai G20 with 0.11 nm 

point resolution and operated at 200 kV. Samples were prepared by dispersing approximately 0.5 

mg of graphene in 25 mL of dimethyl formamide by sonication at room temperature for 5 

minutes. Two drops of the suspension were deposited on 400 mesh copper grids covered with 

thin amorphous lacey carbon film. The coupled Energy Dispersion Spectroscopy (EDS) X-ray 

analysis is used for elemental composition of TRG and f-TRG. Electron Energy Loss 

Spectroscopy (EELS) was acquired using post column energy filtered camera (Gatan Quantum 

963). The energy resolution was measured to be 0.9 eV FWHM at the zero loss peak. Energy 

filtered TEM (EFTEM) mapping was applied to map the location of the elements on the surface 

of f-TRG by measuring core, post-edge and pre-edge losses of the respective elements using the 

“three-window method” technique[1]. EELS spectra of the aforementioned elements were also 

recorded at their respective core losses and the type of bonds were identified. Acquisition time 

necessary to obtain a good signal to noise ratio was 5 s for silicon L2-3-edge, 10 s for carbon K-

edge, 20 s for nitrogen K-edge and 30 s for oxygen K-edge. 

XPS measurements were performed using SSX-100 system (Surface Science Laboratories, Inc.) 

equipped with a monochromated Al Kα X-ray source, a hemispherical sector analyzer (HSA) 

and a resistive anode detector. The base pressure was 4.0 x 10-10 Torr. During the data collection, 

the pressure was ca. 1 x 10-8 Torr. The X-ray spot size was 1x1 mm2, which corresponded to an 
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X-ray power of 200 W. Each sample was separately mounted on a sample holder using a piece of 

double-sided carbon sticking tape. Care was taken to ensure the surface was fully covered by the 

samples. The survey spectra were collected using 150 eV pass energy and 1 eV/step. The atomic 

percentages were calculated from the survey spectrum using the ESCA 2005 software provided 

with the XPS system. The high resolution spectra were collected using 50 eV pass energy and 

0.1 eV/step. For the high resolution data, the lowest binding-energy C 1s peak (presumably, C-C/ 

C-H peak) was set at 285.0 eV and used as the reference for all of the other elements. The curve 

fitting used a combination of Gaussian/Lorenzian function with the Gaussian percentages being 

at 80% or higher.  

The electrical conductivity was measured by a custom made conductivity cell at the National 

Renewable Energy Laboratory (Golden, CO). A very small quantity of TRG (2-10 mg) was 

dispersed in 10 mL of a 3 to 1 water to isopropanol solution via 20 minutes of bath sonication 

followed by an additional 2 minutes of tip sonication to break any remaining clumps of TRG. 

About 1 mL of the dispersion was placed on a copper stub at a time and dried at 40° C in a 

drying oven (Despatch, model LBB1-23A-1). Subsequent layers of dispersed TRG were 

developed in this way until copper stub is completely covered with TRG layers. The complete 

coverage of the copper stub was obtained from ~8mL of pure TRG, and ~10mL of the f-TRG 

samples. The copper stub covered with a sample is loaded carefully in the custom made 

conductivity cell. The resistivity was measured using a multimeter (Wavetek 28XT, 

Accuracy: ±1% + 0.1 Ohm).    

2. Characterization of TRG 

The evidence of the complete exfoliation of graphite oxide has been obtained by XRD (Figure 

s1-a). The interlayer spacing in graphite has been observed to be 3.37Å from the single only 

intrinsic 002-peak at θ = 13.25. Due to the presence of polar groups on GO from oxidation and 

because of the adsorbed water contents in GO, the 002-peak shifts to θ = 5.7 (indicating the 

interlayer d-spacing of 0.78Å). The increased d-spacing is a clear evidence of expansion of 

graphite layers upon oxidation. In XRD of TRG, no interlayer spacing is observed indicating a 

complete exfoliation of GO. This confirms the production of no stacked structure and that we are 

not dealing with nanocrystalline graphite but with TRG. In addition, TEM image (Figure 1s-b) 

evidences the presence of overlapping layers of graphene. The transparent graphene sheets are 

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



clearly visible confirming that GO has been successfully exfoliated. However, the elastic 

corrugations and the scrolled or folded edges often result in different brightness in the surface of 

graphene [2]. 

 
 

Figure s1 XRD spectra of graphite, graphite oxide (GO) and TRG (a), and TEM of 
pure TRG (b) 

3. XPS spectra 

Important insights into the reaction mechanism and the material structure come from the core-

level binding energies (BEs) obtained from XPS high resolution spectra. Figure s2 shows the 

overall survey data of the pure and f-TRG samples. Clear differences between pure and f-TRG 

samples can be observed. The XPS spectra have been collected on dry TRG samples. In TRG 

overall survey, there has been no Si and N detected. Usually, the Si2p is detectable between 95-

110 eV whereas N1s can be found between 400-407eV, depending upon the chemical 

environment of the molecule. As compared with pure TRG, both the f-TRGp and f-TRGs show 

the presence of Si2p and N1s originating from APTS, indicating the successful covalent 

functionalization of TRG with APTS.  

 
Figure s2 Overall XPS survey for the pure and f-TRG 
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The broad band in high resolution N1s spectra of f-TRGp and f-TRGs fitted with two peaks at 

399.95 eV (~400.0) and ~401.0 eV BE (Figure s3). The lower BE peak is assigned to aliphatic 

amine, imine or amide groups (R-NH2, C=N, N-C=O) and the higher energy peak is assigned to 

positively charged quaternary nitrogen (R-NH3
+). The latter peak might have resulted from the 

amine protonation by acidic groups on the surface of TRG[3].  

 

  

  
Figure s3 N1s and S2p high resolution  XPS scans for TRGp and TRGs 

 

In Si2p region, the presence of bands confirms the grafting reaction of silane on TRG (Figure 3s). 

The Si2p spectra of the two functionalized samples appear almost similar. The two shoulders are 

observed exactly at the same position for the functionalized samples. One small shoulder peak 

appears at 102.9 eV and the other at 103.5 eV. The peak at 103.5 eV is attributed to the 

development of a strong cage-like Si-O4bonds[4] or Si-O-Si structure due to lateral 

polymerization, which affects the theoretical predictions of the product concentrations in 

silanization reaction. However, due to anhydrous conditions during the reaction, the lateral 

polymerization effects can be neglected[5]. The shoulder at 102.9 eV in both spectra can be 

attributed to N bonding with the carbon surface. However, when deconvoluted, the two peaks 

merge into one smooth peak at ~102-103 eV. This single peak contains the contributions from 
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Si2p3/2 and Si2p1/2 which cannot be resolved by non-monochromatic radiation as shown as inset 

in Figure s3 for Si in f-TRGp. And therefore the single deconvoluted peak around 103 eV BE is 

assigned to Si-O bond. The relative contribution of each band in high resolution fitting is shown 

in Table s1. Table 1s High resolution fitting of functional groups in N1s and Si2p XPS scans 

 N1s peaks  Si2p peaks  

 R-NH2 R-NH3
+  N-C Si-O4  

f-TRGp 399.95 401.24  102.9 103.5  

f-TRGs 399.95 401.74  102.9 103.5  

4. EDS analysis 

The EDS analyses were performed on selected thin areas of graphene sheets (Table s2). 

However, EDS shows a qualitative picture of the attached moieties which can be taken as a 

rough estimate for quantitative analysis.  

Table s2 Averaged EDS results 

 
Atomic % 

 
f-TRGp f-TRGs 

C(K)    73.98 74.98 

N(K)    4.53 4.10 

O(K)    13.53 14.39 

Si(K)   7.89 6.27 

S(K)    0.04 0.14 

Cl(K)   0.01 0.10 

 

References 

[1] Worch, M., H. Engelmann, W. Blum, and E. Zschech, Thin solid films, 405 (2002) 198-
204. 

[2] Meyer, J.C., A. Geim, M. Katsnelson, K. Novoselov, T. Booth, and S. Roth, Nature, 446 
(2007) 60-63. 

[3] Lee, S.W., B.-S. Kim, S. Chen, Y. Shao-Horn, and P.T. Hammond, Journal of the 
American Chemical Society, 131 (2009) 671-679. 

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



[4] Jing, S.Y., H.J. Lee, and C.K. Choi, Journal of Korean Physcial Society, 41 (2002) 769-
773. 

[5] Gaspar, H., C. Pereira, S. Rebelo, M. Pereira, J. Figueiredo, and C. Freire, Carbon, 49 
(2011) 3441-3453. 

[6] Wakeland, S., R. Martinez, J.K. Grey, and C.C. Luhrs, Carbon, 48  3463-3470. 
[7] Urbonaite, S., S. Wachtmeister, C. Mirguet, E. Coronel, W.Y. Zou, S. Csillag, and G. 

Svensson, Carbon, 45 (2007) 2047-2053. 
[8] Falqui, A., V. Serin, L. Calmels, E. Snoeck, A. Corrias, and G. Ennas, Journal of 

microscopy, 210 (2003) 80-88. 
[9] Giannakopoulos, K., N. Boukos, and A. Travlos, Superlattices and Microstructures, 39 

(2006) 115-123. 
[10] Laffont, L., M. Monthioux, V. Serin, R.B. Mathur, C. Guimon, and M.F. Guimon, 

Carbon, 42 (2004) 2485-2494. 
[11] Skiff, W.M., R.W. Carpenter, and S.H. Lin, Journal of applied physics, 62 (1987) 2439-

2449. 
[12] Botton, G.A. and M.W. Phaneuf, Micron, 30 (1999) 109-119. 
[13] Auchterlonie, G.J., D.R. McKenzie, and D.J.H. Cockayne, Ultramicroscopy, 31 (1989) 

217-222. 
 
 

Electronic Supplementary Material (ESI) for RSC Advances
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


