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ABSTRACT

Traditional ‘‘top-down’’ methods for graphene preparation, like micromechan-

ical cleavage and ultrasound methods, usually cannot preserve both efficiency

and quality simultaneously. Herein, we provide an environmental-friendly

graphene exfoliating method with high efficiency and high quality that com-

bines the microfluidization process (liquid phase) and supercritical carbon

dioxide process (gas phase), namely the dual-phase exfoliating (DPE) method.

The combination of effective tangential force (shearing force) and normal force

(push and pull), which are originally from microfluidization and supercritical

carbon dioxide process, respectively, maximizes the exfoliating efficiency. The

DPE method offers a high yield of up to 70.25% for graphene preparation

(941.04 g per day theoretically), while the graphene sheets could remain single

or a few layers ([ 80%) and around micron size. By molecular dynamic simu-

lations, it is theoretically proved that carbon dioxide can intercalate between

graphite layers and expand the interlayer spacing under supercritical condi-

tions. This DPE method, by combining the advantages of different phase pro-

cesses, provides an ideal process design perspective for large-scale preparation

of other 2D materials.
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Introduction

Graphene, a single layer of carbon atoms with

hexagonal lattice, has been considered as the ideal

candidate for many applications owing to the entic-

ing properties, like super mechanical strength [1],

high thermal conductivity [2], high surface area [3]

and the quantum mechanical effect [4]. The proper-

ties of graphene strongly depend on its size and

thickness [5]. The arising demand of high-perfor-

mance graphene has led to multitudinous research

efforts on quality-controllable graphene preparation

with cost-effective and scalable manufacturing.

It is well known that there are two strategies for

graphene preparation, bottom-up and top-down

method. (a) The bottom-up method is mostly based

on chemical vapor deposition (CVD), by which car-

bon-containing molecules were used as precursors or

sources to deposit on a substrate and form graphene

films. However, extremely high cost and harsh

preparation conditions, such as preparation and

transfer of substrates, limit the industrialization;

(b) top-down methods, such as micromechanical

cleavage, chemical exfoliation and liquid-phase

exfoliation, by which bulk graphite is separated

directly into single or few layers by external forces.

Chemical exfoliation and liquid-phase exfoliation [6]

could overcome interlayer interactions, and they are

considered as the promise methods for the industrial

preparation of graphene. Due to extremely mild and

easily up-scalable, liquid-phase exfoliation has been

considered as an ideal strategy for graphene prepa-

ration [7]. Paton et al. developed a simple model, in

which exfoliation occurs when shear rate exceeds

104 s-1 [8]; then, various devices with a high shear

rate have been developed to reach the critical point,

from industrial [9] to domestic mixing types of

equipment [10]. However, the time-wasting (up to

ten hours) and energy-consuming [11] process is

uneconomic, let alone the problem of uncontrollable

quality in size and thickness or the low yields.

Microfluidization is a liquid-phase method that

pushes the high-pressure fluid (up to 207 MPa) into a

well-designed microchannel (Y or Z type, diame-

ter\ 100 lm). Extremely high shear rates (�c * 108

s-1) could produce uniform materials with a very

small size [12]. Therefore, it has been widely used for

the fabrication of nanosuspensions, such as polymer

nanoparticles [13] and carbon nanotubes [14]. After

100 cycles of this procedure, Karagiannidis et al.

exfoliated graphene flakes with the mean lateral size

around 1 lm and mean thickness of * 19 nm [12].

However, the significantly increased intensity ratio of

the D to G peaks (I (D)/I (G)) suggested smaller sheet

diameter and a greater degree of defects. Therefore,

to meet the enormous industrial potential applica-

tion, microfluidization for quality-controllable gra-

phene preparation requires further improvement.

Gas can provide considerable potential energy

because of its compressibility. Recently, Reza et al.

[15] have found a pure gas-phase method named

compressible flow exfoliation (CFE). The layered

materials were suspended in high-pressure gas and

undergoing expansion to produce 2D nanosheets.

According to fluid dynamic calculation, sufficient

shear rates ([ 105 s-1) formed in narrow orifices and

converging–diverging channels can stimulate the

exfoliation of raw layered materials mixed with the

gas. The shear force produced by high-speed, gradi-

ent and compressed gas (higher than 1000 m/s)

played the rule in the exfoliation, rather than the

molecular interpolation stated in the previous studies

on supercritical gas-assisted methods [16–18]. The

huge potential energy of compressed gas allowed the

processing time to be shortened to the second scale

(about 2 s). Although the final yield after one

preparation cycle is less than those of most liquid-

phase exfoliation methods, introducing gas phase

into the top-down graphene manufacturing is still

worth expecting.

Herein, we developed a newly synergistic strategy

(DPE method) to fabricate a time-saving, high yield

(70.25%) and size-controllable graphene preparation

technology, combining the microfluidization process

(liquid-phase, LP, process) and supercritical CO2

process (gas-phase, GP, process). The graphene flakes

prepared by this method were mostly in form of

monolayer and few-layer sheets. And the graphene

dispersion still presented excellent dispersion stabil-

ity after two months of standing. Besides, this

method is environmentally friendly and has charac-

terized by high yield (70.25%, 941.04 g per day the-

oretically), which has important guiding significance

for scalable manufacturing and long-term develop-

ment of graphene. Furthermore, the intercalating

mechanism of the supercritical CO2 was analyzed by

molecular dynamic (MD) simulation.
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Experimental section

Materials

Graphite flakes with high purity was purchased from

Nanjing XFNANO Materials Tech. Co., Ltd. (China).

Polyvinylpyrrolidone (PVP, P110611) was purchased

from Shanghai Aladdin Biochemical Technology Co.,

Ltd. (China). Analytical-grade ethanol was purchased

from Rionlon Bohua Pharmaceutical Chemistry Co.,

Ltd. The water mentioned in all experiments was

deionized water.

DPE method fabricated graphene

The DPE method (Fig. 1) involves alternating

microfluidization process (liquid-phase, LP, process)

and supercritical CO2 process (gas-phase, GP, pro-

cess), namely LP–GP–LP process. The graphite with a

size of 100 mesh and polyvinylpyrrolidone (PVP)

were mixed with 0 * 60 vol% ethanol aqueous

solution. PVP is a linear homopolymer which is sol-

uble in water and many other polar solvents. Prior

studies indicated that PVP can adsorbed on the sur-

face of graphene to improve dispersion stability

[19–22]. The average molecular weight (MW) of PVP

used in this study is about 10,000 (small MW),

because larger MW creates higher viscosity for the

dispersion. Then higher viscosity leads to higher

heat, which may cause the failure of the PVP and

solvent evaporation. In our experiments, the graphite

concentration Ci (10 mg/mL) and PVP concentration

CPVP (10 mg/ml) were selected as typical match.

First, the mixture was processed 20 cycles at a typical

pressure (100 MPa) by microfluidization homoge-

nizer (LP process) with a Y-type geometry diamond

interaction chamber (F20Y-RT, Genizer), as shown in

Fig. S2a. Before injecting into the chamber, the tem-

perature of the mixture was controlled around 303 K

by a cooling system. Subsequently, the mixture was

transferred into a supercritical carbon dioxide

(ScCO2) reactor (Fig. S2b) and heated to 313.2 K by a

heating jacket. Then liquid CO2 was pumping into

the rector to 20 MPa under stirring. After a reaction

of 3 h, the mixture was taken out and ultrasonicated

in an ice bath for 30 min to discharge CO2 gas from

the solvent. Next, the microfluidization process was

carried out again for 20 cycles. Eventually, the dis-

persion was centrifuged at a specific speed

(1500 rpm, 90 min), two-thirds of which were taken

for further characterization.

Characterization

A UV–Vis spectrophotometer (Shimadzu UV-1800)

was used to measure the absorbance of the exfoliated

graphene dispersion at 660 nm. The concentration of

exfoliated graphene, C, after centrifugation was cal-

culated using the Lambert–Beer law (A ¼ aCl).
Raman spectra were measured by using a LabRAM

HR Evolution (HORIBA Jobin Yvon S.A.S.) with

50 9 lens and 532-nm laser. Graphene samples were

prepared by freeze-dryer at 223.2 K and then were

flattened on a glass substrate. A Thermo Fisher Sci-

entific ESCALAB 250Xi X-ray photoelectron spec-

troscopy (XPS) system was used to perform the

element analysis of the graphene film. The X-ray

source gun type is an Al K Alpha. The analyzer mode

of survey scans is CAE: pass energy 100 eV, and the

analyzer mode of detailed scans is CAE: pass energy

20 eV.

Figure 1 A typical schematic

illustration for the LP–GP–LP

process of DPE method,

containing alternating

microfluidization (LP) and

supercritical CO2 (GP)

processes All mixtures are

dispersed in an ethanol/water

solution (single column).
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A Bruker Dimension ICON atomic force micro-

scope (AFM) was used to measure graphene thick-

ness and surface morphology. The graphene sample

was prepared by spin coating of the dispersion onto a

silicon wafer and followed by drying at 423.2 K.

An FEI Tecnai G2 F20 S-TWIN scanning transmis-

sion electron microscope (TEM) was used to observe

the graphene morphology and lattice structure.

Before TEM observations, 10 lL of the dispersion was

dropped onto carbon-coated grids and then dried

under 353 K.

To analyze the structure of the exfoliated flakes, X-

ray diffraction (XRD) experiments were conducted

using a Shimadzu X-ray diffractometer (XRD-6100)

with Cu K a radiation operated at 40 kV and 200 mA.

Results and discussions

Graphene prepared within different process
conditions

Here, we propose a new method for graphene

preparation, named the DPE method, combining

microfluidization and ScCO2 processes. A series of

comparative tests were designed to evaluate effi-

ciency to further enhance production.

One of the keys to the liquid-phase methods is the

efficiency of energy utilization. Energy input in the

microfluidization process (liquid-phase, LP, process)

is critical to reducing the lateral and radial dimen-

sions of graphene. Exfoliating in the microfluidiza-

tion process mainly relies on the strong shear force

provided by the high-speed fluid flow and pinch

forces by particles colliding with each other in the

interaction chamber (diameter, d * 75 lm, Fig. S2 a);

in other words, energy could be applied to the whole

fluid volume for higher efficiency [7]. In contrast, for

most ‘‘top-down’’ methods such as high-speed

shearing and ultrasound, the energy intensity

depends on the position of the force sources (mixing

heads and ultrasound probes), leading most of the

material cannot be efficiently treated due to the

energy dissipation [23, 24]. The yields by weight

YW = C/Ci are lower than 20% [6] [25], where

C means the final concentration of graphene and Ci

means the initial concentration of graphite. Oxidation

or other chemical treatments will not be discussed

here, because of the introduction of other functional

groups on graphene. Herein, we compare the

efficiencies of these three methods, that are,

microfluidization process, high-speed shearing and

ultrasound methods. (The experimental parameters

are shown in Table S1.) As shown in Fig. S1, after

high-speed shearing, most of the graphite flakes were

still in large size. After 24 h standing, the obvious

precipitation was observed. In contrast, the disper-

sion prepared by the microfluidization method was

stable and most graphite flakes were effectively

exfoliated to small size. The concentration of the

graphene C could be calculated by Beer–Lambert law:

A/l = aC, A/l states the light absorption (A) in a

medium over a certain distance (l). The extinction

coefficient (a) is specific to a particular 2D layered

material, solvent and wavelength. (For graphene,

a = 1390 mL/mg• m in surfactant/water solution.)

After centrifugation (1500 rpm for 90 min), the C is

1.221, 0.16 and 0.091 mg/mL, for 30 min of

microfluidization method, ultrasound and high-

speed shearing method, respectively (Fig. 2a). The

higher concentration indicates microfluidization is an

ideal method for graphene preparation as compared

with typical ‘‘top-down’’ methods [12, 15, 26, 27]. The

effect of initial graphite concentration (Ci) in the LP

process was subsequently explored. Usually

increased initial graphite concentration (Ci) could

increase final output for traditional liquid-phase

methods [8, 28]. Figure 2b indicates that C increases

with the increase in Ci. However, C decreased when

the Ci was up to 10 mg/ml. With the increase in the

graphite concentration, the contact between graphite

and liquid medium will be relatively reduced.

Therefore, production cannot be enhanced by simply

increasing initial graphite concentration (Ci), which

was set to 10 mg/ml for all experiments in this study.

Excessive homogenization will cause severe frag-

mentation (nanometer size in radial direction) of

graphene [8, 12, 22, 29], reducing the actual perfor-

mance because of the strong size dependence in

applications [5, 30]. To reduce excessive fragmenta-

tion, introducing mild gas phase like supercritical

CO2 (ScCO2) into the ‘‘top-down’’ processes is gaining

considerable attraction [15, 17, 21, 31]. According to

Pu et al. [32] and Rangappa et al. [17], ScCO2, owing

to high diffusivity, expansibility and solvating

power, could weak van der Waals force by interca-

lating into graphite spacing, named the intercalation

mechanism. Relatively, Xu et al. [21] proposed

micelles can be turned to reverse micelles in the

emulsion microenvironment consisting of ScCO2 and

15656 J Mater Sci (2021) 56:15653–15666



PVP. The force due to curvature change will tear the

graphene off the graphite, named the Micellar

transformation mechanism. Based on these two

mechanisms, the ScCO2 process (GP) is an ideal

gentle method for graphene preparation without

excessive fragmentation. Herein, we try to graft the

ScCO2 process (GP) into the microfluidization pro-

cess (LP). The typical DPE method is designed as LP–

GP–LP; that is, the ScCO2 process is placed between

two independent microfluidization processes. Mean-

while, single microfluidization process and ‘‘one

microfluidization process ? one ScCO2 process,’’

named LP and GP–LP, were designed as a compari-

son. Figure 2c shows the difference in production

efficiency under different combinations. With the

increase in LP pressure from 50 MPa to100 MPa, the

concentration of graphene increases. Obviously, the

greater the strength of the LP process, the greater the

shear rate, which will inevitably lead to a higher

yield. However, when the pressure in LP increases

up to 150 MPa, the LP–GP–LP process showed a

huge improvement, in which the pressure of ScCO2

(GP) was controlled in 20 MPa. The C reached

7.025 mg/ml, whose yield up to 70.25%. The pro-

cessing capacity of industrial-grade equipment is 240

L per hour. The flakes production (Pr) is equal to
MGraphite

t

� �
� 70:25% (g/h). For a typical batch

(MGraphite ¼ 2400g and t ¼ 43h, including 40 h for the

LP process and 3 h for the GP process),

Pr ¼ � 39:21g=h, that is, 941.04 g per day.

The change in production efficiency must be rela-

ted to the introduction of the GP process. Then, we

studied the correlation between exfoliation efficiency

and parameters in the GP process. Figure 2d shows

that with the increases in the pressure of ScCO2,

C first increases and then decreases. It indicates that

the intercalation mechanism and the Micellar trans-

formation mechanism existed simultaneously during

the exfoliation process, leading to the existence of an

optimal pressure of ScCO2 for yield [33]. Also, the

content of ethanol in the system can affect C (shown

in Fig. S3), suggesting that in the ScCO2 process, the

exfoliation efficiency is related to the solution

Figure 2 a Efficiency of microfluidization and other two typical

‘‘top-down’’ methods for exfoliating graphene. b Plots showing the

effects of initial graphite concentration (Ci) in the microfluidization

process. c Graphene concentration in LP, GP–LP and LP–GP–LP

process with the microfluidization pressure from 50 to 150 MPa.

d Plots showing the effects of pressure of CO2 on the final

concentration of graphene in the LP–GP–LP process. e Histogram

of layers for graphene treated with ScCO2 in the GP process. The

pressures of ScCO2 are 10 MPa and 20 MPa, respectively (2

columns).
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composition [17, 21, 33, 34]. It is worth noting that the

compositions of the solvents (water:ethanol) were not

constant. Under the experimental conditions, the

microfluidization process (LP) generates significant

frictional heat, despite the presence of a cooling

device. For the ScCO2 process (GP), the addition and

release of carbon dioxide are accompanied by chan-

ges in system pressure and temperature. All these

leaded to the changes in the solvent composition of

the system. However, we believe that in the entire

process, the surface energy of the mixed system

matches the surface energy required for exfoliating

graphene [35].

Morphology and structural of exfoliated
graphene

As current commercial applications of graphene are

highly sensitive to product quality, improving the

quality control of graphene products is critical [5].

Large-size graphene has advantages in certain

applications, such as thermal conductivity [36].

Herein, transparent wrinkled graphene nanosheets

with micron size were prepared by the DPE method,

as shown in Fig. 4a. We also calculated the lateral size

of graphene prepared by the typical LP–GP–LP pro-

cess. As shown in Fig. S4, most of the lateral size is

distributed in 0.6–1.2 microns. There are * 41%

graphene sheets larger than 1 micron. This indicates

that while ensuring efficient production, the mild GP

process ensures the lateral size of graphene nanosh-

eets. The number of layers is another important

quality evaluation index, usually calculated by

counting the number of dark lines on the curled

graphene edges. Representatively higher-magnifica-

tion TEM images of obtained graphene are shown in

Fig. 3. Edges with different dark lines (e.g., 1 in

Figs. 3a and 2 in Fig. 3b) suggest single- and few-

layer graphene [37].

High-resolution transmission electron microscope

(HRTEM) images suggest the hexagonal lattice pat-

tern (Fig. 4b). After further Fourier and inverse

Fourier transforms, a clear and complete hexagonal

network pattern was obtained, as shown in Fig. 4c,

suggesting a well-preserved in-plane lattice structure

of graphene. The brightness contrast in the TEM

images corresponds to different thicknesses [35]. By

analyzing the electron diffraction pattern, a more

definitive identification of graphene can be made

[38]. Figure 4e, f shows SAED of the white and black

dots in Fig. 4d, respectively. The pattern in Fig. 4e

shows a typical sixfold symmetry, labeled by Miller–

Bravais indices. The inner peaks ((0–110) and

(-1010)) are more intense than the outer ones, that is,

the I [1100]/ I [2110] [ 1, confirming the sheet marked

by white dot is a monolayer. However, the pattern

marked by black dot shows two staggered concentric

hexagonal, confirming graphene sheets with rota-

tional stacking, which is different from the standard

AB Bernal packing of bulk graphite [39]. Therefore, it

can be determined that graphene sheets in Fig. 4d

were completely peeled off and then stacked again.

Atomic force microscopy (AFM) height profile shows

the nanosheet is around 1.27 nm thick (Fig. 4g, h and

i). It has been reported that the thickness of a single-

layer graphene on a silicon wafer was about 0.75 nm

due to the roughness and cleanliness of the silicon

wafer [40].

Raman spectroscopy, X-ray photoelectron spec-

troscopy (XPS) and XRD were conducted to evaluate

the structural of graphene. Figure 5a shows the

Raman spectra of graphite and few-layer graphene

with 532-nm laser. The graphene sample is prepared

by the LP–GP–LP process. A sharp and symmetrical

single Lorentz peak at 2675.31 cm-1 corresponding to

the typical 2D peak of a graphene nanosheet confirms

the monolayer structure of graphene [41]. The peak at

around 1575 cm-1 refers to the G band which is

assigned to the E2g mode of sp2 hybridized carbon

bonds, while the peak at around 1340 cm-1 refers to

the D band which is associated with the breathing

mode of k-point phonons of A1g symmetry. Whereas

D band is usually activated by defect degrees such as

edges, functional groups, the I(D)/I(G) and Peak

D value allow us to judge the structural integrity of

graphene [12, 42]. Figure 5b shows representative

spectra of the starting graphite and graphene exfoli-

ated by different homogeneous pressure. The I(D)/

I(G) increases from 0.08 to 1.26, which means smaller

size [9, 12]. What is more, I(D)/I(D0) was 1, 2.45, 3.27

and 3.6 for 20, 70, 140 and 200 MPa, respectively.

Considering that the I(D)/I (D0) of the original gra-

phite was about 1, it can be determined that there

were no additional vacancy defects and SP3 defects

during the manufacturing process [8]. Therefore, for

a typical DPE method, the homogeneous pressure

was B 150 MPa, which made I(D) / I(G)\ 0.5. The

higher value of D peak may be caused by the sp3

C element in the residual PVP on the surface of

15658 J Mater Sci (2021) 56:15653–15666



graphene [20], though this has no effect on the overall

trend.

It is important to evaluate chemical changes in the

sample, such as excessive oxidation or functional-

ization, which may lead to inferior qualities [5, 43].

The element proposition of as-prepared graphene

was revealed by XPS (Fig. 5c), C1s (96.33%), N1s

(1.26%) and O1s (2.41%). The ultra-high C1s/O1s

(39.97) is much higher than graphene oxide (GO) or

reduced graphene oxide (rGO) (lower than * 15)

[44, 45]. The deconvolution of the high-resolution C1s

spectrum to the C–C band, C - N band and C=O

band. The weak signals of C–N and C = O refer to the

residual of surfactant (Fig. 5d). Therefore, no exces-

sive oxidation or functionalization has occurred to

change the chemical composition of the graphene

samples during the DPE process. XRD patterns of

graphite powder and water-washed graphene

nanosheets are shown in Fig. 5e. A sharp intense

diffraction peak at 2h = 26.52� is associated with (002)

diffraction characteristic of the graphite (d-spac-

ing = 0.34 nm), and the weakened 002 peaks indicate

that the exfoliated graphene remained the original

pristine structure. However, the new broad diffrac-

tion peak appears at 21.78� correspond to an expan-

ded interlayer spacing of 0.41 nm, which may be

resulted by the intercalation CO2 molecule.

We also explored the dispersion stability of the

graphene dispersion. With the help of PVP, the gra-

phene dispersion made by a typical DPE method had

good stability at room temperature and normal

pressure. The black aqueous solution had no obvious

color difference after about two months, as shown in

Fig. 6. The samples in supernatant from day 0 and

day 57 were measured by AFM. The results indicate

that bilayer graphene sheets were significantly

increased after 57 days standstill, which may be

caused by the settlement of thicker sheets and

agglomeration of monolayers.

Preparation mechanism of DPE method

In this study, we achieved high efficiency (yield up

to * 70.25%), while ensuring a large graphene sheet

Figure 3 TEM images of

graphene edges with different

layers. a 1 layer, b 2 layers, c 4

layers and (d) graphene with 6-

and single-layer stacks (single

column).

J Mater Sci (2021) 56:15653–15666 15659



(micron-level diameter) by introducing the ScCO2

process (GP). A synergic between microfluidization

process (LP) and ScCO2 process (GP) must play

essential roles in the DPE method, leading that

exfoliating efficiency is sensitive to process sequence.

The comparisons of production efficiency with other

‘‘top-down’’ methods are shown in Fig. S5. To explain

the synergy between the relatively strong microflu-

idization process (LP) and the mild ScCO2 process

(GP), Fig. 7a proposes the mechanism of the DPE

method. In the first LP process, bulk graphites were

homogenized (20–30 cycles) to small sheets (as shown

in Fig. S1c) by strong shear force. The PVP with

hydrophobic functional groups adsorbed on the

Figure 4 a TEM images of pieces of graphene with the size

around 1 lm. b HRTEM image of the red circle in (a). c A filtered

image of (b). d TEM image of two pieces of single-layer graphene

stacked on top of each other. e, f SAED patterns of the white dot

and the black dot in (d), respectively. g, h Typical AFM image of

exfoliated graphene nanosheets. (i) Height test of the dotted part in

(h) (2 columns).
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surface of the fragments meanwhile to prevent

reaggregation. Subsequently, the mixture was placed

in a ScCO2 reactor, in which the pumped liquid car-

bon dioxide will gradually reach the supercritical

state (20 MPa, 40 * 45 �C). Supercritical carbon

dioxide molecules would dissolve into the mixture

[34, 46, 47] and insert into the graphite layers. At the

same time, the reverse micelle transformation pro-

ceeds cause the surface graphite layer to be stripped

due to the curvature change. After CO2 molecules

releasing, the last LP process is applied to expand

graphite and for further exfoliation. Overall, the

synergy between the microfluidization process (LP)

and the ScCO2 process (GP) in the DPE method is as

follows: (a) Appropriate homogeneity parameters

enable shear graphite to smaller fragments and

(b) the ScCO2 process subsequently increases the

production of graphene mildly and expands the

graphite layer spacing, which could further expand

the exfoliating efficiency of the last microfluidization

process (LP).

For liquid-phase exfoliation, the energy output was

closely related to fluid motion, so hydrodynamics in

the microchannel was elucidated. The Reynolds

number (Re) in the microchannel can be used to judge

the type of the flow, which is related to the exfoliating

efficiency [9], and it is given by [48]

Re ¼ qUD
l

where q[kg/m3] is the liquid density (the mixture

contained 10 mg/mL of graphite, 10 mg/mL of PVP,

40–50 vol % of ethanol and water, corresponding to a

total density of 990 kg/m3). The mean velocity U (m/

s) of the fluid inside the microchannel was 377–

400 m/s, which be controlled by changing microflu-

idization pressure. And the dynamic viscosity l
[Pa�s] was 1 � 10–3 Pa�s, which was measured by a

rotational rheometer. Therefore, with the fixed

diameter of the microchannel D (* 75 lm), we can

roughly estimate Re up to 2.8 � 108, which suggests a

total turbulence. Collision between the graphite and

the hard geometric microchannel can also produce

tiny fragments, but it is limited for graphene exfoli-

ation because the direction of the force cannot be

controlled to parallel to the graphite surface [9, 49]. In

the microchannel, the radial velocity distribution is

generally a parabolic profile. Moreover, the boundary

layer next to the solid wall has a huge velocity

Figure 5 a, b Raman spectra of graphite powder and graphene

nanosheets with different thickness (a) and defect level (b). c–

e XPS survey (d) and high-resolution C1s spectra (e) of graphene

prepared by the LP–GP–LP method. (f) XRD patterns of graphite

powder and water-washed graphene nanosheets (2 columns).
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Figure 6 a, b Histograms of

the thickness of graphene

sheets of the supernatant in

day 0 and day 57 counted by

AFM. The counted number, N,

is 100. c Digital photographs

of graphene aqueous solution

of days 0, 7, 21 and 57 (single

column).

Figure 7 a Possible mechanism of DPE method. The inset in the

middle of the figure lists the possible forces during preparation. In

particular, these forces did not work at the same time, but

separately in the LP process and GP process respectively. b,

c Representative configurations of the graphene sheets and CO2

molecules before and after the equilibrium MD simulation,

respectively. d Variation curve of layer spacing during the

equilibrium MD simulation. e Intensity profile perpendicular to

the red line in Fig. 3b (2 columns).
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gradient. Shear force parallel to the graphite surface

played the rule for exfoliation [9]. When the turbu-

lence was fully developed, the huge exchange energy

of randomly vortices cannot be ignored at the same

time. The shear rate provided by the flow can reach to

108 s-1 [12], which was much higher than the

required shear rate (* 104 s-1) to initiate graphite

exfoliation [8]. Under such strong interactions, the

bulk graphite was easily sheared to graphene, and

the adsorbed PVP can further prevent agglomeration.

In the GP process, not the force parallel to the

graphite sheet layer, but the force perpendicular to

the graphite sheet contributes to exfoliation. Micelles

can turn to reverse micelles in the emulsion

microenvironment when carbon dioxide reaches a

certain pressure in a water/PVP solution system

[21, 47, 50, 51]. Due to the relatively strong interaction

between PVP and graphite, the curvature change (GP

process in Fig. 7a) of the micelles provided driving

forces for exfoliating, which includes the push force

by carbon dioxide molecules and the draw force by

water molecules. Contrary to the liquid-phase pro-

cess, the reverse micelle switching was slow [21, 51],

leading a weak driving force and hardly causing

damage to the graphite sheet. This explains that

when the pressure in the first LP process reaches a

certain value, the final graphene yield increased

sharply, because the Micellar transformation was

only effective when the sheets diameter was small

enough. When ScCO2 was introduced to the emul-

sion system, the phase behavior of the emulsion

microenvironment can be described as follows: (a)

The increased pressure facilitates the carbon dioxide

gradually dissolving into the continuous phase of

PVP / water, which causes the formation of CO2-in-

water emulsions under the action of hydrophilic

amide groups of PVP [21]; (b) when the CO2 reaches

the supercritical state (20 MPa and 40 * 45 �C in this

study), the gas molecular penetrates the interlayer of

graphite with a high diffusivity [31], increasing the

distance and reducing the interaction between adja-

cent layers; (c) with the increasing number of carbon

dioxide molecules, the hydrophobic core gradually

increases; and (d) eventually, a reverse micelle with

water as the core is formed under the repulsive forces

between hydrophilic amide groups and CO2 [33, 34].

Through the curvature transition during the Micellar

transformation, the single or few layers of graphene

are exfoliated because of the strong hydrophobic

interaction between surfactant and graphite.

Figure 2e indicates the average thickness of graphene

decreases with the increase in the pressure of ScCO2,

and an increasing ScCO2 density can enhance the

dispersion stability of samples by providing the

higher free energy barrier and weakening van der

Waals force between them [16]. However, with CO2

molecules increasing, the gas molecules would be

inserted between the PVP segments, leading the

curvature of the micelle decreasing [33] and then

reducing the driving force for ‘‘pulling’’ graphene.

Therefore, as shown in Fig. 2d, when the carbon

dioxide pressure exceeds a certain value, the gra-

phene output will decrease.

Molecular dynamic (MD) simulations are applied

to perform the intercalation mechanism. All the all-

atom MD simulations were based on OPLS-AA force

field [52] and carried out using the Gromacs-4.6.7

software package [53]. The carbon atoms of the gra-

phene sheet (150 carbon atoms) were treated as

uncharged particles interacting through the Lennard–

Jones (L–J) potential with r = 0.391 nm and

e = 0.14115 kJ/mol [54]. The CO2 molecules were put

in the simulation box with the CO2 experimental

critical density (0.950 g/cm3, equivalent to 40 MPa)

[55]. The system is a relaxed liquid configuration at

313 K. The time step was 2 fs, and the total run time

was 4 ns for the equilibrium MD simulation in the

canonical ensemble (NVT). As it is before system

relaxation MD, energy minimization was carried out

with a composite protocol of steepest descent using

termination gradients of 100 kJ/mol nm. The Nose�–

Hoover thermostat [56] was used to maintain the

equilibrium temperature at 313 K and periodic

boundary conditions were imposed on all three

dimensions. The particle mesh Ewald method [57, 58]

was used to compute long-range electrostatics within

a relative tolerance of 1910–6. A cutoff distance of

1 nm was applied to real space Ewald interactions.

The same value was used for van der Waals inter-

actions. The LINCS algorithm [59] was applied to

constrain bond lengths of hydrogen atoms. A leap

frog algorithm [60] was used with a time step of 2 fs.

Figure 7b and c shows the initial configuration on the

left and the final configuration on the right. The

graphene becomes wrinkled, and the interlayer dis-

tance is slightly enlarged after relaxation. More

importantly, parts of the carbon dioxide molecules

are inserted between the sheets. More details of the

change in the interlayer spacing of graphite are

shown in Fig. 7d, from 3.6 to 4.6 Å, which shows that
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carbon dioxide does expand the interlayer spacing of

graphite layers. Figure 7e shows the intensity profile

perpendicular to the red line in Fig. 3b, suggested an

interlayer distance of 0.412 nm, which is larger than

that of typical graphite, 0.335 nm, and consistent with

the simulation results.

Conclusion

In summary, we proposed a new graphene exfoliat-

ing method based on a dual-phase system, which

were the microfluidization process (liquid-phase, LP)

and supercritical carbon dioxide process (gas-phase,

GP), namely dual-phase exfoliating (DPE) method.

First, graphite was quickly broken and exfoliated

under a homogeneous microjet. Then supercritical

carbon dioxide diffused into the graphite layers and

formed reverse micelles on the graphite surface by

changing the polarity of the system. In the end, the

mixture was further sheared into thinner pieces by

the final LP process. The concentration of the gra-

phene dispersion reaches 7.025 mg/ml, which means

the yield can achieve a high level with 70.25%. It is

worth noting that the homogenization pressure and

the carbon dioxide pressure can adjust the yield,

degree of defect and thickness of the graphene. In the

scale-up production, it is expected to achieve more

accurate quality control through fine fluid mechanic

calculation and process design. Through molecular

dynamic (MD) simulation, the intercalation phe-

nomenon of carbon dioxide under a supercritical

state was studied. This work is expected to provide

new ideas for large-scale, quality-controllable and

environmentally friendly grapheme top-down man-

ufacturing, which will further promote the applica-

tion of graphene in nanofilms, conductive inks and

coating additions.
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