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ABSTRACT: Liquid phase exfoliation (LPE) offers a promising
path for scalable graphene production, but struggles with high
energy consumption and low yield, with over 99.99% of the input
energy wasted. Here, we present an energy-efficient approach for
producing graphene via partially frozen-suspension exfoliation
(PFE). As opposed to traditional liquid−solid interfaces, the
solid−solid interface enhances shear strength between the frozen
solvent and graphite from about 40 N m−2 to 105 N m−2.
Additionally, the suspension flow transitions from turbulent to
laminar, aligning graphite parallel to the flow direction and
conducive to the effective utilization of shear force. Compared to
conventional liquid-phase exfoliation (LPE), PFE improves energy
efficiency by 102∼103 times. Furthermore, a production rate of 5 g h−1 has been achieved in a 10 L tank at an ultralow shear rate of 3
× 102 s−1.
KEYWORDS: partially frozen exfoliation, graphene, solid−solid interface, enhanced shear interaction

With exceptional physical and chemical properties,1−4

graphene5 has identified itself in a wide range of
applications such as thermal management,6−10 energy stor-
age,11−13 and electric sensors.14,15 Among various methods
developed for scalable production of graphene,16 liquid phase
exfoliation (LPE) of graphite has been emerging as a promising
approach for the scalable production of graphene suspension
by utilizing the shear force to exfoliate graphite into single or
few-layer graphene platelets in liquid media.17−21 Avoiding
harsh chemical processing involving strong oxidizing agents,
together with the accessibility for industrial workflows, LPE
offers a route to low-defect graphene, which is crucial for
applications especially requiring high electrical conductivity
such as for electromagnetic shielding.22−28

The early utilization of LPE often involves the high-
frequency oscillation and cavitation effect generated by
ultrasound, which, however, needs a high energy consumption
of 108−9 J g−129,30 and is restricted by the local distribution of
energy around the ultrasound rod. Coleman’s group lowered
the energy consumption to 107 J g−1 using a rotor-stator shear
machine, which can generate a shear rate of higher than 104 s−1

in N-methyl-2-pyrrolidone (NMP) and produce graphene with
a rate of 5.3 g h−1 in a 300 L tank.19 By controlling the fluid
dynamics in a laminar flow using a microslit at high pressure,
Arao and co-workers further reduced the turbulent energy
dissipation and achieved an energy utilization efficiency of 106

J g−1 in a homogenizer working with a shear rate of up to 107

s−1.18 Considering the van der Waals interlayer binding energy
of 0.21−0.42 J m−2 (∼278−556 J g−1, based on the specific
surface area of 2630 m2 g−1 for graphene)31−33 in graphite, the
energy consumption mentioned above means that only less
than 0.01% of the input energy has been effectively utilized for
the exfoliation of graphite in conventional LPE.

The large amount of input energy waste in LPE, mostly
dissipated in the collision, squeezing, and flipping of the
suspension components,34 is closely related to the low viscosity
solvents used as exfoliating medium in LPE, which often
demonstrate a turbulent flow under the high shear rate. To
improve the energy transfer from solvent to graphite, the
effective shear transfer from solvent to graphite is specifically
important, as the molecules in the liquid phase absorbed at the
interface tend to slip under shear force.35,36 To enhance the
interaction between graphite and solvent, auxiliary reagents like
polysaccharides have been used by utilizing the affinity
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between the nonpolar chains of polysaccharides and graphene;
in this way the preparation efficiency of graphene was
improved but repeating washes were needed to remove
polysaccharides.37 Without using any auxiliary reagent, we
have achieved an increase of 50% in the exfoliation efficiency of
graphite in N-octyl-pyrrolidinone (NOP) by decreasing the
temperature from the room temperature (25 °C) to 0 °C,
based on the enhanced NOP−graphite interface interaction in
the higher viscosity NOP at 0 °C.36 However, the exfoliation in
NOP reaches a concentration of only 0.2 g L−1, and the high
cost of NOP would also restrict the scalability of exfoliation in
NOP. Therefore, an efficient, yet low-cost, strategy to
strengthen the solvent−graphite interface is still desired.

Inspired by the fact that a solid−solid interface generally has
an enhanced interaction compared with a liquid−solid
interface, herein we propose a partially frozen exfoliation
(PFE) strategy in which the exfoliating liquid is frozen to form
a solid−liquid interface. The PFE yields a largely enhanced
shear strength of 105 N m−2 at the frozen NMP/graphite
interface, compared to 40 N m−2 in liquid NMP. The viscosity
of the suspension also increases greatly with the partially frozen
NMP, decreasing the degree of turbulence in the stripping
process. Consequently, the energy consumption for graphene
exfoliation is reduced to 3.49 × 104 J g−1, 102∼103 times lower
than those needed in LPE. With this approach, an exfoliation
efficiency of ∼5 g h−1 is achieved at an ultralow shear rate of 3
× 102 s−1 in a 10 L tank. The obtained graphene film exhibits
an outstanding electromagnetic interference (EMI) shielding
effectiveness of −27 dB at a thickness of 4 μm.

Figure 1a schematically illustrates the equipment used for
PFE and the change in the suspension status upon freezing.
The equipment consists of a jacketed stirred tank, a stirrer with
real-time torque monitoring, and a refrigeration circulating

pump to control the temperature of suspension in the tank via
the jacket. The temperature was controlled by a cooling pump
running periodically, which can modify the temperature setting
by monitoring the torque change. At a speed of 400 rpm, the
suspension is typically in a turbulent state at room temper-
ature, as shown in Movie S1. As the jacket temperature
gradually decreases below the freezing point (−24 °C) of
NMP, the torque shows a remarkable increase, indicating an
increase in the viscosity of the suspension, as shown in Figure
1b. Below the freezing point, the suspension is composed of
graphite flakes, frozen NMP solid crystals, and not-yet frozen
liquid NMP, named the partial frozen suspension (PFS), as
shown in Movie S2. After cooling to −24 °C for 5 min, the
PFS transits from a turbulent flow to a laminar one, as
indicated by the decrease in Reynolds number from 5.7 × 103

to 34.7 (Supplementary Section 1).
The concentration of supernatant after centrifugation of

processed PFS at 2000 rpm has been used to evaluate the
efficiency of exfoliated graphite and for detailed character-
izations below. Figure 1c shows that the concentration of the
resulting supernatant product after 3 h of exfoliation linearly
depends on the shear rate in the range of focus. The average
shear rate was calculated by v/d (v, the blade linear velocity; d,
the distance between the blade and the tank wall). By
extrapolating the curve in Figure 1c to 0 g L−1, a critical shear
rate needed for the graphite exfoliation is estimated as 45 ± 5
s−1, notably lower than 104 s−1 as previously reported in LFE.18

The inset of Figure 1c shows the concentration of products
monocratically increases with the stirring time, reaching 7 g
L−1 after 9 h or 10 g L−1 after 21 h for a shear rate of 350 s−1

(stirring speed = 400 rpm), corresponding to a yield of 0.78
and 0.47 g h−1, respectively. From the comparison shown in
Figure 1d, the shear rates used in PFE are all lower than those

Figure 1. (a) Schematic of PFE with flow state change from liquid-based suspension (right-top) to PFS (right-bottom). (b) Changes of torque and
coolant temperature in a freeze−thaw cycle. (c) Concentration of graphene suspension depending on shear rate and (inset) exfoliation time. (d)
Shear rate and (e) energy consumption of exfoliation in this work compared to those of methods reported in the literature.18,19,30,38,39
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needed in a high-shear mixer, kitchen mixer, or high-pressure
homogenizer as previously reported for graphite exfoliation.
The energy consumption in PFE, calculated by the torque of
the stirrer and the yield of graphene (Supplementary Section

2) is 3.49 × 104 J g−1 in PFS, much lower than those in
traditional LPE, which typically exceeds 106 J g−1, as shown in
Figure 1e. That is, the utilization rate of input mechanical
energy has been enhanced by 102∼103 times compared to LPE.

Figure 2. (a) Graphene dispersion showing the Tyndall effect. (b) AFM image of exfoliated graphite. (c) Flake size and (d) thickness distribution
of two typical flakes. (e) XPS C 1s spectra for two flakes. (f) Typical Raman spectra of raw graphite and two graphene flakes obtained.

Figure 3. (a) Radial distribution function of NMP molecules on three planes of graphite obtained by MD simulations. The inset shows the
distribution of NMP molecules. (b) Shear stress on the graphite/NMP(l) interface and the graphite/NMP(s) interface obtained by MD
simulations. Comparison of shear stress distribution for (c) PFS and (d) liquid-based suspension. (e) Reflected light intensity of the suspension and
the corresponding torque curve. (f) Structure of scale-up tank and optical photograph of graphene dispersions obtained from a single-shot
exfoliation using the tank.
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Figure 2a shows the graphene dispersion obtained by
diluting the supernatant of centrifugation at 2000 rpm to 0.015
g L−1, from which the Tyndall effect is clearly observed,
indicating a colloidal state of the exfoliated graphite in NMP
(the dispersion ability of graphene in various solvents is
presented in Supplementary Section 3). The typical AFM
image of the suspension in Figure 2b shows that there are two
representative graphene flakes in the dispersion: one is in a
strip shape with a width of 400−600 nm and a length of 1.5−
2.5 μm, and the other one has an irregular shape with a lateral
size of 300−600 nm, as statistically illustrated in Figure 2c. The
thickness distribution for the strip flakes peaks at around 4 nm
and that for small flakes at about 1.4 nm, as shown in Figure
2d. To find out the reason why two distinct flakes are obtained,
a high-speed camera was used to observe the crystal
morphology of NMP in the stirring, and the optical image is
shown in Figure S5f. It is found that the frozen NMP crystal
shows a rod-like morphology, which may be related to the
production of strip shape flakes as the frozen NMP has a
stronger interaction with graphite during the exfoliation. Two
kinds of flakes can be further separated by fractional
centrifugation: a centrifugal speed of 2000−2500 rpm mainly
results in the strip flakes, and for a centrifugal speed more than
6000 rpm, small flakes remain in the supernatant (Supple-
mentary Section 4).

The XPS spectra (Supplementary Section 5) show that they
are free of impurities other than oxygen in the graphene flakes
obtained. The strip flakes have a C:O ratio of 36:1, and the
small flakes have a C:O of 22:1. As illustrated in the C 1s
curves in Figure 2e, two oxygenic groups (C−O, 286 eV; C=O,
287.5 eV) are identified from both types of flakes.40 The
fraction of sp3 carbon obtained from XPS is enhanced from

25.7% for strip flakes to 31.6% for small flakes. The Raman
spectra shown in Figure 2f show a ratio of the D peak to G
peak (ID/IG) of 0.29 for strip flakes and 1.26 for small flakes,
both higher than 0.08 for raw graphite before exfoliation.
Compared to strip flakes, the small flakes exhibit enhanced
levels of oxygen content, sp3 carbon atoms, and the ID/IG ratio.
This improvement can be attributed to the presence of a
higher number of edge atoms or topological defects induced
during exfoliation.

To understand the mechanism behind the largely improved
energy utilization efficiency of PFE, the microscopic interface
between frozen NMP and graphite was investigated with
molecular dynamics (MD) simulations (Supplementary
Section 6). First, the radial distribution function and diffusivity
of NMP molecules are compared for each crystal plane of
graphite, as shown in Figure 3a. Along the direction
perpendicular to the (001) plane of graphite (i.e., c axis of
stacking), three distribution peaks can be identified in the
distance of interest, while only a single prominent distribution
peak is observed on the other two planes, indicating the higher
ordering of NMP molecules on the graphite (001) plane.
Concurrently, the diffusion coefficient of NMP on the (001)
plane is calculated as 2.1 × 10−12 m2 s−1, much lower than 3.5
× 10−11 m2 s−1 on the (010) plane and 2.6 × 10−11 m2 s−1 on
the (100) plane, showing that the NMP molecules are more
immobile due to the stronger adsorption on the (001) plane of
graphite.

Upon lowering the temperature to the freezing point of
NMP, the adhesion between solid NMP (NMP(s)) and
graphite is further enhanced. To verify the interfacial stress
transfer brought by freezing, two sandwich structures in which
graphite is wrapped with liquid or solid NMP were

Figure 4. (a) Optical photograph of a cellulose/graphene/cellulose film with inset showing the flexibility. (b) The cross-section of the cellulose/
graphene/cellulose film. (c) EMI shielding effectiveness of films with different numbers of layers, where GCx indicates that x layers of sandwich
films are stacked. (d) Proportion of reflection and absorption in the shielding effectiveness. (e) Electromagnetic wave shielding mechanism diagram
of multilayer composite shielding film. (f) Specific shielding effectiveness of cellulose/graphene/cellulose films compared to the previously reported
values (Supplementary Section 12).
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constructed, and the interfacial stress was simulated with MD.
As shown in Figure 3b, the maximal stress reaches 3.5 GPa in
the NMP(s) model, higher than 1.6 GPa simulated from the
liquid NMP (NMP(l)) model. The periodic fluctuation with
time generated in MD corresponds to the dynamic establish-
ment of optimal adsorption in the constant deformation
model. Figures S8a and S8b shows that the slipping of NMP at
the NMP(s)/graphite interface is suppressed, and the slipping
of graphene layers in graphite is enhanced. By using a pair of
graphite in contact with NMP, the tensile limit of the loading
was tested (Supplementary Section 6), from which we can
estimate that the shear strength of the interface has been
improved from 40 N m−2 for the NMP(l)/graphite interface to
105 N m−2 for the NMP(s)/graphite interface. Such an
enhancement of interfacial shear strength ensures that the
shear force in the flow can be efficiently transferred to the
graphite, rather than being lost at the interface.

Now we discuss the effect of flow on the shear force. In PFS,
the presence of NMP crystals changes the fluid from a
turbulent to a laminar feature. The rheology properties of the
suspension are measured (Supplementary Section 8), and the
shear stress distribution of the suspension (Supplementary
Section 9) is explored. As shown in Figure 3c, the shear stress
for PFS in the tank is above 100 Pa and can be as high as 200
Pa at the end of the stirring blade, much higher than the typical
shear stress of less than 2 Pa before cooling (Figure 3d). The
two orders of enhancement in shear stress of the flow would
further improve the conversion of the input mechanical energy
to energy applicable in graphite exfoliation. Figure 3e shows
that the reflection intensity by graphite (method described in
Supplementary Section 10) periodically fluctuates with the
torque change, which was measured in a glovebox to minimize
the interference of water vapor, indicating that the graphite
particles have been oriented along the direction of flow in PFS.
Thus, the shear force would apply more on the graphite
exfoliation rather than on breaking graphite.

The current strategy is ready for scale up. Based on the
understanding of the shear stress distribution in PFS, a 10 L
stir tank is designed for high shear and low turbulence
conditions, as illustrated in Figure 3f, based on which a shear
stress of 200 Pa near the tank wall was confirmed by CFD
simulation. After processing 6 L of suspension of 600 g of
graphite for 3 h, a graphene concentration of 2.56 gL−1 is
achieved, comparable to 2.32 g L−1 obtained in a 0.4 L beaker
prepared under the same conditions. The results indicate that
the laminar feature inside the PFS ensures a stable and
controllable high-shear environment, which gives the PFE a
great potential for scale up by reducing the scaling effect due to
the minimized dead zone by the more uniform fluidic gradient
in PFE.41 The PFE strategy was also employed to exfoliate
other layered materials, such as hexagonal boron nitride and
mica, demonstrating the versatility of the method (Supple-
mentary Section 11).

For state-of-the-art EMI shielding, the excellent electrical
conductivity of the constituent material is a prerequi-
site.28,42−44 Figure 4a shows a cellulose/graphene/cellulose
sandwich film that is flexible and has a clear interface between
graphene and cellulose. Wrapped by a cellulose layer with a
thickness of 8 μm, the inner 4 μm thick graphene layer has an
electrical conductivity of 2 × 104 S m−1, as shown in Figure 4b.
The EMI shielding in Figure 4c shows that a single sandwich
film achieves shielding effectiveness of ∼27 dB, while ∼60 dB
is achieved from seven layers. The film produces the higher

absorption in the low frequency band in the range of interest,
which is consistent with the reported performance of carbon-
based materials showing an SE curve fluctuating with
frequency.45−47

Detailed in Figure 4d, the results indicate that when the
surface reflects 90% of the electromagnetic wave, the graphene
layer absorbs most of the residual electromagnetic wave. The
multilayer structure offers multiple interfaces for electro-
magnetic wave reflection, which promotes multiple reflection
and absorption of electromagnetic waves between the
multigraphene layers, as schematically shown in Figure 4e.
Due to the low density of graphene films (0.98 g cm−3), the
composite film demonstrates superior specific shielding
efficiency (SSE/t) up to 6.8 × 104 dB cm2 g−1. This value is
better than most reported graphene-based materials22,27,48 and
superior to MXene at equivalent thicknesses,49−52 as compared
in Figure 4f (the details are in Supplementary Section 11). The
outstanding electromagnetic shielding capability of such films
justifies the demand of light and flexible structures for the rapid
advancement of miniaturized electronic devices and wireless
communication.53,54

In summary, we have developed a PFE strategy to prepare
graphene platelets in partially freezing NMP, showing a high
production efficiency (0.78 g L−1 h−1) achieved at the ultralow
shear rate (350 s−1). In this way, the mechanical energy
consumption has been lowered to 3.49 × 104 J g−1, showing an
efficiency enhancement of 102∼103 times that in conventional
LPE. Simulations show that the freezing of NMP has greatly
enhanced the internal shear stress of PFS and thus the transfer
of shear force to the graphite (001) surface by aligning the
orientation of graphite along the flow direction in a laminar
flow. When being assembled into stacking films, the graphene
provides a specific shielding efficiency (SSE/t) reaching 6.8 ×
104 dB cm−1 g−1. This work presents an efficient, low-energy,
yet sustainable strategy for producing high-quality graphene,
potentially useful for other two-dimensional nanomaterials at
the industrial scale.
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