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Thermal reduction to control the spacing in graphene oxide 

membranes: Effect on ion diffusion and electrical conduction 
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Means to control the inter-layer spacing in graphene oxide and reduced graphene oxide membranes is required to tailor 

their properties. We report that based on the temperature of thermal reduction the interlayer spacing in these 

membranes can be controlled from 7.6 
o
A to 4.6 

o
A. This is the critic al range that matches with the hydrated ionic radii of 

commonly found ions in water and hence is useful to tailor the diffusion characteristics of these membranes. In 

accordance with the change in inter layer spacing, both the in-plane and out of plane electrical conductivity of the 

membranes also increases and this is also observed in the electrochemical characteristic of the membranes.  

Introduction 

Graphene, graphene oxide (GO) and reduced graphene oxide 

(rGO) membranes (or films) are being actively researched for 

their diffusion characteristics
[1-8]

 and also as electrochemical 

electrodes.
[9-16]

 The research is driven by the potential of using 

these membranes for desalination, water purification, and gas 

separation,
[1-5]

 as supercapacitors
[9;14;17-20]

 and electrochemical 

devices,
[5;8;10;12;13;15;16]

 and in a broader sense to control the 

diffusion and interaction of ions and molecules with them. 

Two kinds of GO and rGO  membranes have been of primary 

interest, one consisting of a single sheet and other where a 

multilayer stack of sheets is assembled into a membrane. A 

defect free single graphene sheet is impermeable to ionic 

species in aqueous medium.
[21;22]

 In case of multilayer 

membranes which consist of stack of overlapping GO (or rGO) 

sheets, the inter-layer spacing between the sheets is the 

critical factor that affects the diffusion of the ionic 

species.
[1;3;5;7]

 Typically if the inter-layer spacing is large 

enough then ionic species can easily diffuse across the 

membrane. The control over the inter-sheet spacing is hence a 

crucial parameter for modulating the diffusion characteristics 

of the graphene membranes. Similarly, interlayer spacing in 

the GO and rGO membranes also affects their porous structure 

and is therefore also critical for their application as 

supercapacitors and as a working electrode in electrochemical 

sensors.
[23-25]

 The mechanical properties of these films as 

graphene paper is also an active area of research due to their 

varied range of applications and is affected by these 

parameters.
[26-29] 

Further the use of GO and its derivatives as 

fillers in polymer matrix which leads to enhanced properties is 

also affected by the interlayer interaction between the GO 

sheets as it critically affecting the mechanical and electrical 

properties of the composite.
[30-34]

 Here we report that 

membranes made with GO have a large inter-layer spacing due 

to the functional groups present on its surface. The interlayer 

spacing can be modulated by reduction of these membranes. 

This is accomplished by a simple ambient thermal reduction
[35]

 

which causes the removal of the functional groups and 

therefore decreases the inter-layer spacing from 7.6 
o
A to 4.6 

o
A. The extent of reduction and the change in the interlayer 

spacing of the membranes is dependent on the temperature at 

which thermal reduction is performed. Corresponding to the 

removal of the functional groups (or defects) the change in the 

interlayer spacing is also reflected in both the in-plane and 

out-of-plane electrical conductivity of these membranes. This 

change also critically affects the mechanical properties of 

these films due to reduced chemical interaction between the 

adjacent layers. Following this, our results also show that the 

diffusion characteristics of these membranes reflect the 

changes in their interlayer spacing and this can be tuned based 

on the temperature used for thermal reduction. 

 

An aqueous suspension of graphene oxide sheets is 

synthesized by the chemical oxidation and exfoliation route 

(modified Hummer’s method).
[36;37]

 Following this, graphene 

sheets are assembled into membranes by vacuum 

filtration.
[38;39] 

  The resulting membranes basically consist of 

stacks of GO sheets across their vertical cross-section. 

Considering the in-plane morphology of the membranes, GO 

sheets form an overlaying patchwork. The thickness of the 

membrane is controlled by the volume of the GO solution 

filtered. This method has been used to make large area 

transparent films of GO for use as electrodes in 

supercapacitors and electrochemical sensors, after their 

Page 1 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

reduction.
[39]

 It has also been used to make large area GO 

membranes which have been studied for their ion diffusion 

characteristic and reported to have selective ion diffusion 

rates based on the charge and size of the ions. The diffusion 

rate and the selectivity across these membranes is dependent 

on two critical parameters namely, the functional groups on 

the GO sheets and the interlayer spacing that determines the 

available free volume for the ions to diffuse.
[7]

 This also 

determines the porosity of such a GO membrane and affects 

its electrochemical performance.
[23;24;40]

 Both these 

parameters are dependent on the level of oxidation of the 

graphene sheets.
[24;41]

 The primary functional groups, 

carboxylic, hydroxyl and epoxy, cause both an increase in the 

interlayer spacing when the GO sheets are assembled as 

membranes and also interact with the ions, primarily the 

cations, and affect their ability to diffuse across the 

membrane. The dual ability of these functional groups can 

hence be used to tailor the diffusion properties of the GO 

membranes. We demonstrate this by thermally reducing the 

GO (TrGO) sheets to vary the density of these functional 

groups and directly modulate their diffusional characteristics. 

 

Experimental                                        

GO is synthesized via the modified Hummer’s method. GO 

membranes are made via vacuum filtration through anodisc 

filters (25 mm in diameter, 0.02 µm pore size). These GO 

membranes are then exposed in an oven to the appropriate 

temperature for thermal reduction.  Both vertical and 

horizontal electrical conductivity tests on the TrGO 

membranes are performed by making silver contacts. Diffusion 

characteristics of the TrGO membranes were tested in a home 

build set-up (details in ESI). 

Results and Discussion 

GO made by modified Hummer’s method is assembled into 

membranes by vacuum filtration.
[7;36;37;39]

 A typical membrane 

as shown in the field emission microscopy (FESEM) image of 

Figure 1a consists of stacked GO sheets. The inset shows the 

top view of the membrane. To illustrate the spacing between 

the GO sheets and its periodicity, X-ray diffraction (XRD) is 

performed on the membrane. As seen in Figure 1b we see a 

strong peak at 2θ ~ 12
o
, which corresponds to an inter-layer 

spacing of 7.4 ºA for the membrane dried at 60 
o
C. The effect 

of thermal reduction is illustrated by exposing the GO 

membrane for 30 minutes to six different temperatures in air, 

60ºC, 180 ºC, 200 ºC, 225 ºC, 250 ºC and 300 ºC. As a result of 

this exposure we can see in the XRD data of Figure 1c that the 

peak corresponding to the interlayer spacing shifts to larger 

angles, signifying the reduction in the spacing. As seen in 

Figure 1d we observe a gradual change in the spacing in going 

from 60 ºC to 180 ºC and 200 ºC. It decreases from 7.4 ºA to 

6.9 ºA to 6.5 ºA, respectively. Further increasing the reduction 

temperature to 225ºC decreases the spacing to 4.8 ºA. 

Following this, little change is observed on increasing the 

temperature to 250 ºC or 300 ºC, spacing of 4.6 ºA and 4.57 ºA 

respectively.  A broadening of the peak is observed with 

reduction leading to the conclusion that the order in interlayer 

spacing also decreases. The change in inter-layer spacing with 

thermal treatment is collaborated by thermal gravimetric 

analysis (TGA). Three transitions that lead to weight loss are 

observed (Figure 1e). At ~ 60 ºC -100 ºC the loss in weight is 

associated with the thermal removal of residual water 

molecules in the GO membrane. Following this the weight is 

relatively constant till ~ 200 ºC, when a further reduction in 

mass of the GO membrane is observed.
[35]

 This corresponds to 

the sharp transition observed in the XRD data due to the 

reduction of the inter-layer spacing in the GO membrane. The 

combined TGA and XRD data lead to conclusion that the 

change from 60 ºC to 180 ºC corresponds primarily to the 

evaporation of water molecules in these hygroscopic films. A 

further increase in temperature to 225ºC causes the removal 

of the surface groups (defects) caused by the oxidative 

treatment of the graphite during exfoliation to form GO sheets 

and physisorbed water on the GO sheets. Increasing the 

temperature further only causes a minimal change in the 

spacing, leading to the conclusion defects are primarily 

removed by 225ºC.
[42;43]

 Finally at ~ 550 ºC complete 

degradation of the membrane reduces the weight to ~0. These 

transitions can be more clearly observed in Figure 1f, where 

the rate of weight change with temperature for the membrane 

is plotted. Results from FTIR studies presented below further 

corroborate these observations (details in ESI). 

Figure 1. (a) FESEM image showing the stacked GO sheets in a membrane. The 

inset is the top view that shows overlapping GO sheets. (b) The XRD pattern of a 

GO sheet dried at 60
o
C shows a sharp peak corresponding to an interlayer 

spacing of  7.4 
o
A. (c) On thermal reduction the XRD spectrum shows that the 

spacing decreases with increasing temperature of processing. (d) The spacing as 
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calculated from the peak positon shows that the spacing decreases from ~ 7.4 
o
A 

to ~ 4.6 
o
A due to the thermal reduction with increasing temperature. (e)  The 

TGA analysis of the GO membrane shows the effect of temperature on the 

weight transitions with three loss regions being observed. (f) A plot of the 

derivative of the TGA curve more specifically shows the peak loss temperature 

regions being ~ 100
o
C, 200

o
C and 550

o
C     

 

Figure 2. The electrochemical and mechanical performance of TrGO films. 

(a)&(b) CV plots for films reduced at 250
o
C in K3Fe(CN)6. (a) The potential scans 

at different scan rates show the characteristic redox peaks. The constant current 

background due to capacitive nature of the TrGO films is clearly visible. (b) The 

peak reduction current for both TrGO and ITO fits to  to Cυ
 
+ Kυ

0.5
. The inset 

shows potential scan on ITO substrate, the background capacitive currents are 

greatly diminished compared to TrGO films. (c) The response of TrGO films 

reduced at 60 
o
C, 180 

o
C and 250 

o
C in tensile testing.   

The Raman analysis of the GO and Tr-GO membranes shows 

that 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 increases from 0.85 at 60 ºC to ~ 0.95 at 

225 ºC (see ESI, Fig. S1).
[35;44;45]

 The FT-IR data also shows the 

effects of reduction. The absorption bands at 1060 cm
-1

 (epoxy 

and alkoxy), 2300-2400 cm
-1

 (C≡C or C≡N) and 3400 cm
-1

 (a 

very broad peak due to O-H), decrease gradually in intensity 

with thermal reduction (details in ESI Fig. S1).
[35;42;46;47]

 While 

the absorption peak of C=C at 1600 cm
-1

 (due to sp2 hybridized 

carbon) is not affected by the thermal treatment. The 

presence of nitrogen can be the result of impurities in the 

chemicals used during the oxidation process to form GO. 

However, not all functional groups are removed by reduction 

with the thermal treatment, in line with other reduction 

methods which also partially restore the sp2 framework of GO 

(details in ESI). X-ray photoelectron spectroscopy (XPS) analysis 

of the Tr-GO and GO films for the C1S region further supports 

this analysis. The ratio of C-C (non-oxygenated ring carbon) to 

that of C-O & O-C=O (oxygenated carbon) is ~ 1.09 for Tr-GO 

films processed at 60 ºC, this increases slight to 1.122 for films 

processed at 180 ºC, but increases substantially for the Tr-GO 

films reduced at 250 ºC to 3.85 (details in ESI).
[48]

  

    

The effect of thermal reduction on the electrochemical 

performance of the GO films is illustrated by using them as 

electrodes for the redox of K3Fe(CN)6 in cyclic voltammetry 

scans (CV). Films treated at 60 ºC and 180 ºC do not show a 

discernible redox peak for K3Fe(CN)6  (in linear cyclic potential 

sweeps) and the current is orders of magnitude lower (details 

in ESI). This is due to the high intrinsic resistance of these films 

which leads to a large ohmic drop in their structure.
[24;49;50]

  In 

comparison films reduced at 250 ºC show a prominent 

K3Fe(CN)6 redox peak with current levels in the range of 10
-4

- 

10
-3

 amp/cm
2
, Figure 2a. The intensity of the redox currents 

for the 250 ºC film is comparable to that of ITO (inset of Figure 

2b). The large background current (in rectangular shape) is 

manifestation of the capacitive nature of the Tr-GO film due to 

the formation of electrical double layer.
[9;14;19]

 Further we see 

from Figure 2b that the peak current can be fit as being 

proportional to Cυ
 
+ Kυ

0.5
 (υ is the potential scan rate). The 

first term is due to the capacitance of the film and the second 

term is the dependence of the redox current on scan rate for a 

typical electrode. Identical experiments are performed with 

ITO (Indium Tin Oxide coated glass slide), inset of Figure 2b. 

The comparison of C (the capacitance) and K (the redox 

parameter for the electrode and the specie) shows that for the 

Tr-GO film ‘C’ (3x10
-3

 F/cm
2
) is more than two orders of 

magnitude higher than that of ITO (1x10
-5

 F/cm
2
), while ‘K’ is 

more comparable (1.21x10
-3

 (amp/cm
2
).(Sec/V)

1/2 
for Tr-GO 

and 8.3x10
-4

 (amp/cm
2
).(Sec/V)

1/2
for ITO). The comparable 

values of K signify that the ITO and Tr-GO film have very similar 

redox performance as substrates.
[23;40]

 However, the 

significantly higher capacitive nature of the film is indicative of 

pseudo capacitance due to residual functional groups and the 

porous nature of these films due to interlayer spacing.
[51-55]

 

Further the films electrochemical performance illustrates that 

despite thermal reduction and the partial removal of the 

functional groups, aqueous ions can still easily access its 

surface.
[56]

  The access is also required to enable the 

functioning of these films as membranes in aqueous medium.  

 

The mechanical characteristic of these films is illustrated in 

Figure 2c. The Tr-GO films processed at 60
o
C and 180

o
C have 

similar behaviour with a failure stress of 69.7 MPa and 61.8 

MPa.
[26;27]

 For the Tr-GO film processed at 225
o
C this reduces 

significantly to 20 MPa. This is consistent as the presence of 

oxygen functional groups and water molecules between 

adjacent layers will improve the interlayer forces due to 

hydrogen bonding and also interlayer interaction between the 

functional groups.
[27;28]

 The high failure strains are the result of 

wrinkles in these films.
[29]

 The mechanical and electrical 

characteristics of Tr-GO are critical for their use as nano fillers 

in polymer composites with improved thermal stability and 

electrical properties.
[30-32]

  

 

Compared to Graphene sheets,
[57;58]

 GO is an electrical 

insulator due to the high density of functional groups.
[37;39;49]
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Figure 3. Effect of thermal reduction on electrical conductivity of the 

membranes. (a) Horizontal conduction measured over a distance of  5mm. The 

data points are actual measurement values and the line is the fit from the charge 

hopping model as shown in eq. 1. A significant increase in conductivity is 

observed when the temperature of reduction is above 180 
o
C. (b) From the fit 

the change in the parameters of the hopping model, Go and r, the hopping 

distance with temperature is observed. As expected r decreases with 

temperature of reduction and Go increases. (c)  Vertical conduction 

measurement over the TrGO membranes. The data points are experimental 

values and the line is the fit from eq. 2. Again we observe an increase in 

conductance with increasing temperature. A similar sharp increase in 

conductivity is observed above 180
 o

C. (d) The parameters aEc and R evolve with 

temperature and in line with decreasing interlayer spacing. Both aEc and R 

decrease significantly with temperature.      

As GO is reduced, the removal of the functional groups leads 

to an increase in the electrical conductivity.
[41;49;50;59]

 

Analogous and consistent with the XRD and TGA results, the 

temperature of reduction should affect the electrical 

conductivity of these membranes. In-plane and out of plane 

conductivity of the GO membranes were measured after 

thermal treatment at temperatures of 60ºC, 180ºC, 225ºC and 

250ºC. The out of plane conductivity provides a direct measure 

of the change in the interlayer spacing, the in plane 

conductivity on the other hand depends on both the inherent 

conductivity of the GO (and TrGO) sheets and the overlap 

between the sheets as these measurements are over length 

scale of 5 mm. Typically for such membranes the in-plane 

conductivity measurements are dominated by the charge 

transport characteristics of the GO (or TrGO) sheets.
[12]

 As seen 

in Figure 3a, the in-plane conductivity increases by over 5 

orders of magnitude between 60 ºC and 250 ºC. The charge 

hopping model given by equation 1
[49;59-61]

 is used to fit the 

current-voltage data (the solid line in Figure 3a). 

 

� � 	�� ��� exp 
 ��
�   Equation 1 

Here V is the applied bias, L is the distance between the 

electrodes on the GO (TrGO) membrane over which the I-V 

measurements are conducted. a = KT/(0.18er); K is the 

Boltzmann’s constant; T is the temperature of measurement; e 

is the absolute charge on the electron and r is the hopping 

distance. The parameter Go depends on, N, the density of 

states near the Fermi level and L, the localization length of the 

electronic wave functions. From the fit of equation 1, as seen 

in Figure 3b, the hopping distance  reduces from ~ 5.2 nm at 

60 ºC to 1.6 nm at 250 ºC. Similarly Go increases in going from 

60 ºC to 250 ºC. The increase can be the combined effect on 

the localization length, L, and the density of states, N. 

 

The out of plane conduction in these membranes is over their 

thickness which is on the order of a few microns, as seen in the 

inset of Figure 1a. This conduction (Figure 3c) shows a drastic 

increase as the temperature for thermal reduction is increased 

from 60 ºC to 250 ºC. The change can be modelled as being 

governed by two aspects: (a) Given the high electric field, 

tunneling is expected for the transport of the charge carriers 

across the sheets. (b) Direct contact between the sheets can 

be modelled as an ohmic resistance The combined equation fit 

to this model is:
[62]  

 

� � 	 �� �	�� � �
� � ��� 
� ���

� �   Equation 2   

Here Ec is the critical field for tunneling, a, is the length scale 

for the tunneling (this is considering that the term V/a is the 

effective electric field in the membrane) and R is the ohmic 

resistance of the film due to direct interlayer contact between 

the TrGO sheets in the membrane.  

 

The parameters calculated from the fit of equation 2 to the 

data (the solid lines in Figure 3c) show that R reduces by over 6 

orders of magnitude and aEC by over 16 times (Figure 3d). The 

ohmic resistance can be considered to be dependent on the 

density of, direct inter-layer contacts between the TrGO sheets 

and the ordered regions in the TrGO sheets. As the thermal 

reduction temperature is increased the removal of the 

functional groups will lead to an increase in both these factors. 

The decrease in the path length due to the ~ 40% reduction in 

the interlayer spacing will be a minor effect, as the ohmic 

resistance scales linearly with the path length and hence 

cannot account for the observed decrease in this resistance. 

The decrease in aEc is ~16 times and is much greater than the 

decrease in the inter-layer spacing as quantified by XRD. The 

initial drastic decrease in the aEc between 60 ºC to 180 ºC may 

reflect the change in the dielectric constant of these 

membranes due to removal of water. Following this, the 

gradual decrease from 180 ºC to 250 ºC is the result of the 

reduction in the interlayer spacing. 

 

The ability of the ions to diffuse across the graphene 

membrane
 
(similar to the filtration and osmosis membranes) is 

affected both by the free volume available in the membrane 

and the presence of functional groups.
[1-8;21;22]

 The diffusional 

characteristic of these membranes is studied by using them as 

a separator between two chambers, one filled with salt 

solution (100 mM CaCl2 or 100mM NaCl) and other with de-

ionized water (18 Mohm-cm resistivity). The increase in the  
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Figure 4. The evolution of the diffusional resistance of the TrGO membranes with 

temperature for salt solutions, NaCl and CaCl2. (a)  For diffusion from an 100mM 

NaCl solution, the diffusion rate decreases significantly on thermal reduction and 

the effect of temperature can be clearly observed. (b) Modelling the diffusion as 

being proportional to t
1/2

 the diffusional resistance of the film is calculated and 

plotted. The resistance increases by over 2 orders of magnitude on reduction 

above the temperatures of 180
o
C. (c) A similar trend is observed for CaCl2 where 

again a significant decrease in diffusion is observed. (d) The diffusion resistance 

again increases above 180
o
C, however the increase less drastic than that of NaCl.              

conductivity of the di-ionized water resulting from the 

diffusion of the ions across the GO & TrGO membrane is 

monitored. The increase can be modelled (See ESI) to be 

proportional to t
1/2

 (the elapsed time) and the diffusional 

resistance of the membrane. Figure 4a presents the observed 

increase in the conductivity of the de-ionised water (for 100 

mM NaCl). From the fit (See ESI) the effective diffusional 

resistance for the Tr-GO membranes processed at different 

temperatures is calculated and the plot is shown in Figure 4b. 

We observe that the diffusional resistance of the membranes 

(relative to the 60
o
C membrane) increases rapidly above 180 

ºC, in line with the rapid reduction in the inter-layer spacing 

and the removal of functional groups above those 

temperatures.  A similar trend is observed for 100 mM CaCl2, 

Figure 4c&d. For 100 mM CsCl diffusion behavior similar to 

NaCl is observed (see ESI).  

 

 

For NaCl the change in resistance is over 500 times, 

significantly more drastic than CaCl2 where it changes by ~60 

times. This is due to the higher initial diffusion rate for the 

monovalent ion Na
+
, which is consistent with its smaller size 

compared to Ca
2+

. From the results it can be illustrated that 

GO films treated at 60 ºC have better selectivity towards the 

Na
+
 and Ca

2+
 ions and this selectivity decreases predominantly 

due to loss of permeation of the Na
+
 ions. For CsCl the change 

in resistance is similar to NaCl due the comparable radii of Na
+
 

and Cs
+
.
[63]

 The OH bond length in water molecule is ~ 0.96 
o
A.

[64] 
Carbon nanotubes (CNT’s) with water accessible pore 

diameter of 2 
o
A can transport water molecules as single files 

similar to biological channels and zeolites.
 [65-66] 

The channels in 

these GO films have also been used for microfluidic 

applications.
[67]

 Fullerene, C60, with a spherical diameter of 3.7 

o
A can encapsulate single water molecules.

 [68] 
 The hydrated 

radii of Na
+
 and Ca

2+
 ions is ~3.6 

o
A and 4.1 

o
A,

[63]
 and is much 

larger than the water molecule and comparable to the average 

interlayer spacing of 4.6 
o
A for the TrGO membranes reduced 

at 250 
o
C. Considering this along with the observation that the 

inter-layer spacing has a broad distribution in the TrGO 

membranes reduced at 250 
o
C (& also 225 

o
C & 300 

o
C ), the 

diffusion of the ions across these membranes is hindered. The 

water molecules however due to their much smaller size are 

able to access the TrGO membranes.  

 

Conclusions 

The ability to control the diffusional characteristics of the GO 

membrane by thermal treatment and the temperature of 

exposure illustrated above is a simple method to tailor their 

properties. Further this can also be expanded to include the 

effect on diffusion of small organic molecules and also gas 

permeation. The key factor is the spacing between the TrGO 

sheets in the membrane. This spacing is dependent on the 

degree of reduction of the GO sheets and can be controlled by 

the temperature of reduction. Two distinct regions exist, one 

below 180
o
C and the other above 225

o
C. The transition 

between the two regions provides an ability to control the 

spacing between the two extremes of ~ 7
o
A and 4.6

o
A. While 

the spacing affects the diffusion characteristics of the 

membrane, it also has a similar effect on the electrical 

conduction properties. The combined control over the 

electrical conductivity and diffusion characteristic is important 

for other potential applications such as supercapacitors, 

electrochemical sensors, capacitive desalination and using 

them as protective coatings and fillers in composites. 
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