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H I G H L I G H T S   A B S T R A C T  
• Conventional methods of graphene 

production are time-consuming and 
expensive.  

• The parameters affecting the extraction of 
graphene from graphite were investigated 
using Supercritical CO2. 

• Additives used in the synthesis process have 
the role of deactivating the surface.  

• The test design was done with "Design 
Expert" software and then tested in the 
laboratory. 

• The software results were in high agreement 
with the laboratory results, and mono/bilayer 
graphene was obtained. 

 Due to its high penetration force and low viscosity, the Supercritical carbon 
dioxide (scCO2) can spread between the graphite layers, overcome van der Waals 
forces, and transform graphite into multilayer graphene. The results of the test plan 
with the Design Expert software and also the use of these results in the laboratory 
showed that the parameters of temperature, pressure, initial amount of graphite, 
addition of surfactant and solvent auxiliary, the duration of sample placement in 
the device, the duration of carbon dioxide gas release from the device, and the time 
and power of ultrasonic and centrifuge operations can accelerate the exfoliation 
process. The resulting graphene was characterized by TEM, RAMAN, XRD, and 
AFM techniques. Based on the obtained results, it was found that mono/bilayer 
graphene was obtained by applying optimum conditions. The results confirmed 
the formation of mono/bilayer graphene based on the G-Band of 1583 cm-1 in the 
Raman test, a wavelength of 26.44° in the XRD test, and a thickness of 1.5 nm in 
the AFM test. With a simple, low-cost approach, this method, without using toxic 
and expensive chemicals with high profitability, can replace other complex 
graphene production methods, such as chemical vapor leakage and plasma etching, 
and be chemically reduced. 
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1. Introduction 
Since the discovery of graphene in 2004, graphene has attracted attention due to its attractive electronic, thermal, optical, 

and mechanical properties in various applications such as electronics, food industry, energy, etc. [1-4]. Currently, various 
methods for preparing graphene have been reported, all with the general goal of exploring the unique properties of graphene to 
increase potential practical applications. But, each of these methods has its disadvantages [5]. For example, high-quality graphene 
can be obtained through micromechanical cleavage, but this method is very expensive and time-consuming for mass production 
[6]. Also, graphene can be prepared by co-growth on a SiC substrate and by chemical vapor deposition (CVD) on metal 
substrates. Still, these methods lead to non-uniform products, make transfer difficult, and are expensive [7]. Another method of 
producing graphene is called chemical reduction of graphene oxide (RGO), but this method also has disadvantages. In fact, the 
aggressive oxidation process of graphite introduces oxygen-containing groups and hydroxyl (-OH), carbonyl (-COOH), and 
epoxide groups into the graphene base plate and further causes structural defects in the SP2 bond network and damages the 
electronic performance of graphene [8]. Recently, extraction with supercritical fluid due to its low viscosity [9], high 
permeability, short extraction time [10], a method with very low toxicity and non-flammability [11], no contamination of the 
product with solvent [12], environment friendly, performing extraction operations at low temperatures (to preserve the properties 
temperature-sensitive materials) [13] and the easy recovery of the final product have received much attention, which results in 
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high efficiency and profitability. Ahangari et al. [14], reported for the first time that graphite can be layered and separated in 
graphene sheets in the scCO2. Still, considering that only surfactant was added during the experiment and without any help, no 
solvent was used, and at the end of the experiment, ultrasonic and centrifuge operations were not used, the added surfactant was 
hardly removed from the final product. Also, the obtained graphene had 10 layers, and the production efficiency was about 2% 
[15].  

Gao et al. and Sun et al. [16,17] reviewed the various SCFs method (such as ethanol and NMP) have been explored to 
exfoliate graphite, but their applications were limited due to harsh conditions. As an excellent green substitute for conventional 
organic solvents, scCO2 has a wide range of applications due to its lower critical point, making reaching the supercritical state 
easier [18,19]. Compared with general solvents, CO2 is inexpensive, non-toxic, recyclable, and reusable, and has a wide range 
of uses in food, medical, and chemical industries [20]. Yu et al. [21], produced defect-free graphene using different agitators 
(type, diameter) in NMP with the help of scCO2 intercalation. When a straight impeller combined with a nonperforated draft 
tube was used, the proportion of 1-3 layers was about 56.4% [22]. 

Previous research has not discussed the simultaneous use of the Design Expert software and the use of the results of this 
software in the laboratory by the scCO2. Also, the effective and optimal parameters for the preparation of few-layer graphene 
are investigated, such as temperature parameters, pressure, an initial amount of graphite, the addition of co-solvents DMF, NMP, 
and Isopropanol, the addition of surfactants sodium hexametaphosphate and sodium lignosulfonate, Exfoliation duration in the 
cell, Carbon dioxide discharge rate, and performance of ultrasonic and centrifugation processes and comparison the soft results 
were not performed in a laboratory. This article discusses the above parameters and characterization of graphene prepared from 
graphite. 

2. Materials and Methods 

2.1 Materials and Equipment 
Devices applied in the experiments include a supercritical fluid device (made in the Food Industry Research Laboratory, 

Department of Chemical Engineering, Ferdowsi University of Mashhad, Iran), Carbon dioxide (Purity >99.5%, Shanghai high-
tech Co, China), Electronic balance (ALE-223, M.T. Electronic, Germany), Oven (ATP-G23,  Shimaz Co,  Iran), Ultrasonic 
device (DSA-150-SK, Camel, Germany), Centrifuge device (GUR-3200, Camel, Germany). 

Materials applied in the experiments include Graphite (99.99%, Merck, Germany), Sodium hexametaphosphate (99%, 
Riedel, Germany), Sodium lignosulfonate (99%, Riedel, Germany), N-Methyl pyrrolidone (NMP) (1.25 M, Mojalali Co, Iran), 
Dimethylformamide (DMF) (1.26 M, Mojalali Co, Iran), Isopropanol (1.25 M, Mojalali Co, Iran), Filter paper (Whatman, 
Germany). 

2.2 Design Expert 
The response surface method designs the test matrix based on the number of variables and each variable's maximum and 

minimum limits. In this way, the variable levels in each test and their number are determined. The arrangement in the design of 
experiments is such that reliable statistical results can be obtained even if the test is not repeated. Thus, this method facilitates 
the research approach and reduces the time and other side costs. On the other hand, it can evaluate the interaction of parameters 
[23]. Process variables were selected based on preliminary testing. The statistical table of variables analysis was determined for 
the experimental data using Design Expert 7.0 software. The response surface method is cost-effective and reliable for optimizing 
certain processes. This method decreases the number of required tests [24]. The Box Behnken test assessed the parameters 
affecting the response rate. To get a mathematical model, the Box Behnken design with seven variables and three repetitions in 
the central point of the design was utilized in this research to determine the effect of temperature, pressure, initial amount of 
graphite, the addition of co-solvents (DMF) and surfactants (Sodium hexametaphosphate), exfoliation duration in the cell, and 
carbon dioxide discharge time as shown in Table 1. 

Very little research has been done on experiment design using Design Expert software to investigate effective parameters in 
graphene synthesis using scCO2 fluid and the effect of these parameters on increasing graphene efficiency. In the above articles, 
the tests were limited due to the long analysis time, large number of test steps, and high cost, and only 2 to 4 effective factors 
were studied. Still, in this article, all effective parameters in the synthesis of graphene are discussed and studied without 
limitations [23,24]. 

Table 1: Levels and the experimental condition for Box Behnken design 

Factor Units Type Changes Std. 
Dev. 

Low 
level (-) 

High 
level (+) 

Temperature ℃ Factor Easy 0 30 60 
Pressure Bar Factor Easy 0 10 300 
Exfoliation duration in the cell: T (1) hr Factor Easy 0 1 2 
Carbon dioxide discharge time: T (2) Sec Factor Easy 0 5 30 
Amount of Di Methyl Formamide (DMF) g Factor Easy 0 0.02 0.2 
Amount of Sodium hexametaphosphate g Factor Easy 0 0.02 0.2 
Initial amount of Graphite g Factor Easy 0 1 5 
R1 

 
Response 

 
21.8942 0.8 126 
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2.2.1 Box-Behnken test design table in design expert software 
Table 2 shows the experiment design designed by the Box-Behnken method for seven factors, which runs 46 experiments. 

Table 2: Experimental runs for Box-Behnken design 

Run Factor A 
Temperature 
(℃) 

Factor B 
Pressure 
(Bar) 

Factor C 
Exfoliation 
duration in 
the cell (hr) 

Factor D 
Carbon 
dioxide 
discharge 
time 
(Sec) 

Factor E 
Amount 
of DMF 
(g) 

Factor F 
Amount of  
Sodium 
hexameta 
phosphate 
(g) 

Factor G 
Initial 
amount 
of 
Graphite 
(g) 

Factor H 
Response 

1 60 300 1.28 5 0.02 0.173 4.2 117 
2 60 10 2 5 0.2 0.0551 1 1.04 
3 55.5 79.6 1.935 30 0.2 0.1415 5 30 
4 55.05 227.5 1 21.125 0.1235 0.092 5 47 
5 30 95.55 1.57 5 0.1352 0.0965 2.8 22 
6 30 10 1.35 18.75 0.02 0.02 1 119 
7 36.3 10 1.01 30 0.145281 0.2 4.92 1.01 
8 30 256.5 1.65 16.25 0.0407 0.056 5 120 
9 48.15 108.6 1 12.75 0.2 0.02 1.4 1 
10 30 292.75 2 5 0.2 0.2 5 26 
11 60 10 1.055 30 0.02 0.2 5 31 
12 45 10 1 5 0.02 0.0353 5 59 
13 30 147.75 1 13 0.0209 0.2 3.84784 0.8 
14 60 141.95 1.6 5 0.2 0.02 5 24 
15 30 10 1.77 22.75 0.2 0.2 1.38 22 
16 43.8 10 1 30 0.1037 0.1397 1.26 0.9 
17 30 39 2 30 0.02 0.1208 3.6 38 
18 30 300 2 5 0.02 0.2 1 1.2 
19 60 10 1 5 0.02 0.191 1 35 
20 60 300 1.48 5 0.0983 0.02 1 35 
21 47.4 130.35 2 6.625 0.02 0.02 2.91073 60 
22 60 300 2 30 0.02 0.02 5 27 
23 45 198.5 1.42 5 0.1676 0.2 1 56 
24 46.5 300 1.72 17.875 0.2 0.083 2.98 126 
25 33.3 220.25 2 30 0.1631 0.02 1 123 
26 60 300 1.75 30 0.1271 0.02 1 44 
27 42 300 1 30 0.02 0.02 2.66 61 
28 39.45 300 1.525 30 0.101 0.2 4.12 53 
29 60 181.209 2 16.25 0.11 0.2 2.62 32 
30 46.5 300 1.72 17.875 0.2 0.083 2.98 117 
31 43.5 10 1.83 5 0.029 0.2 5 1.04 
32 38.55 256.5 1 5 0.02 0.0983503 1.02 30 
33 51.9 10 1 9.125 0.2 0.1865 4.4 47 
34 30 82.5 1.05 30 0.2 0.0326 5 22 
35 37.5 10 2 15.375 0.1604 0.02 5 119 
36 30 95.55 1.57 5 0.1352 0.0965 2.8 1.01 
37 30.6 300 1 5 0.2 0.02 5 120 
38 60 300 1 30 0.2 0.2 1 1 
39 30 300 1.97 27.4012 0.0209 0.117015 1.71885 26 
40 54.45 172.4 1.605 23.875 0.02 0.1199 1 31 
41 30 300 1 20.625 0.1649 0.1289 1 59 
42 60 10 1.475 27.125 0.1037 0.02 2.94 0.8 
43 54.45 172.4 1.605 23.875 0.02 0.1199 1 24 
44 33.75 10 1 29.375 0.02 0.0587 4.8 22 
45 55.05 227.5 1 21.125 0.1235 0.092 5 0.9 
46 60 181.209 2 16.25 0.11 0.2 2.62 38 

 

2.2.2 Optimization employing Box behnken design 
Forty-six experiments were designed by the software. The list of designed experiments and the points determined in each 

experiment are presented in Table 3. 
According to the prediction of Design Expert software, Quadratic was selected as a polynomial model. The obtained 

ANOVA Table (Table 3) was analyzed based on p (probability) values where p-values smaller than 0.05 imply the influence of 
the relevant factor. The term with a higher F-value and lower p-value is more significant. 

Based on Table 3, the p-value < 0.05 indicates the acceptable model conditions, while values greater than 0.05 suggest that 
the model conditions are insignificant. To predict the adequacy of the designed model, p-values and Lack of Fit were considered 
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in which the p-value should be less than 0.05 (Significant) and the Lack of Fit should be greater than 0.05 (Not significant). This 
holds for the response, suggesting that the designed model is suitable.  

Table 3: Statistical analysis result of entrapment efficiency 
 

Source Sum of Squares df Mean 
Square 

F-value p-value 
 

Model 67958.18 35 1941.66 4.05 0.0115 Significant 
Factor A: Temperature (℃) 2497.05 1 2497.05 5.21 0.0456 

 

Factor B: Pressure (Bar) 9557.73 1 9557.73 19.94 0.0012 
 

Factor C: Exfoliation duration  
in the cell (hr) 

3865.19 1 3865.19 8.06 0.0176 
 

Factor D: Carbon dioxide  
discharge time (Sec) 

854.27 1 854.27 1.78 0.2115 
 

Factor E: Amount of DMF (g) 90.64 1 90.64 0.1891 0.6729 
 

Factor F: Amount of sodium  
hexameta phosphate (g) 

4871.05 1 4871.05 10.16 0.2097 
 

Factor G: Initial amount of  
Graphite (g) 

1080.39 1 1080.39 2.25 0.0164 
 

AB 65.64 1 65.64 0.1369 0.7191 
 

AC 62.99 1 62.99 0.1314 0.7245 
 

AD 1253.91 1 1253.91 2.62 0.1369 
 

AE 14.07 1 14.07 0.0293 0.8674 
 

AF 15897.49 1 15897.49 33.16 0.3002 
 

AG 433.53 1 433.53 0.9044 0.0364 
 

BC 367.18 1 367.18 0.7660 0.4020 
 

BD 2418.61 1 2418.61 5.05 0.0485 
 

BE 534.83 1 534.83 1.12 0.3157 
 

BF 1.23 1 1.23 0.0026 0.9606 
 

BG 355.08 1 355.08 0.7408 0.4096 
 

CD 2334.47 1 2334.47 4.87 0.0518 
 

CE 1286.79 1 1286.79 2.68 0.1324 
 

CF 5021.97 1 5021.97 10.48 0.1189 
 

CG 794.58 1 794.58 1.66 0.0126 
 

DE 27.78 1 27.78 0.0579 0.8146 
 

DF 290.28 1 290.28 0.6056 0.4545 
 

DG 274.68 1 274.68 0.5730 0.4665 
 

EF 185.49 1 185.49 0.3870 0.5478 
 

EG 6.28 1 6.28 0.0131 0.9111 
 

FG 20.78 1 20.78 0.0433 0.8393 
 

A² 3677.71 1 3677.71 7.67 0.0198 
 

B² 4815.80 1 4815.80 10.05 0.0100 
 

C² 2552.15 1 2552.15 5.32 0.0437 
 

D² 3809.49 1 3809.49 7.95 0.0182 
 

E² 22.00 1 22.00 0.0459 0.8347 
 

F² 1625.53 1 1625.53 3.39 0.0954 
 

G² 38.05 1 38.05 0.0794 0.7839 
 

Residual 4793.55 10 479.36 
   

Lack of Fit 3427.66 5 685.53 2.51 0.1677 Not 
significant 

Pure Error 1365.90 5 273.18 
   

Cor Total 72751.73 45 
    

 
The nonlinear quadratic model Equation 1 shown below can be used to calculate the expected Y response: 

Y = α0 +  α1A +  α2B +  α3C + α1α1A2 +  α2α2B2 + α3 α3C2 +  α1α2AB + α1α3AC +  α2α3BC  (1) 

The model expressions A, B, C, D, G, A2, B2, C2, D2, AG, BD, and CG are important, as shown in Table 3. The final Equation 
2 in terms of real factors is as follows: 

Y =  −276.869 + 6.705A − 0.111B + 277.872C + 5.973D − 1059.111G + 24.811AG −
                      0.007BD − 409.296CG − 0.110A2 + 0.001B2 − 80.886C2 − 0.154D2   (2) 

The influence of the independent variables and their joint effects are presented in Pareto charts, shown in Figure 1. In these 
graphs, the influence of the variables is denoted by the bar length. The time when pressure has the greatest effect on the 
exfoliation process (24.46), then the carbon dioxide gas discharge time (17.42), and similarly the exfoliation time in the 
supercritical fluid device tube (17.42), the initial amount of graphite (15.49). Also, the Pareto diagram shows that the carbon 
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dioxide discharge time and temperature parameters had no effect. When the effect of temperature parameters and the amount of 
initial graphite is used as a component, it does not have an effective effect. Still, when the pressure and time of carbon dioxide 
gas discharge are used together, it acts as an effective parameter in exfoliation (9.51). Also, the square effect of B and D 
parameters did not have a good effect on peeling (-3.18 and -2.74), but the square effect of A and C parameters (5.93 and 1.24) 
had a significant effect [25,26]. 

 
Figure 1: Pareto chart for parameters of exfoliation 

Table 4 shows that R2 and Adjusted R2 values are also important. The closer they are to 1, the more adequate the model is. 
The software-proposed model is Quadratic, and the results of Fit Statistics are listed in Table 4. 

Table 4: Results of Fit Statistics 

Std. Dev. Mean C.V.% R² Adjusted R² Predicted R² Adeq Precision 
21.89 42.88 51.05 0.9916 0.9901 -4.5761 7.3290 

 
According to the Design Expert results, the optimal conditions to achieve the highest yield of graphene include: 
A temperature of 45˚C, a pressure of 155 bar, an initial graphite amount of 3 g, the addition of 0.1 g sodium 

hexametaphosphate as a surfactant, and 0.1 g DMF as a co-solvent, 1.5 hr of placing the sample inside the device for exfoliation 
and discharge of carbon dioxide from the device in 17.5 sec. 

2.3 Sample Preparation and Experimentation 
In the first step, Graphite (1, 2,3, and 5 g) was weighed on a filter paper, which was placed onto a Petri dish, and different 

co-solvents (NMP, DMF, and Isopropanol), and then distilled water was added. Next, different surfactants (in the first case, 0.1 
g sodium hexametaphosphate, and in the second case, 0.1 g sodium lignosulfonate) were mixed with the mixture. The mixture 
was wrapped in filter paper and placed in the cell of the supercritical fluid device. The exfoliation process was carried out under 
high pressure inside the stainless steel cell. To begin the process, the device was set at different temperatures (35, 45, 50, and 60 
˚C) and pressures (10, 50, 155, 250, and 300 bar), and scCO2 was released. Once the device provided the required pressure, it 
was turned off, and exfoliation was conducted for two different durations (1, 1.5, and 2 hr). Then, the carbon dioxide gas in the 
device was discharged using the discharge valve. To investigate the effect of discharge rate on graphene quality and yield, the 
gas was discharged in 5, 17.5, and 30 sec. After the sample was taken out of the cell, it was placed in the ultrasonic device and 
then the centrifuge for different durations (0-240 min ultrasonication and 0-120 min centrifugation) at different powers (0-300 
W) and different speeds (0-2000 rpm). Finally, the obtained samples were characterized. Figure 2 shows a schematic of the 
supercritical fluid device in which scCO2 fluid was utilized to produce graphene out of graphite [12]. 

 
Figure 2: Schematic of the carbon dioxide supercritical fluid device [12] 
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3. Results and Discussion 

3.1 Effect of Different Operational Parameters on The Quality and Yield of Graphene 

3.1.1 Temperature and pressure 
Experiments were carried out at temperatures 35, 45, 50, and 60℃ and 10, 50, 155, 250, and 300 bar pressures. During the 

exfoliation process of graphite, when the temperature increases, the energy of the CO2 molecules is increased, so it can overcome 
the van der Waals forces between the graphite layers and increase the graphene yield [27]. 

As pressure is a crucial parameter for the exfoliation of graphite into graphene, its influence on graphene yield was 
investigated. This increase in yield results from, as the pressure is increased, more CO2 molecules intercalated and accumulating 
in the interlayer of graphite due to a good compressibility of scCO2, which then generates a stronger repulsive free energy barrier 
that expands the space between the interlayers and, thus, results in an easier formation of graphene sheets. The space of the 
interlayer of graphite (0.335 nm) is large enough for the CO2 molecule (0.233 nm) to enter. The size of the gap is around 0.102 
nm. Thus, the CO2 molecule can diffuse into the interlayers of graphite. Moreover, this increase in pressure and the resulting 
higher free energy barrier and reduced attraction can also enhance the dispersion stability of graphene sheets. As a result, the 
yield is enhanced with increasing pressure. Still, it is noticed that the yield decreases to 49% when the pressure increases from 
250 to 300 bar, which might be attributed to the counteraction between the higher pressure and the cavitation effect of 
ultrasonication. In other words, higher acoustic pressure and increasing power are needed to produce the desired cavitation. The 
ultrasound role is suppressed at the higher pressure, so the yield decreases [28]. 

This research obtained the optimum temperature and pressure at 50℃ and 250 bar, respectively. According to Figure 3, 
with the increase of temperature from 35℃ to 50℃, the efficiency of graphene increased from 23% to 52%. Still, with the 
increase of temperature from 50℃ to 60℃, the efficiency of graphene decreased significantly. The reason is that the carbon 
starts to burn at temperatures above 50°C, resulting in reduced efficiency. Also, according to Figure 4, by increasing the pressure 
from 10 bar to 250 bar, the efficiency of graphene increased from 17% to 55%, but with the increase of pressure from 250 bar to 
300 bar, the efficiency of graphene decreased from 55% to 49%. The reason is that at pressures higher than 250 bar, the density 
of the solvent is reduced, it becomes more difficult to penetrate between the layers, and the separated layers accumulate again 
and form graphite, which decreases graphene efficiency. 

  
Figure 3: Effect of temperature on the yield of graphene Figure 4: Effect of pressure on the yield of graphene 

3.1.2 Initial amount of graphite 
Experiments were conducted using 1, 2, 3, and 5 g raw graphite. As shown in Figure 5, the yield reduces from 36% to 20% 

as the initial amount increases from 2 to 3 g. This could be because the amount of CO2 interacting between the interlayers of 
graphite was not enough to either expand the interlayer spacing or provide a higher free energy barrier that would have stabilized 
the graphene sheets. This suggests that the ratio between the CO2 amount and the initial graphite amount is also an important 
factor affecting graphene yield from graphite's exfoliation [29]. 

Figure 5 shows the effect of the initial amount of graphite on the yield of graphene. It can be seen that there is an optimum 
amount for the graphite used in the experiments. So, graphite should be low enough to ensure better exfoliation and graphene 
extraction. However, the amount of graphite should be high enough to ensure that the effects of different additives and the scCO2 
can be observed. It should be noted that a large amount of graphite causes processing problems in the device and increases the 
need for extraction fluid and side costs [30]. In this article, the optimum amount of raw graphite was 2 g, resulting in the highest 
yield of graphene. 
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Figure 5: Effect of the initial amount of graphite on the yield of graphene 

Figure 6:   

3.1.3 Surfactants 
In this study, the experiments applied sodium hexametaphosphate and sodium lignosulfonate as surfactants. These 

surfactants form a weak bond with graphite, decreasing the extra energy and, as a result, lowering the tendency of graphene 
sheets to another bonding. The addition of surfactant results in the better exfoliation of graphite and long-term stabilization of 
the resulting graphene [31]. According to the results of the experiments, fewer layers and a higher yield of graphene were 
provided by sodium hexametaphosphate. The reason for the better performance of sodium hexametaphosphate compared to 
sodium lignosulfonate is related to this material's structure and chemical properties. Sodium hexametaphosphate has 6 double 
bonds and, thus, has a greater inherent ability to avoid re-stacking graphene layers. To explain the exfoliation mechanism of 
sodium hexametaphosphate, it can be said that sodium hexametaphosphate is a mixture of metaphosphates with 6 double bonds. 
Heating sodium hexametaphosphate produces monosodium orthophosphate and monosodium pyrophosphate compounds used 
in industry as precipitation inhibitors and dispersant agents. Still, sodium lignosulfonate is a natural polymer derived from lignin. 
In a chemical process called sulfonation, lignin is converted to sodium lignin sulfonate, and by attaching a sulfate functional 
group to it, the solubility of lignin increases during the sulfonation process. The problem with sodium lignosulfonate is that at 
the end of the process, due to the very high pressure of the separation process, insoluble cellulose materials and salts that remain 
from sodium lignosulfonate are separated from the graphite layers and cause the graphene layers to be placed on top of each 
other again. Thus, sodium hexametaphosphate has a greater intrinsic ability to prevent the re-stacking of graphene layers than 
sodium lignosulfonate [32]. 

Raman spectroscopy was performed to further investigate the effect of the mentioned surfactants on the quality of the 
resulting graphene. The quality of graphene can be evaluated by calculating the intensity ratio of 2D-band to G-band (I2D/IG) in 
Raman spectra. Also, the intensity ratio of D-band to G-band (ID/IG) can be used to measure the number of structural defects in 
graphene. The D-band is associated with structural defects or hexagonal symmetry breaking of disordered graphite. The D-band 
becomes stronger for graphene as the graphene becomes thinner and smaller in size. The G-band is related to phonon vibrations 
in SP2 carbon materials. The shape and position of different peaks in the Raman spectrum can be used to determine the number 
of graphene layers. For fewer layers, the 2D-band shifts to a lower wavenumber becomes more symmetrical and increases in 
intensity. The weak D-band in the Raman spectrum of graphene is due to the structural defects of raw graphite, and the slight 
increase in the intensity of the D-band of graphene compared to graphite is attributed to the reduction in the size of the graphene 
sheets. After the process, the corners of the graphene sheets also appear as defects in the D-band of the Raman spectrum. So, as 
the graphene sheets become smaller, the contribution of the corners to the Raman spectrum increases compared to the carbon 
atoms of the main sheet, increasing the ID/IG ratio [33-35].  

Table 5 shows the results of Raman spectroscopy for raw graphite and multilayer, bilayer, and monolayer graphene based 
on the literature [36].  

Table 5: Characteristics of graphite and graphene evaluated by Raman spectroscopy [36]  

                                
Material 

Peak wavenumber (cm-1) ID/IG I2D/IG 
D-band G-band 2D-band 

Graphite 1343 1587 2720 0.17 0.42 
Multilayer graphene 1348 1585 2718 0.23 0.58 
Bilayer graphene 1352 1584 2717 0.31 0.61 
Monolayer graphene 1356 1583 2716 0.35 0.63 

 
Figure 6A shows the Raman spectrum of graphite and graphene precursors. Figure 6B shows the Raman spectrum of the 

original graphite. Figure 6C and D are graphite synthesized using sodium hexametaphosphate and sodium lignosulfonate. 
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According to Figure 6C and D, sodium hexametaphosphate provides a larger I2D/IG than sodium lignosulfonate, indicating the 
synthesis of graphene with fewer layers and higher quality. According to Figure 6C and D, it can be seen that the growth of I2D/IG 
and the very low peak range of the D-band, as well as the number of the 2D-band, show that the graphene has been synthesized 
with a higher quality. A small shoulder of the G-band at 1620 cm-1 corresponding to the D-band is observed, which is consistent 
with the observation of a strong D-band in the graphene sample. Also, the shape and position of the two-dimensional band are 
often used to identify the layer number (mainly for those with less than 3 layers) [35,36]. The value of relative intensity (I2D/IG) 
of multilayer graphene is 0.58, which indicates that graphene is less than 3 layers, which is consistent with AFM results. 
Furthermore, a slight blue shift in the 2D-band (from 2720 to 2716 cm-1) is observed, proving that the graphite has been 
successfully exfoliated in scCO2. 

The highest ID/IG in graphene samples obtained by the scCO2 method are 0.31 and 0.35, much lower than the corresponding 
values reported using other graphene synthesis methods. For example, in synthesizing graphene using a chemical method that 
includes oxidation and reduction processes, the ID/IG ratio is higher than 1, meaning that the graphene structural defects resulting 
from the chemical method are more than those obtained by the scCO2 [37].   

Figure 7 shows the effect of adding sodium hexametaphosphate and sodium lignosulfonate surfactants to graphite. So, 
according to Table 5, it was found that the lower the number of G-bands, the thinner graphene, is formed. According to Table 5 
and Figure 7, it was understood that due to the addition of sodium hexametaphosphate, the G-band moved from 1587 cm-1 
(graphite) to 1583 cm-1 (monolayer graphene), but due to the addition of sodium lignosulfonate to 1584 cm-1 (bilayer graphene) 
is reached, which shows the better performance of sodium hexametaphosphate in the formation of monolayer graphene. 
According to the mentioned material about the inherent and superior properties of sodium hexametaphosphate in converting 
graphite to graphene compared to sodium lignosulfonate, the effect of adding these two surfactants on graphene efficiency was 
investigated in Figure 8. By adding sodium hexameta- phosphate and sodium lignosulfonate, the graphene yield was 53% and 
47%, respectively, which indicates the better performance of sodium hexametaphosphate. 

3.1.4 Co-solvents  
In general, the addition of co-solvent increases the polarity. The scCO2 is nonpolar, so adding co-solvent increases the 

polarity and solubility of this fluid, which improves the interaction between graphite and the scCO2 and improves the penetration 
of the supercritical fluid. The penetration into the graphite layers increases, and more graphene is obtained [38,39]. Different co-
solvents such as NMP, DMF, and Isopropanol were applied in this study because they cover a wide range of polarities. Among 
the utilized co-solvents, NMP and DMF performed better than Isopropanol since they have higher dielectric constants. By 
preventing the re-accumulation of graphene layers and maintaining their stability, NMP and DMF result in a lower d-spacing 
between graphitic layers. Isopropanol has a low dielectric constant and cannot maintain the stability of the sheets, and as a result, 
the smaller sheets re-accumulate, and the number of graphene layers increases [40,41]. 

TEM images are used to study the changes in the structure of graphite after applying the supercritical process of carbon 
dioxide and the morphology of graphene layers. TEM uses electrons with very high voltage, and then the received signal is 
processed to display on a screen. Considering that the transmission electron microscope's operation is based on the electron 
beam's passage through the material, the darker areas indicate that fewer electrons have passed through this part of the material. 
In other words, the dark areas in the TEM images indicate the higher density of the material, which prevents the passage of the 
electron beam. Thus, the darkness of the graphite particles in the images is due to the difficulty of penetrating the electron beam 
into their thick structure, indicating the accumulation of many graphene layers in the graphite mass. In other words, monolayer 
graphene can be considered as a transparent film based on TEM properties. With the help of TEM images, a detailed analysis of 
the morphology of graphene layers is possible. The lateral size of the graphene layers in these images ranges from several hundred 
nanometers to several micrometers. Compared with the TEM images of graphite, the exfoliated graphene layers are very 
transparent, which shows that the thickness was greatly reduced, and the supercritical fluid effectively carried out the graphite 
exfoliation process. With the help of TEM images and careful observation of the corners of the graphene layers, the number of 
layers can be determined. Thus, the different layers in the corners can be seen as parallel lines [42]. 

TEM images of samples obtained from three different types of components are shown in Figure 9. It was found that 
monolayer and multilayer graphene can be obtained by exfoliation of graphite in DMF (Figure 9A), NMP (Figure 9B) and 
Isopropanol (Figure 9C) with the help of scCO2. A folded monolayer graphene can be observed, as shown in Figure 9A. An 
electron diffraction pattern of the typical selected area (inset in Figure 9A and B) demonstrates that the graphene sheet is well 
crystallized in a hexagonal symmetry structure, which confirms that there are no distortions in the products during the exfoliating 
process. A Surface wrinkle bilayer and a folded graphene are shown in Figure 9B. 

In other words, Figure 9A shows the view of graphene obtained with DMF co-solvent, from which it can be seen that the 
graphene sheet is thin and transparent, there is no apparent aggregation phenomenon with DMF co-solvent, and the lateral size 
of the resulting graphene was large and monolayered. Figure 9B shows the view of graphene obtained with NMP co-solvent, 
from which it can be seen that the obtained graphene sheet is thin, large, and transparent, but in some places, the sheets are folded 
and wrinkled, which shows It has two layers of graphene. It can be seen from Figure 9C that the use of isopropanol co-solvent 
leads to the thickening of the graphene sheet and the phenomenon of irregular stacking can be clearly seen, which means the 
fragments have a relatively large aspect ratio and the lateral size was about a few microns.  

Also, in Figure 10, the effect of adding different solvents on graphene yield can be seen. As it is known, the graphene yield 
is 42% in the presence of DMF, 25% in the presence of NMP, and 10% in the presence of Isopropanol. 
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(B) 

 
 (C) 

 
(D)  

Figure 6: Raman spectrums for (A) Raman spectra of graphite and graphene. Reproduced with permission (B) raw graphite,  
                (C) monolayer graphene obtained using sodium hexametaphosphate, and (D) bilayer graphene obtained using sodium  
                  lignosulfonate [37]  
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Figure 7: Effect of adding surfactants on G-band’s intensity Figure 8: Effect of adding surfactants on the yield of graphene 

 
Figure 9: Effect of adding different co-solvents on the number of graphene layers: (A) DMF (monolayer graphene), (B)  

                      NMP (bilayer graphene), and (C) Isopropanol (multilayer graphene) 

 
Figure 10: Effect of adding different co-solvents on the yield of graphene 
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3.1.5 Exfoliation duration in the cell 
To investigate the effect of exfoliation time inside the device on graphene yield, the operating conditions were set to the 

optimal temperature and pressure (50°C and 250 bar). By reducing the sample placement time inside the cell, scCO2 and graphite 
absorbed more shear energy and reduced the interaction between adjacent layers of graphite, resulting in higher efficiency. 
Further, the increase in yield by prolonging the cutting time for more than 1 hr was small, indicating that 1 hr is enough to achieve 
complete exfoliation. In fact, prolonging the exfoliation for more than 1 hr leads to the accumulation and cracking of the graphene 
layers and increases the thickness of the sheets. In this case, the exfoliated layers can re-accumulate and reduce the graphene 
yield [43]. 

Figure 11 shows the effect of processing time on the thickness of graphene sheets. As mentioned earlier, in the TEM test, 
the graphene layers can be counted due to the very high resolution, which shows that the thickness has been greatly reduced and 
the graphite exfoliation process by the supercritical fluid has been very effective. In Figure 11A, with 1 hr of placing the sample 
inside the graphene device, 1-3 layers were observed, and in Figure 11B, with 2 hr of placing the sample inside the graphene 
device, 10-15 layers were observed. Black areas say very high accumulation of graphene layers on top of each other and re-
formation of graphite.  The results showed that graphene with fewer layers and higher quality was obtained within 1 hr, as shown 
in Figure 12. When the exfoliation time in the cell was reduced from 2 hr to 1.5 and 1 hr, the graphene yield increased from 10% 
to 17% and then 20%. 

 
(A)                                                                                    (B) 

Figure 11: TEM images of graphene samples obtained: (A) after 1 hr, and (B) after 2 hr 

 
Figure 12: Effect of exfoliation time on the yield of graphene 

3.1.6 Carbon dioxide discharge rate 
Another important parameter of graphene formation is the discharge rate of carbon dioxide from the supercritical fluid 

device. In longer degassing (30 sec), the scCO2 has enough time to destroy the van der Waals force between the graphite layers 
and form graphene sheets. But in fast discharge (5 and 17.5 sec), due to the short gas discharge time as well as the high pressure 
and speed of the supercritical fluid, the carbon dioxide moved irregularly in all directions as a result of all the power of the carbon 
dioxide to remove the force, van der Waals is not used. So, the production efficiency of graphene decreases. The longer the 
carbon dioxide gas is discharged (30 sec), the higher quality thin layer graphene is produced. However, an outgassing time of 
more than 1 minute is also not recommended because the exfoliated graphene sheets can re-aggregate to form graphite [44]. 

Figure 13 shows the effect of carbon dioxide discharge rate on the thickness of graphene sheets. In Figure 13A, the TEM 
image shows the discharge time of carbon dioxide gas from the device for 5 sec, and the black dots represent 10-15 layers of 
graphene. The Figure 13B is taken at a discharge time of 30 sec, and the transparent dots represent mono/bilayer graphene. Figure 
14 shows the effect of the carbon dioxide gas discharge time parameter from the device on the efficiency of graphene. As can be 
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seen, in the discharge time of 5 sec, the efficiency of graphene is 5%. In the discharge time of 17.5 sec, the efficiency of graphene 
is 7.5%, and in the discharge time of 30 sec, the efficiency of graphene is 10%. 

 
(A)                                                                                    (B) 

Figure 13: TEM images of graphene samples obtained: (A) after the gas was discharged in 5 sec, 
                                           and (B) after the gas was discharged in 30 sec  

 
Figure 14: Effect of gas discharge duration on the yield of graphene 

3.1.7 Ultrasonication time and power 
About the effect of optimal ultrasound power, carbon dioxide, and graphite molecules absorb more energy the higher the 

power. This intensifies the movement of the carbon dioxide molecules between the graphite layers and causes the van der Waals 
force to weaken and break down. Creating more space between the resulting graphite layers and mono/multilayer graphene 
exfoliation is performed [45]. About the effect of optimal ultrasonic time, it can said that at time zero, when the ultrasonic 
operation has not yet started, the graph efficiency is zero. As ultrasonic time increases, carbon dioxide molecules have more 
opportunities to disperse between graphite layers, resulting in more graphite detachment. The reason for the slow growth of the 
exfoliation power after the optimum time can be attributed to the limitation of the amount of carbon dioxide in the reactor. 
Increasing the optimal ultrasound power and time leads to structural defects in the graphene. Therefore, the device must operate 
at optimum time and optimum power. In fact, with optimal time and power, the number of layers and the lateral sizes of the 
graphene layers can be controlled so that the number of layers and the size of the obtained graphene reach their lowest value 
[46]. In this study, the optimal time and power of ultrasonic operation were determined to be 120 min and 240 W, respectively. 

Figure 15A and B shows the effect of not using/using ultrasonic, respectively. As can be seen, if the ultrasonic operation is 
not performed, the graphene layers will sit on top of each other and form graphite . 

 In Figure 16A, the effect of ultrasonic operation up to 300 W power was investigated. As can be seen, by increasing the 
ultrasonic power from 60 W to 240 W, the efficiency of graphene increases from 25% to 40%, and by increasing the power to 
300 W, the efficiency decreases from 40% to 28%. In Figure 16B, the effect of ultrasonic time up to 240 min was investigated. 
As can be seen, by increasing the ultrasonic time from 60 min to 120 min, the graphene efficiency increases from 10% to 20%. 
Still, by increasing the time to 180 min, the efficiency decreases to 17%, and to 240 min, the efficiency decreases to 12%.  
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(A)                                                                                   (B) 

Figure 15: TEM images of graphene samples obtained: (A) in the absence of ultrasonication,  
                                             and (B) by ultrasonication at 240 W for 120 min 
 

 
(A)                                                                                    (B) 

Figure 16: Effect of ultrasonication time (A) and ultrasonic power (B) on the yield of graphene 

3.1.8 Centrifugation time and power 
Due to moderate ultrasound and centrifugation, the semi-agglomerated graphene can be dispersed on one side, and the 

unstriped graphite can be separated on the other. Also, to the large graphene grains, the dispersed phase usually contained small 
flakes and graphite crystals that had to be removed by centrifugation. We know that a lower centrifugal velocity leads to a higher 
graphene concentration because thicker graphene sheets remain in the supernatant. At the same time of centrifugation, the number 
of graphene layers obtained only by increasing the speed of centrifugation definitely became less and less [47].  

Figure 17A and B shows the effect of not using/using centrifuge operation on graphene formation, respectively. According 
to Figure 17A and B and the above explanation about the centrifuge operation, it was found that if the centrifuge operation is not 
done at the optimal speed and time, the graphene efficiency will decrease. Figure 18A and B shows the effect of centrifuge time 
and speed on graphene efficiency. According to this Figure, it is clear that the use of centrifuge with 1000 rpm for 1 h resulted 
in the highest graphene efficiency (25%) and graphene A thicker layer was separated, resulting in a well-understood decrease in 
graphene concentration. 

 
(A)                                                                   (B) 

Figure 17: TEM images of graphene samples obtained: (A) in the absence of centrifugation,  
                                              and (B) by centrifugation at 1000 rpm for 60 min 
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(A)                                                                                   (B) 

Figure 18: Effect of centrifugation speed (A) and time (B) on the yield of graphene 

3.2 Properties of Graphene Obtained at Optimal Operating Conditions 
Different parameters affecting the yield of graphene obtained through graphite exfoliation using scCO2 were discussed in 

Section 3.1. According to the obtained results, the optimal operating conditions for achieving the maximum graphene yield in 
the laboratory are summarized in Table 6. 

Table 6: Optimal conditions for obtaining a maximum yield of graphene 

Parameter Optimal condition 
Temperature 50˚C 
Pressure 250 Bar 
Initial graphite amount 2 g 
Surfactant Sodium hexametaphosphate 
Co-solvent DMF 
Exfoliation duration in the cell 1 hr 
CO2 discharge duration 30 Sec 
Ultrasonication time and power 120 min at 240 W 
Centrifugation time and speed 60 min at 1000 rpm 

 
The graphene obtained using the operating conditions mentioned in Table 6 was characterized through XRD spectroscopy 

and AFM. XRD spectrums of raw graphite and graphene samples synthesized using sodium hexametaphosphate and sodium 
lignosulfonate are depicted in Figure 19. The position of the main peak of these spectrums is tabulated in Table 7. The position 
of the main peaks of graphite and monolayer and bilayer graphene reported in the literature are also given in Table 7 for 
comparison.  

To further explain the meaning of the XRD test, it can be said that when X-rays are emitted from the XRD device onto a 
material, they can act like a ((fingerprint)) to identify a material. To this end, XRD analyses of graphite and graphene samples 
and a comparison between them were performed to further investigate the structural changes of graphite after using a scCO2. 
Figure 19A shows the prototype of graphite and graphene. According to Figure 19A and the XRD test of purchased graphite in 
Figure 19B and comparing these two Figures, it was found that the primary graphite had very high purity. The primary graphite 
has a very high purity. By comparing Figure 19C and D with Figure 19A, it was also found that the position of the XRD peak in 
the spectrum of graphene is similar to that of graphite. Still, the intensity of the peak in the XRD pattern is similar to that of 
graphene and is greatly reduced compared to graphite. This significant decrease is related to the decrease in the density of graphite 
layers. In other words, due to the very thin layers formed after the exfoliation process, the intensity of the (002) peak in the 
graphite decreased significantly, showing that the extraction of graphene using sodium hexametaphosphate was successfully 
performed lignosulfonate and it was converted into mono/bilayer graphene, respectively [48]. 

Table 7: Position of the main XRD peaks of graphite and graphene in the present study and 
                                         the previous literature [48] 

Material 2θ (˚) in the current study 2θ (˚) in the previous literature 
Graphite 26.66 26.66 
Monolayer graphene 26.48 26.48 
Bilayer graphene 26.44 26.45 
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 19: (A) XRD patterns of initial graphite and graphene, XRD spectrums of (B) raw graphite,  
                               (C) monolayer graphene synthesized using sodium hexametaphosphate, and (D) bilayer  
                               graphene synthesized using sodium lignosulfonate [48] 
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A promising method for determining the number of graphene layers is the investigation of AFM height profiles obtained for 
graphene samples. Figure 20A and B shows the AFM images and height profiles of graphene samples placed on a mica substrate. 
As can be seen, the graphene samples synthesized using sodium hexametaphosphate (Figure 20A) and sodium lignosulfonate 
(Figure 20B) have an average thickness of 1.5 and 2.5 nm, which correspond to monolayer and bilayer graphene [49].  

 
Figure 20: AFM images of surface topography and height profiles of graphene obtained at optimal conditions: (A) 

monolayer graphene synthesized using sodium hexametaphosphate and (B) bilayer graphene synthesized using 
sodium lignosulfonate 

Figure 21:   

With the help of Design Expert software and conducting tests in the laboratory, the effect of operating parameters such as 
temperature, pressure, the initial amount of graphite, adding a surfactant and co-solvents, the duration of exfoliation in the cell, 
the duration of gas discharge, the duration of time and power of the ultrasound and the duration of time and speed of the centrifuge 
were evaluated on the efficiency and properties of the product and the optimal conditions were determined. 

Finally, for a better comparison, the optimal values predicted by the Design Expert software and the results of the 
experiments performed in the laboratory are given in Table 8. 

Table 8: Optimal values predicted by Design Expert software and experiments taken in the laboratory 

Parameters Factor Optimal values predicted 
by Design Expert software 

Optimal values obtained from 
experiments in the laboratory 

 Temperature A 45 ℃ 50 ℃ 
 Pressure B 155 Bar 250 Bar 
Exfoliation duration in the cell of the 
supercritical device 

C 1.5 hr 2 hr 

Carbon dioxide discharge time D 17.5 Sec 30 Sec 
Amount of DMF E 0.1 g 0.1 g 
Amount of  
sodium hexametaphosphate 

F 0.1 g 0.1 g 

Initial amount of graphite G 3 g 2 g 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ (𝐿𝐿𝑛𝑛) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ (𝜇𝜇𝑛𝑛) 

𝐻𝐻
𝐿𝐿𝐻𝐻
𝐿𝐿𝐿𝐿
ℎ 

(𝐿𝐿
𝑛𝑛
) 

𝐻𝐻
𝐿𝐿𝐻𝐻
𝐿𝐿𝐿𝐿
ℎ 

(𝐿𝐿
𝑛𝑛
) 

𝐻𝐻𝐿𝐿𝐻𝐻𝐿𝐿ℎ𝐿𝐿 𝑆𝑆𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 1.5 𝜇𝜇𝑛𝑛 0.0 
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4. Conclusion 
In this article, a new method for the preparation of mono/bilayer graphene using scCO2 was presented. To improve the quality 

of the graphene produced, temperature, pressure, graphite quantity, solvent, and surfactant parameters were checked and adjusted 
during the exfoliation process. In addition, the time to introduce the graphite sample into the supercritical cell, release carbon 
dioxide gas from the instrument, and perform ultrasonic and centrifuge operations were optimized. Characterization of the 
synthesized graphene was performed by TEM, AFM, XRD, and RAMAN spectroscopy. The results confirmed that the scCO2 
could penetrate between the graphite layers at high speed and high pressure and separate the graphite layers well. The authors 
believe that the use of scCO2 fluid in the synthesis of graphene has numerous advantages, such as high permeability, low 
viscosity, short extraction time, easy product recovery, environmental friendliness, and the elimination of the use of toxic and 
expensive chemicals will be used in the near future to make the method superior to other common methods of graphene 
production. With the help of supercritical fluid extraction, new products with special properties and high purity can also be 
manufactured and marketed commercially. 
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