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Abstract: Exfoliation is a promising technique to obtain graphene from graphite. The search for suitable 

exfoliation solvents is currently underway. The quality of the solvents used for spontaneous exfoliation 

is determined by a simple thermodynamic model. The model shows that the solvation energy of the 

organic solvents is higher for NMP (-177.37 mJ m-2) than other nonpolar solvents. It also shows that 

the solvation energy is correlated with sheet deformation and surface excess. Four groups of effective 

solvents are identified, including amine-, sulfoxide-, halogen-benzene-based solvents, in addition to 

cyclic structures with the oxygen atom. One can predict and screen potential solvents for spontaneous 

graphene exfoliation based on the reported mechanism. 
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1. Introduction 

Graphene is a single layer of carbon atoms that are located in the vertices of the 

hexagonal honeycomb lattice [1-4].  This material has excellent electrical, mechanical, and 

thermal properties that deeply impact many research areas and can be very useful in various 

applications, including electronic devices, chemical sensors, and nanocomposites [5-9]. A lot 

of methods have been developed to acquire graphene, but they can be simply classified into 

two major categories: the "bottom-up" and "top-down" approaches [10, 11]. An example of the 

former is chemical vapor deposition which produces thickness-controllable graphene but is 

limited by the high cost. In contrast, the example of the latter is chemical exfoliation which 

often involves three steps: formation of graphite oxide (GO) by oxidation, exfoliation of GO 

by sonication, and reduction of dispersed GO. Although this method was feasible and 

productive, oxidation may lead to a considerable deterioration of the graphene sheet. However, 

since the removal of oxygen-containing groups is not possible with the existing reduction 

methods, it is suggested to use a more physically intuitive method, which is liquid-phase 

exfoliation (LPE) [12-16]. This method is known to produce high-quality graphene by 

removing the graphite's oxygen-containing groups. For successful LPE, solvent plays a 

paramount role and can be aqueous or organic, including polymer solutions, surfactant 

solutions, and solutions of some other green dispersants [17-19]. The popular organic solvents 

include isopropanol -butyrolactone, N,N-dimethylformamide, tetrahydrofuran, and so forth 

[20-23]. It is believed that good solvents for graphene exfoliation should possess surface 
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tension about 40-50 mJ m-2 similar to van der Waals energy between graphite layers [21]. 

Thereby, they enhance the stability and exfoliation of the prepared graphene-containing 

dispersion.   

Low-boiling solvents such as water (72 mJ m-2) and ethanol (22 mJ m-2) are known to 

be unsuitable for the direct exfoliation of graphene [24]. In contrast, highly polar solvents with 

high boiling points have been utilized for graphene exfoliation, including N,N-

dimethylformamide (DMF) [25-27], N-methylpyrrolidone (NMP) [28-30], N,N-

dimethylacetamide (DMAC) [28], -butyrolactone (GBL) [28], and Dimethylsulfoxide 

(DMSO) [31, 32]. The surface tensions of them are around 40 mJ m-2 [21]. In general, amine-

based solvents such as DMF and NMP were used to produce high-quality and oxygen-free 

graphene nanosheets [21, 25]. Nonpolar solvents such as ortho-dichlorobenzene (ODCB) were 

also reported to produce homogeneous graphene dispersion [33, 34]. ODCB is an aromatic 

solvent with a high boiling point and surface tension of 36.6 mJ.m-2. In ODCB, the single-

walled nanotube dispersion is stable presumably via efficient π-π interactions [35]. However, 

other aromatic solvents such as benzene, toluene, xylene, and chlorobenzene were not 

successful in graphene exfoliation [36]. LPE of graphene has been extensively studied 

experimentally, but the choice of solvent was mainly based on the criterion of surface tension. 

Unfortunately, many solvents with appropriate surface tensions, such as pyridine (38 mJ m-2) 

and ethylene glycol (47 mJ m-2), do not work. Certainly, the molecular level information of 

interactions between solvent and graphene, closely related to exfoliation, can be extracted from 

quantum calculations and molecular dynamics (MD) [37-40]. However, useful criteria for 

determining suitable solvent for graphene exfoliation have not been reported until now, to the 

best of our knowledge.  

MD simulations and quantum calculations have been used to study the interactions 

between parallel graphene sheets and various polar or nonpolar solvents at the molecular level. 

The potential of mean force between two parallel graphene sheets was calculated by MD for 

popular polar solvents: water, NMP, DMF, DMSO, and GBL [37]. The ranking of the five 

solvents: NMP ≈ DMSO > DMF > GBL > water, corresponds to the thermodynamic stability 

of the unfunctionalized graphene dispersion. The weak interactions between alcohols and 

graphene sheets calculated by the density gradient method indicated that alcohols with more 

carbon atoms could be a starting point for selecting a suitable solvent for graphene dispersion. 

[38]. The adsorption of methylbenzene on graphene acquired by the density functional theory 

(DFT) revealed that the adsorption energy increases approximately linearly with the number of 

methyl groups in the molecule [39]. Also, adsorption of chlorobenzenes (CBs) has been 

investigated by DFT, showing that the attraction between CBs and graphene grows with 

increasing the chlorine content [40].  

This paper reports MD simulations based on the interaction between a single graphene 

sheet and the chosen polar and nonpolar solvents. A simple thermodynamics model has been 

proposed to show that solvation energy indicates the effective solvent for spontaneous 

exfoliation. MD simulations were used to calculate the solvation energies of twelve different 

organic solvents surrounding the graphene sheet. The density distribution of solvent molecules 

near the graphene surface was determined. The established model can be used to determine the 

solvent quality for other solvents in graphene exfoliation.  
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2. Materials and Methods 

The MD simulations were carried out with NAMD [41] (version 2.13), and the 

geometry optimizations for all organic molecules were carried out by Gaussian 09 package 

[42]. The TIP3P model for water has been used in our simulations [43]. All force-field 

parameters of organic solvents were acquired from the LigParGen server [44-46]. They are 

based on optimized potentials for liquid simulations-all atoms (OPLS-AA) force-fields 

combined with partial charges, which were obtained from quantum calculations using the 

B3LYP/6-311++G** basis sets with the Gaussian 09 software package. The force-field 

parameters of all carbon atoms in graphene were acquired from the reported values [47, 48], 

and there is no partial charge on each carbon atom. The van der Waals (vdW) attractions and 

steric repulsions between different atoms were represented by Lennard-Jones potential [49].  

The atom-based cutoff is 12 Å in vdW interactions. The particle-mesh Ewald summation 

method was used to compute the long-range electrostatic interactions [50, 51].              

The MD simulations were performed at close to standard conditions for temperature 

and pressure (300 K and 1 bar). The square graphene sheet with the size 35 × 35 Å2 was 

immersed in the organic solvent within a cubic box with 65 × 65 × 65 Å3, as shown in Figure 

1. Initially, the systems were subjected to a series of pre-processing stages, first 10,000 steps 

of energy minimization were performed, and then each of the systems was gradually heated 

from 0 to 300 K using temperature-reassigning parameters of NAMD. Thereafter, the systems 

were pre-equilibrated up to 2 ns in the NPT ensemble. Equilibrium properties were calculated 

after 10 ns long production runs. The pressure and temperature were controlled by the Langevin 

piston and thermostat, respectively. The Verlet algorithm was used to integrate the equations 

of motion with a time step of 1 fs. Periodic boundary conditions were applied in all three 

directions. The surface tension of solvents has been calculated using the pressure tensor method 

[52]. It depends on the components of the pressure tensor and their normal and tangential 

components. 

 
Figure 1.  Snapshot of a single-layer graphene sheet immersed in an organic solvent. 

The solvation energies of a single graphene sheet in solvents were calculated by the 

following equation [53]. 

∆𝑬𝒔𝒐𝒍 = ∆𝑬𝒄𝒂𝒗 + ∆𝑬𝒆𝒍 + ∆𝑬𝒔𝒓   
 (1) 
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where ∆𝑬𝒄𝒂𝒗 is the energy for the creation of the excluded volume for the solvent around the 

graphene sheet. ∆𝑬𝒆𝒍 and ∆𝑬𝒔𝒓 are the energies of the electrostatic interactions and van der 

Waals -like interactions between graphene and solvents. The electrostatic interactions between 

a graphene sheet and all the solvents are zero since the atoms of the graphene sheet have zero 

charge. The graphene-graphene attraction energies were calculated by the van der Waals (vdW) 

attractive interactions between the graphene sheets [37].  

3. Results and Discussion 

3.1. Single graphene sheet in water, n-hexane, benzene, and ethanol. 

It is well known that graphene sheets are not stable in water, and they tend to stick 

together because of their hydrophobicity [54]. Moreover, the single sheet is always flat without 

perceptible deformation subject to thermal fluctuations. The hydrophobicity of graphene can 

be demonstrated from the density profile of water in the vicinity of the sheet. As shown in 

Figure 2a, the water density near the sheet (z = 0~5 Å) is much less than that in bulk. An 

undeformed graphene sheet in water can be studied by estimating the probability distribution 

of its C-C bond lengths, as depicted in Figure 2b. The mean value of the bond length is 1.408 

Å, which is essentially the same as the literature value in a vacuum (1.410 Å). Similarly, the 

standard deviation is 0.072 Å in water and almost the same as that in vacuum (0.070 Å), 

revealing a very slight influence of solvent on bond fluctuations. 

 
 

Figure 2. (a) The number density profiles () of water, benzene, ethanol, and n-Hexane from the graphene 

surface; (b) The probability distribution of C-C bond lengths for a single graphene sheet in water, benzene, 

ethanol, and n-Hexane. 

In order to realize the thermodynamics of exfoliation, the solvation enthalpy of a 

graphene sheet in water has been calculated, Esol(water) = 2.46 mJ m−2, based on the 

interaction energy between a single graphene sheet and all surrounding solvent molecules. To 

make a comparison, the interaction energy between two graphene sheets per unit area is 

determined as well, Eg−g(water) = −92.9 mJ m−2 in water. It is also found that the 

Eg−g(water) is slightly different from that in vacuum Eg−g(vacuum) = −94.2 mJ m−2. The 

difference between them may be attributed to the slight distortion of the two-layer graphene 

sheets in water. N-Hexane, benzene, and ethanol have been used as solvents for exfoliation, 

but their efficiencies are very poor [24, 36, 55]. Based on the analysis for water, their exfoliation 

efficiency can be examined. The density profiles of n-hexane, benzene, and ethanol near the 

graphene sheet are also shown in Figure 2a. Their distributions are similar to that of water, 

revealing the dislike of graphene for them. Nonetheless, both of them are able to induce a 
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slightly more deformation of a single graphene sheet as compared to water. The extent of 

graphene deformation can be realized from Figure 2b for the distribution of C-C bond lengths. 

The mean values of the bond length in n-hexane, benzene, and ethanol are 1.409, 1.410, and 

1.416 Å, respectively. The standard deviations are 0.121, 0.135, and 0.145 Å, respectively. 

Those results indicate that their interactions with graphene are similar to water and the graphene 

deformation is not significant. Moreover, the solvation energy of a graphene sheet in n-hexane, 

benzene, and ethanol have been evaluated, Esol(n − hexane) = −1.52 mJ m−2, 

Esol(benzene) = −18.83 mJ m−2, and Esol(ethanol) = −22.01 mJ m−2. The solvation 

energy of them is significantly higher than the graphene-graphene attraction 

Eg−g, (−94.2 mJ m−2). It indicates that water, n-hexane, ethanol, and benzene are expected to 

be poor choices for LPE. 

3.2. Single graphene sheet in the good quality solvent. 

It has been reported that the common organic solvents, including NMP, DMSO, DMF, 

and ODCB  are well-known good solvents for LPE of graphene [17, 37]. The surface tensions 

of NMP, DMSO, DMF, and ODCB are 38.2, 41.7, 39.1, and 35.5 mJ m−2, respectively, which 

lead to better stability of exfoliated graphene. The surface tension of the six organic solvents 

has been reported in Table 1. The range of solvent surface tension that can be used to exfoliate 

graphene is 35–50 mJ m−2. The solvent density profile is acquired near the graphene sheet and 

solvation energy to examine their solvent quality for spontaneous exfoliation. Figure 3a 

illustrates the distributions (z) for the six solvents, and their behaviors are distinctly different 

from those of water, benzene, ethanol shown in Figure 2a. The density of NMP, DMSO, DMF, 

and ODCB close to the sheet is higher than that in bulk b, indicating the solvophilic tendency 

of graphene. Moreover, the densities of NMP and DMSO near the sheet are higher than that of 

the other solvents, revealing that more NMP and DMSO molecules are adsorbed on the 

graphene surface. The graphene sheet deformation can be realized from Figure 3b for the 

distribution of C-C bond lengths. The sheet deformation in terms of the mean bond length is 

significantly higher in these organic solvents than in water. The mean bond length in NMP, 

DMSO, DMF, ODCB, DMAC, and GBL is 1.439, 1.435, 1.433, 1.429, 1.427, and 1.425 Å, 

respectively. The standard deviations are 0.327, 0.318, 0.272, 0.216, 0.208, and 0.202 Å, 

respectively. The solvation energy of a single graphene sheet in NMP, DMSO, DMF, ODCB, 

DMAC, and GBL is obtained as well, Esol(NMP) = −177.37 mJ m−2,  Esol(DMSO) =

−172.13 mJ m−2, Esol(DMF) = −153.44 mJ m−2, Esol(ODCB) = −134.64 mJ m−2, 

Esol(DMAC) = −126.54 mJ m−2, and Esol(GBL) = −108.52 mJ m−2. The fact that the 

solvation energy of them is significantly less than the graphene-graphene attraction Eg−g 

explains their successful exfoliation of graphene observed in experiments. The solvation 

energy is found to be strongly correlated to the number density profile of the solvents from the 

graphene surface and sheet deformation, and these properties can be used to predict the solvent 

quality for LPE: NMP>DMSO>DMF>ODCB>DMAC>GBL. 

3.3. Comparing LPE in Amine, sulfoxide, and halogen-benzene-based organic solvents. 

The organic amine-based solvents NMP, DMF, and DMAC have been proved to be good 

solvents for the exfoliation of graphene in previous experimental studies [21]. The orientation and 

structural changes of various organic solvents on graphene are studied by MD simulations. 
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Table 1. Surface tensions (mJ m-2) and solvation energy (mJ m-2)  of the various organic solvents were 

calculated at 300 K. 

Type Organic Solvents Optimization 

Structure 

Solvation 

Energy  mJ 

m−2 

Surface Tension    

mJ m−2 

MD Literature11 

Amine group  

N-methyl-2-pyrrolidone 
(NMP) 

 

 

 

-177.37 

 

38.2±0.21 

 

40.0 

N,N-dimethylformamide 
(DMF) 

 

 
-153.44 

 

 
39.1±0.33 

 
37.1 

N,N-dimethylacetamide 
(DMAC) 

 

 
-126.54 

 

 
37.4±0.24 

 
36.7 

 
Sulfoxide 

group 

 
Dimethylsulfoxide 

(DMSO) 

 

 
-172.13 

 

 
41.7±0.27 

 
42.9 

 

 

Halogen-
benzene 

 

ortho-Dichlorobenzene 

(ODCB) 

 

 

 

-134.647 

 

 

35.5±0.31 

 

37.0 

 

Lactone 

 

gamma-Butyrolactone 

(GBL) 

 

 

 

-108.527 

 

 

47.2±0.36 

 

 

46.5 

 

 
 

Figure 3. (a) The number density profiles () of NMP, DMSO, DMF, ODCB, DMAC, and GBL from the 

graphene surface (b) The probability distribution of C-C bond lengths for a single graphene sheet in pure NMP, 

DMSO, DMF, ODCB, DMAC, and GBL. 

In Figure 4, the orientation and positions of the solvent molecules near the graphene 

surface are indicated. The NMP molecules can also lie plane of the graphene surface when they 

are placed parallel to the surface. In the first adsorption layer, the NMP molecules are placed 

parallel to the graphene surface at a distance of 3.14 Å, whereas the DMF and DMAC are 

oriented at a distance of 3.25 and 3.42 Å, respectively from the surface of graphene. 

On the other hand, DMSO and GBL show the tilt angle of adsorbed solvents at a 

distance of 3.21 and 3.56 Å, respectively. In the case of ODCB solvent, some molecules 
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arranged parallel to the graphene surface at an average distance of 3.34 Å. Currently, no 

experimental data is available regarding the molecular orientation of certain solvent molecules 

near the graphene surface. The aforementioned analyses indicate the strong correlation between 

solvation energy and solvent-graphene distance.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 
Figure. 4 Snapshots of the orientation and relative positions of the (a) NMP, (b) DMF, (c) DMAC, (d) 

DMSO, (e) ODCB, and (f) GBL on the graphene surface. 

Table 2. The solvation energies (mJ m-2) of a single graphene sheet in different solvents, solvent-graphene 

distance (Å) and surface excess (10-3 Å-2) calculated at 300 K. 

Solvents 𝑬𝒔𝒐𝒍 (mJ m-2) solvent-graphene 

distance (Å) 
surface excess ( 10-3 Å-2) 

Water 2.46 4.15 -0.42 

n-Hexane -1.52 4.12 -0.41 

Benzene  -18.83 4.08 -0.40 

Acetone -20.33 3.94 -0.38 

Ethanol -22.01 3.86 -0.37 

Pyridine -22.28 3.77 -0.36 

Xylene -23.38 3.72 -0.35 

GBL -108.52 3.56 0.01 

DMAC -126.54 3.42 0.02 

ODCB -134.64 3.34 0.03 

DMF -153.44 3.25 0.14 

DMSO -172.13 3.21 0.29 

NMP -177.37 3.14 0.36 

Figure 5 shows the variation of the solvation energy with the length of the C-C bond. It 

has been found that the magnitude of the solvation energy (|Esol|) generally increases as the 

deformation of the graphene sheet increases. It can be attributed to the reason that the attractive 

interactions between the solvent molecules and the graphene sheet tend to enlarge their contact 

area by warping the planar sheet. According to DMSO and ODCB in Figure 5, sulfoxide-based 

and halogen-benzene-based organic solvents are promising as good solvents for spontaneous 
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exfoliation. The sheet deformation in terms of the mean bond length is higher in NMP and 

DMSO compared to other solvents. The values of the solvation energies (Esol) for single 

graphene sheet in organic solvents and the solvent-graphene distance are given in Table 2. The 

solvation energy is strongly correlated with the solvent-graphene distance. From Table 2, it is 

observed that the magnitude of the solvation energy (|Esol|) grows in general as the solvent-

graphene distance is getting smaller. The solvent-graphene distance is lower for NMP (3.14 Å) 

and DMSO (3.21 Å) compared to others. By comparing the solvation energy, the sulfoxide-

based solvents are generally better than the halogen-benzene-based solvents.  

 
Figure 5. The solvation energy of a single graphene sheet in various solvents as a function of C-C bond length. 

In addition to solvation energy, the density distribution of solvent molecules near the 

graphene sheet (z) is also an indication of spontaneous exfoliation. The density profiles for 

organic solvents near the graphene sheet have been shown in Figures 2a and 3a. The adsorption 

profile is measured by the surface excess   which is defined as  =∫ ((z) − 
b

 )dz
∞

−
, [56] 

where  
b
 is the bulk concentration. The positive value of   specifies the accumulation of 

solvent at the graphene surface, whereas the negative value indicates depletion compared to 

the bulk concentration. From Table 2, it is found that the surface excess is strongly correlated 

with the solvation energy. As anticipated, the larger the surface excess, the greater the 

magnitude of the solvation energy (|Esol|). Moreover, the descending order of solvation quality 

is the same as the surface excess for all compounds studied. In accordance with Figure 5 and 

Table 2, the solvent with the best solvation ability for graphene shows significant structural 

deformation, high solvation energy, and large surface excess.  

The single graphene sheet is predicted to exfoliate in different organic solvents on the 

basis of thermodynamic arguments. Four types of solvents for spontaneous exfoliation are 

identified. The magnitudes of their solvation energy are high and can be realized from their 

attractive interactions with graphene. Specifically, according to the solvation energy, this is 

due to the fact that the enormous vdW and electrostatic interactions between the graphene sheet 

and solvents are responsible for the higher magnitude of solvation energy. It was found that the 

magnitude of the solvation energy increases with a decrease in solvent-graphene distance. 

Moreover, the NMP-NMP interaction energy has been calculated, ENMP−NMP =

−98.14 mJ m−2. The solvation energy of a single graphene sheet in NMP (-177.37 mJ m−2) is 

significantly higher than the NMP-NMP attraction explains the successful exfoliation of 

graphene observed in NMP solvent. It should be noted that simulations of exfoliation of a three-

layer graphene sheet have been performed. The three-layer graphene sheet (area = 36 × 36 Å2) 
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was immersed in an 80 × 80 × 80 Å3 NMP and water box, as shown in Figure 6. Initial 

configurations were created by placing the three parallel graphene sheets with the same spacing 

between the sheets and then filling the simulation box with a sufficient number of NMP and 

water molecules. The interaction between three parallel graphene sheets requires 2 ns to reach 

equilibrium. The simulated systems were equilibrated for 10 ns. Spontaneous exfoliation can 

be clearly observed for NMP after about 20 ns, but the three-layer sheet remains stacked for 

water, consistent with our solvation criterion.  

(a)    (b) 

(c) 

Figure 6. The snapshots of the (a) exfoliated three-layer sheet in NMP; (b) stacked three-layer sheet in 

water; (c) side view of  NMP molecules between graphene sheets. 

4. Conclusions 

Polar and nonpolar solvents were studied for the liquid phase exfoliation of graphene. 

The main criteria for choosing a solvent were the solvation energy related to the C-C bond 

length and the distance between the solvent molecule and graphene. In addition, the surface 

excess relates closely to the solvation energy, and the positive surface excess is an indication 

of an efficient solvent. NMP was identified as a good solvent for achieving this objective. The 

descending ranking of the solvation quality of common solvents is 

NMP>DMSO>DMF>ODCB>DMAC>GBL. Four types of good solvents are identified for 

spontaneous exfoliation: amine-, sulfoxide-, halogen-benzene-based, and cyclic ether and 

lactone solvents.  
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