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Procedure for the synthesis of graphene oxide 
Graphene oxide was synthesized via the modified Hummer’s method. Graphite flakes (~ 325 
mesh size, Alfa Aesar) were oxidized using a combination of powerful reagents i.e., sulphuric 
acid (H2SO4), potassium per sulphate (K2S2O8), phosphorous pentoxide (P2O5). 3g of graphite 
flakes were dissolved in 10 ml of H2SO4. Oxidizing agents K2S2O8 and P2O5 were added to the 
graphite in sulphuric acid and stirred at 90 ºC till the flakes were dissolved. The stirring 
continued for 4 more hours at 80 ºC  and the solution was then diluted with 500 ml of Milli-Q 
Millipore™ water (Ultrapure water > 18MΩ). After the dilution, the solution was stirred 
overnight, filtered, washed with de-ionised water and then dried to get the powdered form of 
graphene oxide. 
Pre-oxidized GO powder was then subjected to further oxidation with 125 mL of H2SO4 and 15g 
of Potassium permanganate (KMnO4) in an ice bath where the solution was stirred for 2 more 
hours. 130 mL of Milli-Q Millipore™ water was added to the mixture and this caused the 
temperature to rise to 95 ºC. After 15 minutes, 15 mL of Hydrogen Peroxide (H2O2) was added 
to reduce the manganese in the solution to manganese sulphate (Mn MnSO4). Finally, the 
solution was diluted with 400 mL of Milli-Q Millipore™ water and resultant yellow suspension 
was stirred overnight. GO was filtered and washed till the rinsed water pH was found to be 
approximately 7, the brown dispersion was placed in a dialysis membrane to get rid of metal ions 
and acids.[1, 2] If not specifically mentioned the chemicals were purchased from Sigma-Aldrich 
Canada and used as received.  
 
All the films were been synthesized via vacuum filtration of the GO suspension (0.5mg/ml) 
through anodisc membrane filter (25 mm in diameter, 0.02 µm pore size), Whatman. The film 
thickness can be controlled by either the concentration of the GO in the suspension or by the 
filtration volume. 

Apparatus 
Field Emission Scanning electron microscopy (FESEM) was done with a LEO 1530 Gemini 
field emission gun attached with EDX/OIM.  
Optical spectroscopy was carried out using USB4000 (ocean optics) spectrometer.  
Electrical characterization was done using a custom-built IV setup consisting of Agilent 6614C 
DC power supply and Hewlett Packard 3458Amultimeter.  
Raman spectra were obtained on a J-Y T64000 Raman spectrometer with 514.5 nm wavelength 
incident laser light.  
Glancing angle (0.6o) X-Ray diffraction was done a PANalytical machine using CuKα line as the 
X-ray source.  
TGA was performed in a Q-500 TA instruments. The heating rate was 10oC/min and the 
experiment was conducted with air as the atmosphere.  
FTIR was done in an Bruker Tensor 27 spectrometer.  
XPS was done on a Thermo-VG scientific ESCALab 250 microprobe with a monochromatic Al 
Kα source (1.4866 KeV).  
Electrochemical experiments were performed in a three electrode set-up with Ag/AgCl as the 
reference electrode, a Pt wire as the counter electrode and the TrGO film (or the ITO) as the 

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2016



working 
performe
Tensile te
 
Reductio
the appro
final exp
 
IV testin
Both vert
contacts 
silver pas
the silver
spacing b
ensure pr
was appl
the oppo
results w
 
Raman a

 

electrode. T
ed using an I
esting was d

on of the GO
opriate temp
osure tempe

ng 
tical and hor
with the film
ste (Electron
r electrode to
between the 
roper width a
ied onto the 
site faces of 

were repeated

and FTIR a

The area of
Ivium techno
done on a Rh

O films: The
erature for th

erature is rea

rizontal tests
m. Identical s
n Microscopy
o the power 
silver strips 
a small open
membranes

f the membra
d on 3-5 film

analysis  

f the workin
ologies Com
heometric Sc

e GO films m
hermal reduc

ached and the

s on the TrG
silver strips 
y Sciences).
supply and t
was maintai

ning in a filte
. For vertica

ane was mea
ms.   

ng electrode
mpactStat pot
cientific DM

made by vac
ction. The te
e film is exp

O membran
were made o
 Following t
the multi-me
ined at 5 mm
er paper was
al testing, the
asured. The s

 
 

 

 

 
 
 

 
 
 
 

 
Figure 
the chan

reduction
the incr
thermal
graphite
spectrum
with O-
decreas
 

e was ~1cm
tentiostat.  

MTA V, at str

cuum filtratio
emperature i
posed for 30 

nes were perf
on the memb
this copper l
eter. In case 
m. The width
s made throu
e current bet
size of the st

S1: Raman 
nges in the T
n. (a) The R
rease in the r
l reduction. (
e for compar
m shows the
-H at 3400 c
se on therma

m2. The me

rain rates of 

on are expos
is increased 
min.     

formed by m
branes using
leads were c
of horizonta

h of the strip
ugh which th
tween two id
trip was 5mm

and FTIR sp
TrGO memb

Raman spectr
ratio of the D
(b) The Ram
rison. (c) Th
e that the pea
cm-1 and C-O
al reduction. 

asurements 

5x10-5 /sec.

sed in an ove
gradually til

making silver
g conductive 
onnected fro
al testing the
ps was 1mm.
he silver past
dentical strip
mx1mm. The

 

 
 

pectrum sho
branes on the
rum shows th
D to G band 
man spectrum
he FTIR 
aks associate

O at 1060 cm
     

were 

en to 
ll the 

r 

om 
e 
. To 
te 

ps on 
e 

owing 
ermal 
hat 
on 

m of 

ed 
m-1 



The Raman analysis of the GO and Tr-GO membranes is presented in Fig. S1a. Similar to 
reduction of GO with chemicals such as hydrazine and ascorbic acid, an increase in ID/IG (the 
relative intensity of the D band at ~1350 cm-1 and G band at 1590 cm-1) is observed. The ratio of 
these two peaks is inversely proportional to the size of the ordered regions in the reduced 
graphene oxide. On reduction it is stipulated that new ordered region are formed in GO and these 
are smaller in length scale leading to an increase in the ID/IG ratio.[3-5] The ratio increases from 
0.85 at 60 ºC to ~ 0.95 at 225 ºC.   
 
 
The FT-IR data presented in Fig. S1c shows the effect of the thermal reduction on the functional 
groups present in graphene oxide. The prominent absorption peaks observed are namely: O-H at 
3400 cm-1 (a very broad peak), C=O at 1726 cm-1, C-O at 1250 cm-1 & 1060 cm-1 (epoxy and 
alkoxy), C=C at 1600 cm-1 (due to sp2 hybridized carbon), the peaks in the 2300-2400 cm-1 are 
from C≡C or C≡N. Being in the fingerprint region the peak at 1370 cm-1 is hard to specify to a 
functional group but can arise due to -CH3 or N=O. On thermal reduction at 60 ºC no other major 
change in the spectrum is observed, as the expected due to insufficient thermal activation for the 
removal of the functional groups. Starting with reduction temperatures of 180 ºC, 200 ºC, 225 ºC 
and 250 ºC, we start observing that the peaks at 3400 cm-1, 2300-2400 cm-1, 1370 cm-1 and1060 
cm-1 start to decrease in intensity. The intensity of the decrease varies with functional groups. 
For the O-H at 3400 cm-1 and C-O at 1370 cm-1 a gradual decrease is observed till 200 ºC and 
these peaks completely disappears at 225 ºC, and 250 ºC. While the absorbance band at 2300-
2400 cm-1 and 1060 cm-1 disappears at 200 ºC and higher temperatures.[6-7] This leads to the 
conclusion that the primary reduction of the GO membranes occurs between the temperatures of 
180 ºC to 225 ºC.    
 
XPS analysis 
 
The XPS spectrum for the C1s region for the GO films was conducted to analyze the change in 
the ratios of the C-C (non-oxygenated ring C, ~ 284.6 eV) to that of the C-O (at 286 eV) and 
carboxylate C (O-C=O, 289 eV). We observe that the ratio is ~ 1.09 for 60 oC films, this increase 
very slightly to 1.122 for films processed at 180 oC and increase to 3.85 when the films are 
processed at 250 oC.  These observations are consistent with the FTIR, XRD and TGA results.  
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Diffusion Testing 
 
Diffusion characteristics of the TrGO membranes were tested in a home build set-up. It consisted 
of two reservoirs that were separated by placing the TrGO membrane in between. One of the 
reservoirs was filled with Millipore water (Ultrapure water > 18MΩ) and the other with 
appropriate salt solution. The conductivity of the MilliQ water was tested periodically to measure 
the increase in its salt concentration due to diffusion across the TrGO membrane.  
 
 
Diffusion model 
 
The diffusion across the membrane separating two stationary reservoirs of fluids can be 
modelled as follows: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3:  The schematic showing the model used for diffusion across the GO membranes. 
 
 
The diffusional problem can be solved in 1-D using Fick’s second law:[8] 
ݐܥ߲߲  =  ܲ ߲ଶݔ߲ܥଶ  
 
Where P is the effective diffusional resistance that includes the characteristics of the TrGO 
membrane and the ion characteristics.  
 
The solution is: 
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