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Abstract

A water-soluble polymer stabilizer (VIB-co-VI-co-Py, Figure 1) assisted liquid-phase exfoliation (LPE), implemented by high-

shear mixing rather than currently more often used bath/probe sonication, was developed as a new method for efficient pro-

duction of few-layer graphene (FLG) in aqueous liquid. With help of VIB-co-VI-co-Py, stable aqueous dispersion of FLG forms

in-situ with 90% of dispersed flakes of fewer than five layers and production rate up to 0.86 g h-1 by 5.0 L of aqueous liquid,

representing the highest production rate per volume (0.17 g L-1 h-1) reported hitherto for LPE with the liquid volume no less

than 5.0 L. The scale-up shear-exfoliated FLG exhibits high quality and excellent redispersibility in water, thus paving the way

for a wide range of applications. As typical application demonstrations, the FLG-based flexible conductive films and polymer

composite hydrogels were prepared and evaluated. The results show that the VIB-co-VI-co-Py exfoliated FLG performs well

therein.

KEYWORDS
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INTRODUCTION

On basis of two-dimensional nature, single atom thickness, and unprecedented properties, graphene gains
the honor “wonder material” with great potential for various applications from composites to electronics.
Although prominent progress has been made in the last two decades, graphene still faces some challenges for
advancing its practical applications. A major one is to massively acquire high-quality but low-cost graphene
in a green and efficient manner. For that matter, the bottom-up strategy that resorts to chemical synthesis
to produce graphene is not under consideration for its production-scale limitation and high-cost at the
current stage of technique development.1,2 By contrast, the top-down one turns to mechanical exfoliation of
graphite to get graphene and/or FLG, exhibiting a high feasibility for cost-efficient massive production.3 Of
the developed methods under top-down strategy, LPE arouses a particular interest.4,5Besides possessing the
general advantages of top-down strategy, LPE renders as-exfoliated FLG directly forming a stable uniform
dispersion, greatly facilitating integration of FLG into various practical systems through diverse dispersion-
based processes. LPE has accordingly become one of the most extensively explored methods for producing
graphene.

Any energy source capable of providing an energy density high enough to overcome the cleavage energy of
graphite (35-61 meV/atom)6 is competent for FLG exfoliation. Under this guideline, the probe/bath soni-
cators that can afford thousands of W L-1 of energy densities have been extensively employed for exfoliation
of graphite.5,7 It is a pity, however, that the sonication-driven exfoliation method is not practicable for scale
production. To achieve >1.0 mg mL-1of as-exfoliated FLG dispersion, one has to significantly extend the
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sonication time (as long as hundreds of hours), which induces not only a very low production rate (down
to 3.1 mg h-1) but a remarkable amount of defects built upon the graphene basal plane.3-5,8-10 What’s
more, the exfoliation process is strongly influenced by many other factors, such as vessel geometry, vessel
position in bath, water level of bath, and energy output of sonicator that usually deviates from the rated
value. This makes poor reproducibility become another shortcoming for scale-up of sonication-driven LPE.
Against this background, a fluid dynamics-based LPE performed by a vortex fluidic device, jet cavitation
device, rotor-stator mixer, or even kitchen blender emerges recently.7,11-13 In such a process, graphite moves
fast with liquid and can be repeatedly exfoliated at different positions of the vessel. Relative to sonication
exfoliation, this exfoliation way has a higher possibility to get basal defect-free FLG because the energy
density deposited on graphene basal plane is much lower than that exerted by sonicator,7 thus making it a
promisingly efficient process for mass production of high-quality FLG. Of all the hired devices for driving
fluid dynamics, the rotor-stator mixer is of particular concern.7,14-16 As an easily available high-shear mixer,
it has been industrially employed for many applications, such as dispersing nanoparticles in liquids. When
the shear rate () is higher than 104s-1, it was shown to be also applicable for exfoliation of graphite into
FLG.7 With the optimized processing parameters, the FLG production rate reaches 5.3 g h-1, far higher
than any reported work, and may be further improved to 100 g h-1 by scaling up the liquid volume to 10
m3. Accordingly, the rotor-stator mixer-mediated shear exfoliation is regarded as, even if not exclusive, one
of the most industrially feasible methods for mass production of defect-free FLG.7

Considering that water is a low-cost and eco-friendly solvent and aqueous FLG dispersion has many important
applications, such as water-soluble polymer composites and conductive coatings,17,18 it is highly desirable
for FLG exfoliation to be performed in aqueous liquid. However, the big surface energy mismatch is a huge
hurdle to exfoliate and disperse FLG in water. A forthright solution is to utilize a water-soluble stabilizer. By
far, various surfactants, 19-21 aromatic compounds,22-24 polymers,25-36 and even inorganic nanoparticles 37-39

have been explored as stabilizers. Among them, polymer stabilizers attract specific attention. Compared
with small molecules, polymers having longer chains may provide more active sites to solvate nano substance
and higher steric volume to push nano substance away from each other for stabilization. In fact, many
research efforts have revealed that polymers are assuredly more efficient than small molecules in achieving
higher FLG concentrations.21-23 Additionally, it is different from most of small molecules, which often has
adverse effects on the performances of FLG-derived products, that polymers act concurrently as a useful
component in subsequent applications of aqueous FLG dispersion, contributing some functionalities, such
as chemical sensing,25 enzyme immobilization,30and DNA recognition.35 These merits promote polymers to
come into the most prevalent stabilizers for FLG exfoliation.

As an effort to advance the practical applications of graphene, a polymer stabilizer-assisted, rotor-stator
mixer-mediated shear exfoliation method was developed for efficient production of high-quality FLG in
aqueous liquid. For this, VIB-co -VI-co -Py (Figure 1), a water-soluble vinylimidazole-based polymer,25 was
selected as stabilizer. It has been previously proven a successful stabilizer in producing FLG by sonication-
driven aqueous phase exfoliation of graphite.40 Another reason for selection of VIB-co -VI-co -Py is due
to its imidazole rings, which have bioactivity and pharmaceutical activity and exist in many biomolecules
and drugs. 41 It is reasonably presumed that the VIB-co -VI-co -Py exfoliated FLG is applicable to the
biomedical uses. In this work, VIB-co -VI-co -Py was demonstrated also successful in FLG production by
shear exfoliation of graphite. The rotor-stator mixer-mediated FLG exfoliation was executed in aqueous
liquid and discussed from aspects of FLG concentration, production yield, and dispersion stability. Then
the dispersed flakes were carefully characterized. It was found that the as-exfoliated FLG forms a stable
colloidal dispersion with the production rate up to 0.86 g h-1 by 5.0 L of aqueous liquid. To our knowledge,
this is the highest production rate per volume (0.17 g L-1 h-1) hitherto for LPE with the liquid volume
higher than 5.0 L. In addition, the shear-exfoliated FLG shows a high exfoliation level, high quality, and
excellent redispersibility in water. Finally, the as-obtained FLG was demonstrated to perform well in two
typical applications, i.e. flexible conductive films and polymer composite hydrogels.
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FIGURE 1 Chemical structure of VIB-co -VI-co -Py (x : y : z = 47 : 50 : 3).

EXPERIMENTAL

2.1 Materials

Graphite with particle size quoted as +100 mesh (Product number 332461) was supplied by Aldrich. VIB-
co -VI-co -Py with VIB/VI/Py = 47/50/3 (mol/mol) was synthesized according to a reported method.40

Dimethyl acrylamide (DMAA), methylene bisacrylamide (MBA), tetramethyl ethylenediamine (TEMEDA),
and ammonium persulfate (APS) were purchased from Aladdin. In all relative experiments, the ultrapure
water (18.25 MΩ cm) was used.

Exfoliation of graphite into FLG

Into a 250 mL beaker, 150 mL of aqueous VIB-co -VI-co -Py solution and desired amount of graphite were
added in turn. Subsequently, a high-shear mixing process was performed by a Silverson L5M mixer with a
4-blade rotor (32 mm diameter) and a square-hole screen (96 holes, each 2 × 2 mm2) separated from each
other by a 135 μm gap. After mixing for a preset time and sitting for 6 h, the mixture was experienced 90
min of centrifugation at 2,000 rpm, and 2/3 of supernatant was gently sucked out. Thus collected dispersion
was directly used for determining the concentration of FLG and evaluating its stability. For other studies,
the excess VIB-co -VI-co -Py was eliminated by repetitiously filtering the dispersion through a 0.2 μm
hydrophilic membrane and redispersing filter-cake in fresh water until no VIB-co -VI-co -Py was monitored
in filtrate by UV spectroscopy. The resultant filter-cake was vacuum-dried for 10 h at 60 oC and named
asFLG-P hybrid.
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Synthesis of hydrogels

To synthesize the poly(N ,N -dimethyl acrylamide)/FLG (PDMAA/FLG) hydrogel, FLG-P hybrid (1.0
wt% of DMAA) was first dispersed in DMAA to yield a uniform dispersion by 5 min sonication. Then, 1.0
mL of such dispersion was injected into a 25 mL beaker containing 3.8 mL of aqueous solution of MBA (0.1
wt% of DMAA) and 7.7 μL of TEMEDA (0.6 wt% of DMAA), followed by 30 s sonication. After being kept
in an ice-water bath and bubbled with high-purity N2 for 15 min, 0.2 mL of aqueous solution of APS (0.6
wt% of DMAA) was introduced, bubbled for another 5 min, and transferred into a plastic syringe (2 mL) or
a home-made glass mold (50 × 50 × 1 mm3). Finally, the syringe or glass mold was sealed and kept at 35
°C for 24 h to complete the hydrogel synthesis. Following the same procedures, the PDMAA hydrogel was
also synthesized.

Characterization

UV-VIS and Raman spectra were collected respectively from TU-1901PC and Renishaw inVia micro-Raman
(with a 532 nm laser) spectrometers. Both dynamic light scattering (DLS) and zeta potential tests were
conducted on a Zetasizer Nano-ZS system (Malvern) equipped with a 633 nm laser. Thermogravimetric
analyses (TGA) were performed by TA-Instruments Q500 in N2 at the heating rate of 10 oC min-1. Tapping-
mode atomic force microscopy (AFM) and transmission electron microscopy (TEM) were done using Bruker
Multimode 8 and JEOL JEM-2100 microscopes, respectively. Electrical conductivities of FLG films were
evaluated on a Model RTS-8 multimeter using the four-probe method, whereas those of hydrogels were
measured on a Keithley 2636B multimeter connected with a test fixture using the two-probe method.42 For
mechanical testing, the hydrogel samples were cut into 50 mm × 10 mm × 1 mm specimens and assessed by
Zwick/Roell Z005 at a tensile speed of 30 mm min-1.

RESULTS AND DISCUSSION

FLG exfoliation was performed by high-shear mixing of graphite in an aqueous solution of VIB-co -VI-co
-Py. In this process, the mixer rotor speed was optimized and fixed at 4,500 rpm (Supporting Information
(SI): Section I), corresponding to = 5.6 × 104 s-1 that is safely beyond the minimum required for FLG
exfoliation (min [?] 104 s-1).7 As to centrifugation, an important procedure for collection of FLG, it was fixed
at 2,000 rpm/90 min. Previous studies have shown that 500-2,000 rpm/90 min is enough for removing most
of unwanted thick particles, and further increasing centrifugation speed induces basal defect-rich FLG sheets
concentrated in the supernatant.21,43 Hence, this work on FLG exfoliation centers only on the parameters
of VIB-co -VI-co -Py concentration (CP ), initial graphite concentration (CG,i ), and mixing time (tM ).

Using FLG concentration (CG ) as an evaluation index, optimization of CP was performed at the constant
CG,i of 3.0 mg mL-1 and tM of 20 min. After the shear mixing and centrifugation separation, a homogeneous
colloidal dispersion is obtained regardless of variation ofCP (inset of Figure 2a). In the absence of VIB-co
-VI-co -Py, however, the graphitic particles completely settle in water. For fast determination ofCG , a
well-developed spectroscopic method 8 was adopted with an absorption coefficient ofα G,660 = 2,751 mL
mg-1m-1 (SI: Section II). Figure 2a depicts theCG dependence onCP . It is shown thatCG increases with
increasingCP and reaches the maximum of 6.3 μg mL-1 at CP = 2.0 mg mL-1. Further increase ofCP causes
the leveling off ofCG . Similar dependence also takes place at CG,i = 25, 50, and 80 mg mL-1, where CG

reach the maxima of 0.082, 0.181, and 0.239 mg mL-1respectively at CP = 1.75, 2.0, and 2.0 mg mL-1

(Figure 2b). The criticalCP of ˜2.0 mg mL-1 is obviously higher than 0.6 mg mL-1 that was optimized for
VIB-co -VI-co -Py in the sonication-driven FLG exfoliation.25 Besides, in sonication exfoliation,CG begins
to decrease whenCP exceeds 0.6 mg mL-1. The reason behind these disparities may be due to the different
morphology and dimension of VIB-co -VI-co -Py against sonication and shear mixing. As was previously
noticed, micelles are formed in aqueous solutions of VIB-co -VI-co -Py and their average sizes (26.3-465.2
nm)

4
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FIGURE 2Dependence of CG onCP withCG,i keeping constant at a) 3.0 mg mL-1 and b) 25, 50, and 80
mg mL-1. Inset: photograph of an aqueous FLG dispersion produced withCP = 2.0 mg mL-1 andCG,i =
3.0 mg mL-1(therein the Tyndall effect is shown).

increase with increasing CP (0.1-2.0 mg mL-1).25 It was well documented that micelles, especially the large-
sized ones, cannot fit into adjacent nanoparticles.44 As a consequence, the osmotic pressure of micelles around
nanoparticles generates a strong depletion attraction, causing aggregation of nanoparticles and thus decrease

5
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of the dispersion concentration. In the sonication process, the cavitation effect makes it possible that no
micelles or only small ones are formed in aqueous solutions until CP is higher than 0.6 mg mL-1. Under the
shear-mixing condition, however, the critical CP for formation of micelles with sizes large enough to create
effective depletion attraction seems to be improved to higher than 3.0 mg mL-1 (maximal CPexamined in
this work), owing to serious micelle breakage brought by the combined high shear, cavitation, and collision
effects.3 Higher CPbut absence of large-sized micelles is helpful to facilitate exfoliation, dispersion, and
stabilization of FLG, particularly in the cases of higher CG,i . Almost constantCG observed within 2.0-3.0
mg mL-1 of CP is attributed to adsorption of polymers on the graphitic particle surface already reaching
saturation and more polymers having little influence on dispersing FLG.

The aqueous solution of CP = 2.0 mg mL-1 was then selected as liquid medium to study the influence of
CG,i onCG . As shown in Figure 3a,CG increases monotonously withCG,i in the detected range of 3.0-80
mg mL-1. Such an increase trend is different from that of sonication exfoliation, where CG usually tends to
decrease beyond a certain CG,i(10-60 mg mL-1) whose specific value depends on selection of sonication mode
and water-soluble stabilizer.25,30,45 It is well established that sound cavitation is the primary driving force for
sonication-assisted FLG exfoliation.3 Too highCG,i may block the sound propagation and thus weaken the
exfoliation efficiency. In the case of shear exfoliation, however, shearing force dominantly responsible for FLG
exfoliation is long-range relative to sound wave, and its transmission is little affected by CG,i (at least within
the currently examined CG,irange). Figure 3a also reveals that CGrelates with CG,i in an empirical form of
CG [?]CG,i

1.17. This power-law correlation was as well observed in sonication exfoliation with the exponents
falling in 0.5-0.8.30,46,47 Much higher value achieved here (1.17) reflects an obviously faster increase of CG

withCG,i , indicating high-shear mixing more efficient in FLG exfoliation than sonication. What should be
pointed out is that the exponent of 1.17 is realized by merely 20 min oftM and, meanwhile,CG is up to 0.24
mg mL-1. In stark contrast, it usually requires several or even tens of hours to get such a comparableCG

by sonication exfoliation.21,48 Despite monotonous increase ofCG withCG,i , a parabolic-like dependence of
production yield (CG/CG,i ) onCG,i is noted withCG/CG,i reaching the maximum of 0.38% at CG,i = 50
mg mL-1 (Figure 3b), compared with a quasi-linear decline of CG/CG,i with increasing CG,i in sonication
exfoliation.25,30,46 This again demonstrates that the shear exfoliation is superior to sonication exfoliation
from the viewpoint of capacity for improvingCG/CG,i .

FIGURE 3 Dependence of a) CGand b) CG/CG,i onCG,i .
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The effect of tM on FLG exfoliation was explored by fixing CP = 2.0 mg mL-1 and CG,i = 50 mg mL-1.
As observed from Figure 4a,CG (thusCG/CG,i ) increases steadily from 0.092 mg mL-1 attM = 5 min to
0.33 mg mL-1 at tM = 80 min, showing an empirical correlation of CG [?]tM

0.57. The exponents close
to 0.5-0.7 were also noticed in sonication exfoliation and other instances of shear exfoliation and proposed
to be process-independent, reflecting a more fundamental behavior.7,9,49 Above 80 min of tM ,CG tends to
saturate. On the other hand, extension of tM decreases the lateral size of FLG. With tM extended from 5 to
20, 80, and 180 min, the average lateral size of FLG determined by DLS decreases from 829 ± 218 to 713 ±
180, 583 ± 115, and 304 ± 97 nm (Figure 4b). Larger lateral size thus higher aspect ratio is desired for many
applications of FLG, such as polymer composites. Upon systematic consideration of FLG size, exfoliation
efficiency, andCG/CG,i , the parameter combination of CP = 2.0 mg mL-1, CG,i = 50 mg mL-1, and tM
= 80 min is preferred for subsequent scale-up production of FLG.

7
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FIGURE 4 Dependence of a) CGand b) FLG size (identified by DLS) ontM .

The scale-up trials were conducted in home-made Teflon beakers containing 0.5-5.0 L of aqueous liquids. Inner
diameter of each beaker was designed to achieve the desirable liquid volume (V ) when the liquid height
was set equal to the beaker diameter for elimination of the possible geometry effect on shear mixing.50These
trials produced as high as 1.15 g of FLG per batch with the production rate (PR ) up to 0.86 g h-1 (Figure
5). The fitting correlation ofPR = 0.23 × V 0.81allows one to reasonably predict that it may realize ˜10 g
h-1 of PR upon scale-up ofV = 100 L. To facilitate comparison among different studies, the production rate
per liquid volume (PR/V ) was adopted as a new criterion for evaluation of FLG production. A detailed
literature survey (SI: Section III) shows that 0.17 g L-1 h-1 ofPR/V reached here by V = 5.0 L is superior to
most of those (1.2 × 10-4-9.78 g L-1 h-1) achieved by sonication- and shear-exfoliation with aqueous liquids
and is the highest (1.6 x 10-3-8.3 x 10-2 g L-1 h-1) for V [?] 5.0 L. High efficiency of this FLG production
method, i.e.VIB-co -VI-co -Py assisted shear exfoliation, is thus demonstrated.
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FIGURE 5 Dependence of PR onV .

Stability of the scalably produced dispersion with V = 5.0 L was evaluated by monitoring variation ofCG

with the deposition time (tD ). As given in Figure 6a,CG shows an exponential decay with extending tD
that can be quantified asCG (tD ) =C s + (C 0–C s )e-τ /τ (C s – stable phase

9
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FIGURE 6 Dependence of CG on a)tD and b) ω .

concentration, C 0 – initial concentration of dispersion, and τ – constant oftD ). On the basis of monitoring
data,C s and τ are determined respectively to be 0.22 mg mL-1 and 25 h, indicating 92% of FLG sheets still
remaining in the dispersion even after 250 h of deposition. Such good stability is thought to result mainly
from electrostatic repulsion of VIB-co -VI-co -Py adsorbed on the FLG surface. Zeta potential (ξ ), a
parameter usually used for evaluation of repulsion, is measured as 37.8 mV for the FLG dispersion, while |ξ|
> 30 mV is a widely accepted cut-off range for colloidal stability.51 The dependence of CG on centrifugation
speed (ω ) was also evaluated (Figure 6b). After 30 min centrifugation, the dispersion shows a negligible
decrease ofCG at ω [?] 2,000 rpm. It is because the dispersion has already experienced a centrifugation of
2,000 rpm/90 min in its production process. Over 2,000 rpm,CG decreases sharply from 0.228 to 0.073 and
0.049 mg mL-1 at 8,000 and 12,000 rpm, respectively, exhibiting an empirical scaling ofCG [?] ω

-1. Despite
undesirable decrease ofCG , a positive phenomenon is observed. That is, the content of single-layer graphene
improves to 33% and 76% respectively in 8,000 rpm- and 12,000 rpm-centrifuged supernatants, compared
with 11% in 2,000 rpm-centrifuged one (SI: Section IV). This offers an alternative method to produce the
single-layer graphene.

FLG-P hybrid prepared from scalably produced dispersion, hereafter named as FLG-P-80 hybrid, displays
an unusual ability of being invertibly dried and re-dispersed in pure water (by 5 min sonication) for many
rounds. The thus re-obtained dispersion has a maximal CG of 3.87 mg mL-1, still reaching 3.23 mg mL-1even
after being deposited for 240 h. Such re-dispersing ability, which is believed to be contributed by VIB-co
-VI-co -Py adsorbed on the FLG surface, is absent from reduced graphene oxide (rGO) and most of surfactant-
exfoliated FLG, highly facilitating the storage, delivery, and applications of FLG. The content of VIB-co
-VI-co -Py inFLG-P-80 hybrid is determined to be 6.8 wt% by TGA (SI: Section V).

Taking the aqueous dispersion of FLG-P-80 hybrid as a typical sample, AFM was carried out to examine
the exfoliation state of FLG. Figure 7a presents a typical AFM height image with a cross-section analysis.
The analytical results on 107 different flake-like structures reveal that the thickness is mostly within 1.1-2.8
nm (Figure 7b-i). In light of the AFM thickness of pristine graphene usually within 0.6-0.9 nm,52,53 the
determined thickness of 1.1-2.8 nm signifies that 90% of detected flakes are single- (9%), double- (17%), or
few-layer (3- to 5-layer, 64%) graphene sheets adsorbed with VIB-co -VI-co -Py thin layers. Furthermore,

10
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the average lateral size of flakes is determined to be 533 ± 102 nm (Figure 7b-ii), in good agreement with
the DLS value of 583 ± 115 nm. Within instrumental resolution, no defects like holes were observed on the
basal planes, indicative of high quality of the FLG sheets.

FIGURE 7 a) AFM height image (scale bar - 1.0 μm) and b) distributions of (i) thickness and (ii) lateral

11
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size ofFLG-P-80 hybrid.

The above AFM analyses get support from TEM studies. Once again, numerous flakes with smooth surface
and well-resolved edges are observed (Figure 8a and SI: Section VI). The folded structure arrowed in Figure
8a, reflecting the characteristics that a 2D graphene sheet tends to fold to obtain the thermodynamic stability
through static microscopic crumpling,54 is

12
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FIGURE 8 a) TEM image of FLG-P-80 hybrid (scale bar - 500 nm), b) SAED patterns of (i) circled and
(ii) framed flakes in a), and c) intensity analyses along the dashed lines in b).

frequently seen in our FLG sample. It seems that the adsorbed pyrenyl-containing polymers promote the
folding as a result of π-π interaction with the other graphene surface. The selected area electron diffraction
(SAED) patterns exhibit a diagnostic six-fold symmetry expected for graphene (Figure 8b), meaning that
shear mixing induces few lattice defects in the graphene framework.55 Further, the SAED pattern can be
used for determination of the layer number of flake. As previously proposed, the flake with stronger {1100}
diffraction spot than {2110} one is single-layer graphene, while one with weaker {1100} spot is FLG.8

According to this proposition, the circled flake (Figure 8a) that has an intensity ratio of {1100} to {2110}
(I {1100}/I {2110} ) of 1.6 (Figure 8c-i) is recognized as a single-layer graphene; the framed flake (Figure 8a)
having anI {1100}/I {2110}value of 0.5 (Figure 8c-ii) is identified as a FLG.

The quality (defect content) of FLG-P-80 hybrid was assessed by Raman spectroscopy. For comparison,
graphite was also evaluated in parallel. Each spectrum given in Figure 9 is averaged from five spectra
collected from different locations on a 1.0 cm diameter sample. The defect content is defined as the D-to-G
band intensity ratio, denoted generally asID/IG . It is noticed thatID/IG ofFLG-P-80 increases to 0.30
from 0.05 for graphite, suggesting some new defects having been introduced. Even so, this value accords
with that of stabilizer- assisted sonication- and other shear-exfoliated FLG (ID/IG = 0.10-0.80) 8,12,15,25,43

and is much lower than that of rGO reduced by hydrazine (ID/IG = 1.44)56 or sodium borohydride (ID/IG
= 1.08).57 It is well-known that rGO includes a high content of basal and edge defects resulting from severe
oxidation treatment. A small increase ofID/IG ofFLG-P-80 thus predicts that the shear-exfoliation process
adopted here produces very few basal defects and merely moderate quantity of edge ones. Besides being
confirmed by AFM and TEM (Figures 7a and 8), this prediction is endorsed by the Raman study onFLG-
P-20 hybrid that was prepared from the dispersion produced at tM = 20 min. Compared withFLG-P-80
hybrid, a lower defect content of 0.14 is noticed in the FLG-P-20 hybrid, exactly corresponding with the
larger lateral size of FLG in its master dispersion (Figure 4b) and thus less edges per unit mass. The 2D-band
is another Raman spectral feature, which exhibits the different shapes between graphite and FLG-Phybrids.
A sharp peak (2680 cm-1) followed by a shoulder one (2625 cm-1) is observed on the graphite sample, but
only a relatively broad single peak (2670 cm-1) appears in the spectra of FLG-Phybrids. The observations
manifest once again that the exfoliated graphitic materials are few-layer graphene.58
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FIGURE 9 Raman spectra of a) graphite, b) FLG-P-80hybrid, and c) FLG-P-20 hybrid.

Although polymer molecules residing on the FLG surface may be unwanted for some uses, they are really
helpful for preparation of the flexible FLG films. Figure 10a shows a typical one prepared by vacuum
filtration of aqueous dispersion of FLG-P-80 hybrid (0.5 mg mL-1) over a 25 nm hydrophilic membrane
followed by drying in an oven at 70 oC. AFM analysis (Figure 10b) reveals that FLG sheets involved in the
film are aligned parallel to the film plane. The obtained free-standing film (47 mm-diameter and 28 μm-
thick) is robust and can be bent to an angle of ˜90o without breaking (Figure 10c). Even after 100 bendings,
no cracks or delamination are observed by naked eyes. In microscopic scale, no discernible morphological
changes occur before and after bending tests; average surface roughness only slightly increases from 151 to
160 nm (Figure 10d). As a sharp contrast, the film prepared from shear-exfoliated FLG in NMP or aqueous
solution of SDBS breaks under the same bending condition. The toughening effect of VIB-co -VI-co -Py on
FLG film is thus demonstrated. Moreover, the as-prepared film shows an electrical conductivity of 9.3 ×
103 S m-1. After annealing at 200oC for 10 h in N2, it further increases to 4.0 × 104 S m-1 with no obvious
weakening in bending tolerance. The combination of good toughness and excellent electrical conductivity in
a single material system makes FLG films developed here very promising find some important applications,
such as flexible and portable electronic devices.59

14



P
os

te
d

on
A

u
th

or
ea

24
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

09
14

53
.3

93
01

83
0

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

FIGURE 10 a) Photograph of a free-standing FLG film, b) AFM phase image of FLG film, c) photograph
of FLG film bended to an angle of ˜90o, and d) AFM height images of circled area in c) before and after 100
times bending.

Plenty of affordable, high-quality, yet water-soluble graphene material is highly desirable for many applica-
tions, e.g. hydrophilic polymer composites.17 The FLG-P hybrids nicely meet these requirements and were
tested for preparation of polymer composite hydrogels. Figure 11a shows a typical PDMAA/FLG hydrogel
synthesized by free-radical polymerization of DMAA in the presence of FLG-P-80hybrid. By comparing the
weights of hydrogel and its fully dried sample, the water content is determined as 83 wt%. This hydrogel is
mechanically tough and flexible. After compressing and then releasing the finger, it can promptly restore its
shape and size (Figure 11a). The tensile testing shows that strength, modulus, and elongation at break reach
94 ± 6 kPa, 32 ± 1 kPa, and 288 ± 21%, respectively, corresponding to 225%, 7%, and 202% increments
relative to PDMAA hydrogel (Figure 11b). Moreover, this hydrogel is conductive with 1.1 × 10-3 S cm-1 of
conductivity, compared with 7.5 × 10-8 S cm-1 for PDMAA hydrogel. This makes it a potential candidate
material sustaining the tissue growth, and therein usually lies the demand on electrical stimulation.60
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FIGURE 11 a) Photograph of a PDMAA/FLG hydrogel, and b) typical tensile stress-strain curves of
PDMAA and PDMAA/FLG hydrogels.

CONCLUSIONS

With VIB-co -VI-co -Py serving as a water-soluble polymer stabilizer, the high-shear mixing of graphite in
aqueous liquid was demonstrated to be a facile, green, and low-cost method for efficient production of FLG.
In particular, PR/V of FLG reaches as high as 0.17 g L-1 h-1, significantly superior to those (1.6 × 10-3 - 8.3
x 10-2 g L-1 h-1) realized by LPE with [?]5.0 L of aqueous liquid. It is ascribed to the combined contributions
of excellent dispersing/stabilizing ability of VIB-co -VI-co -Py on FLG, little formation of large-sized micelles
at high CP (>3.0 mg mL-1) under high-shear mixing, and little effect ofCG,i on shear force transmission.
The harvested FLG shows high quality (few basal defects) and excellent electrical conductivity (up to 4.0
x 104 S m-1), allowing for preparation of the flexible and conductive FLG films as a potential alternative
to brittle ITO films. Furthermore, the FLG material exhibits a favorable redispersibility in water with CG

as high as 3.87 mg mL-1. These merits together with low stabilizer content (down to 6.8 wt%) render the
shear-exfoliated FLG very useful in various applications from polymer composites to electronics, especially
those where FLG has to interface aqueous environment and/or only a small amount of stabilizer is allowed.
Therefore, this work represents a meaningful attempt to forward the practical applications of graphene. In
that direction, it is highly desirable for high-quality graphene or FLG to be mass produced in an economical
and eco-friendly way.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the end of
this article.
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