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ABSTRACT

Graphene-based film with superior mechanical and conductive performance

shows potential applications in the fields of environment and energy. The large-

scale production of large graphene oxide (GO) sheets is of great significance to

improve the properties of macroscopic films. Here, we show an efficient shear

exfoliation method for producing GO with large size and high yield. The size

control is based on a size-dependent shear exfoliation pattern, in which the shear

rate (c) required for exfoliation increases with initial size of graphite oxide flakes

(L0) as power law. In this regard, the production of GO with lateral size of 14 lm
and relative single-layer fraction of 80% is realized by optimizing c and L0. Due to

the more compact and oriented structure, the GO film prepared with large GO

sheets (* 14 lm) exhibits superior tensile strength (* 168.2 MPa), Young’s

modulus (* 8.2 GPa), and electrical conductivity (* 231.2 S/cm) after HI

reduction, which has been increased by 38.8%, 70.8%, and 46.8% than that of GO

film prepared with small GO sheets (* 3.4 lm), respectively. These findings will

be of great value in optimizing size and yield of GO sheets and provide useful

information to design shear exfoliation process.
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GRAPHICAL ABSTRACT

Introduction

As a two-dimensional material, graphene oxide (GO)

has attracted tremendous attention due to its excellent

properties and potential applications. For example, GO

sheets can be assembled into macroscopic films, which

is not only an important precursor for large-scale pro-

duction of graphene film but also a promising material

used in the fields of energy and environment [1–5]. The

lateral size of the building blocks plays a significant

effect on the properties of the films, and largeGOsheets

with a large basal plane to edge ratio are favorable to

high mechanical strength [6, 7], electrical conductivity

[8], and thermal conductivity [9, 10]. In this regard, the

preparation of GO sheets with large size is required to

meet the demands of high-performance films.

Typically, GO sheets can be prepared by the liquid-

phase exfoliation of layered graphite oxide (GTO). In

the most common sonication method, the constant

formation and implosion of vacuum bubbles generate

cavitation shear stress and compressive stress in the

liquid [11, 12]. However, due to the non-uniform

acoustic cavitation, it is difficult to control the shear

stress and compressive stress that fragments GTO

flakes and results into smaller sheets [13, 14]. The

mean size of obtained GO sheets is in the range of

hundreds of nanometers to a few micrometers [15].

Although milder sonication method with short peri-

ods can produce large GO sheets, they lead to a

decrease in relative monolayer fraction and a wide

size distribution [16, 17]. Recent papers showed that

the sizes of GO sheets and their size distribution can

be controlled by size fractionation methods, such as

centrifugation, density gradient centrifugation,

member-filtration, and pH regulation [7, 18–21].

However, the extremely complex technological pro-

cesses and time consumption make these techniques

unscalable.

Thus far, various shear technologies have been

applied to exfoliate 2D materials due to the advan-

tages of operating simplicity and controllable shear

stress [22]. Paton et al. [23] established a sliding

model to quantitatively describe the effect of shear

stress on the exfoliation of 2D materials such as gra-

phite, MoS2, and BN and reported a minimum shear

rate of 104 s-1 for the exfoliation of graphite. Com-

pared with graphite, GTO flakes have enlarged

interlayer spacing due to the intercalated oxygen-

containing groups that weaken the van der Waals

forces between graphene layers and thus should be

easier for shear exfoliation. For example, Jeong et al.

[24] used a homogenizer to exfoliate GTO flakes with

lateral size of 70 lm at 10,000 RPM for 1 h and

obtained GO sheets with a mean size above 10 lm.

Park et al. [25] reported the preparation of few-layer
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GO with a lateral size of several tens of micrometers

by using a Couette–Taylor flow reactor. However, the

minimum shear rate for GO exfoliation is still ques-

tionable. It will be very useful for the preparation of

GO slurry and GO film if we can find out an appro-

priate shear rate which can fully exfoliate GTO flakes

with minimum particle breakage.

In this work, we reported a high-strength GO film

utilizing an efficient shear exfoliation method. Within

the exfoliation process, GTO flakes with different

initial size were exfoliated under various shear rates

to shed lights to the effect of shear rate and initial

particle size on the exfoliation process. Leveraging

the optimized shear rate and the size-dependent

exfoliation mechanism, commercially GTO processed

by shear exfoliation offers high-quality GO slurry

with large size and high concentration (20 g/L).

Particularly, the GO slurry prepared from GTO flakes

(* 20 lm) exfoliated at 700 RPM for 8 h showed the

lateral size of 14 lm and relative single-layer fraction

of * 80%. In addition, the as-prepared GO sheets

were assembled and chemically reduced to get the

GO and reduced GO (rGO) film. Large GO sheets

assembled as more compact films with fewer inter-

sheet junctions, inducing stronger mechanical per-

formance, and higher electrical conductivity.

Experimental

Chemical and materials

Commercial GTO filter cakes (45 wt%) with different

lateral sizes were purchased from Zhenjiang Dibo

New Material Technology Co. Ltd. According to the

lateral size of GTO flakes, GTO solutions used in this

work were named as GTO-20 (* 20 lm), GTO-30

(* 30 lm), GTO-60 (* 60 lm), and GTO-90

(* 90 lm), respectively (Figure S1). These GTO filter

cakes were prepared via a controlled Hummers

method by adjusting the mass ratio of KMnO4/-

graphite. In detail, the mass ratio of KMnO4/graphite

was 3.3, and the reaction temperature and time were

55 �C and 2 h, respectively. The oxidation degrees of

these GTO flakes were characterized with X-ray

photoelectron spectroscopy, and the C/O atomic

ratio varied among 2.03, 2.06, 2.18, and 2.24 for GTO-

20, GTO-30, GTO-60, and GTO-90, respectively (Fig-

ure S2). The results suggested that the oxidation

degree increased with the decrease in lateral size.

Ammonium hydroxide (25–28%) was purchased

from Shanghai Lingfeng Chemical Reagents

Company.

Shear exfoliation of graphite oxide

For a typical preparation of 20 g/L GTO suspension,

88.9 g GTO filter cake was diluted with 1911.1 g DI

water followed by a mild mechanical stirring for

30 min. After that, 13.3 mL ammonium hydroxide

was slowly added into the suspension to balance the

acidity. The suspension was then slowly stirred for

another 30 min, so that the GTO flakes were well

dispersed in mixture. This pre-mixed suspension

(liquid volume V = 500 mL) was then transferred to a

stationary mix vessel (inner diameter: 10 cm; outer

diameter: 12 cm, tank volume: 2 L) and exfoliated in a

high shear mixer. The shear mixing system and its

schematic diagram are shown in Figure S3. A saw

tooth dispersion plate (U = 8 cm) was mounted 3 cm

above the bottom of the tank and the liquid height, T,

was fixed at 6.4 cm. The shear rate of the liquid in the

mixing tank was measured by c = DpN/d [23], where

D is the diameter of plate and d is the gap between

edge of plate and tank wall. The shear rates were 293,

628, 963, 1256, 1591, 1884, and 2219 s-1, correspond-

ing to 700, 1500, 2300, 3000, 3800, 4500, and 5300

RPM, respectively. The temperature of the mixing

system was maintained at 20 ± 1 �C with a temper-

ature circulator.

To test the effect of GTO size and shear rate on the

exfoliation process, 5 mL of the sample was collected

from GTO slurries exfoliated at different shear rates.

These slurries were studied by a viscometer and

optical measurement to measure the viscosity and

yield, respectively. Before optical measurements, the

samples were diluted to 0.5 g/L with DI water fol-

lowed by centrifugation at 4000 RPM for 15 min, so

that the mono- and few-layer GO sheets dispersed in

the supernatant would be separated from un-exfoli-

ated GTO flakes. The obtained GO solutions were

then diluted by the factors of 5–20, and their con-

centration was determined by standard curve

method according to Lambert–Beer law (A = Kbc,

Figure S4) [25–27]. The relative monolayer fraction a
was calculated quantitatively by comparing the GO

concentration in supernatant (Ci) and initial concen-

tration of GTO (Co), by a = Ci/Co. This value also

represents the yield of GO sheets.
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Preparation of GO and rGO films

Blade-coating technology was introduced to prepare

GO films. The GO slurry was firstly coated on a

polyethylene glycol terephthalate (PET) substrate by

an automatic coating machine, and the gap of casting

blade was fixed at 1 mm. After drying at 40 �C in an

oven for 6 h, the paper-like GO film was peeled off

from the substrate. The as-prepared GO films were

reduced by immersing them in mixture of HI acid

and acetic acid (AcOH) (volume ratio = 1:1) in a

hydrothermal reactor, which was then heated at

80 �C for 12 h. The reduced GO (rGO) films were

repeatedly washed with ethanol and deionized water

and finally dried at 60 �C for 12 h. The fabrication

process is shown in Fig. 1.

Characterization

The morphologies of GTO flakes processed before

and after shear exfoliation were measured by optical

microscope (OM) (Model BM2000, China). These

obtained OM images were then analyzed by a com-

mercial image analysis software ImageJ to determine

the sheet area (S). To obtain their lateral size (L) from

area data, we assumed that GTO flakes and GO

sheets were quadrangles, and L was then calculated

by the log-normal fitting of the side length (
ffiffiffi

S
p

) dis-

tribution histograms, which represented most prob-

able length of these sheets [28, 29]. Similarly, the

morphology of exfoliated GO sheets was studied by

scanning electron microscopy (SEM) (Model S4800,

Hitachi, Japan) with an accelerated voltage of 5 kV

followed by the above statistical analysis on the lat-

eral size (L’) of GO sheets. The thickness of GO sheets

was studied by atomic force microscope (AFM)

(Model Autoprobe CP-Research, Bruker, USA). X-ray

photoelectron spectroscopy (XPS) (Model PHI-5000

Versaprobe III, Ulvac-Phi, Japan) was used to mea-

sure the C/O ratio of samples. The structures of GO

and rGO films were examined by X-ray diffraction

(XRD) (Model Rigaku SmartLab SE, Japan) and

Raman spectroscopy (Model Labram HR800, Horiba

Jobin, France). Viscosity measurements were taken by

using a viscometer (Model DV2TRV, Brookfield,

USA) with a CAP-51Z cone spindle at 20 �C (cone

angle: 1.5�, cone radius: 1.2 cm, sample volume:

0.5 mL), where the shear rate was adjusted from 100

to 750 s-1. The ultraviolet–visible spectrometer (UV–

Vis) (Model Cray 5000, Agilent, USA) was used to

measure the absorbance of GO dispersion at 231 nm.

Samples for optical measurement were diluted below

0.1 g/L, followed by pre-treatment by sonication for

30 min to prevent the influence of GO size on

absorbance. Mechanical property tests were carried

out on a tensile testing machine (Model KJ-1065,

China) with a loading rate of 2 mm/min and a gauge

distance of 1 cm. Electrical conductivity was mea-

sured with a four-probe apparatus (Model RTS9,

China).

Results and discussion

Shear exfoliation of graphite oxide

The key advantage of shear exfoliation technology

lies in the controlled shear rate and shear stress in the

mixture [30]. In order to obtain the required shear

rate for the shear exfoliation of GTO, we used a series

of shear rates to exfoliate GTO-90 and the GO yield in

slurry was characterized by UV–vis spectroscopy. As

indicated by the UV–Vis absorption spectra shown in

Fig. 2a, all the diluted GO supernatants have absor-

bance at 231 nm, which is attributed to the p ? p*
transitions of C–C bonds, while the samples collected

from the GTO-90 slurries those were exfoliated at the

shear rates of 293 and 628 s-1 exhibit relatively low

absorbance. As the shear rate increases to 963 s-1,

there is a significant increase in absorbance (blue line)

Figure 1 Schematic illustration of preparing GO and rGO films.
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and the concentration of corresponding GO super-

natant is calculated to be 10.23 g/L based on the

standard curve (Figure S5), which clearly reflects that

the minimum shear rate for GTO-90 is 963 s-1.

To obtain quantitative information about the shear

stress acting on the flake surface, in this work, we

measured the viscosity in different fluid flow situa-

tions and predicted the flow patterns by Reynolds

number (Re = ND2q/g) [23], where N is the agitation

speed, D is the diameter of the saw disk, and q and g
are the density and viscosity of the fluid, respectively.

At low Reynolds numbers (Re\ 10,000), flow pat-

terns are dominated by laminar (sheet-like) flow,

while at high Re flows tend to be turbulent. Figure 2b

shows the variation of viscosity and Re of the GTO

slurry which was exfoliated at the shear rate of

963.0 s-1. In Fig. 2b, the viscosity increases with the

shear time, indicating the on-going exfoliation of GO

sheets; meanwhile, Re quickly drops from * 30,000

to * 1000, implying that the turbulence flow plays a

dominant role at the beginning of exfoliation process

and then rapidly turns into the laminar flow. At a

higher shear rate of 2219 s-1 (Fig. 2e), the viscosity of

GTO slurry is lower than that obtained at 963 s-1, but

still enough to give a Re within the laminar flow

regime. It is noteworthy that for the GTO-90 slurries

exfoliated at both shear rates, their GO supernatants

collected from the turbulent regimes are relatively

lower in concentration (Fig. 2c, f), suggesting that the

GO sheets were peeled off under the laminar flow.

The above results infer that for the GTO slurries

exfoliated at a shear rate in range of 963–2219 s-1, the

exfoliation of GTO is controlled by the laminar flow.

For a laminar flow, the shear stress (r) can be calcu-

lated by using Newton’s law [23], r = gc. The time-

dependent r values under different shear rates are

Figure 2 Effect of shear rate on the exfoliation of GTO-90.

a UV–Vis spectra of the diluted supernatants collected from the

GTO-90 slurries after exfoliation at different shear rates for 1 h.

The inset shows the color change of these supernatants. Evolution

of viscosity and Reynolds number (Re) of GTO slurry exfoliated at

shear rate of b 963.0 and e 2219.0 s-1. The viscosity was

predicted according to the power law viscosity model (Figure S6).

c 2 f Time-dependent concentration of the supernatant collected

from the GTO-90 slurry exfoliated at c 963.0 s-1 and

f 2219.0 s-1. d Shear stress of GTO slurries under different

shear conditions.
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shown in Fig. 2d. We can clearly observe a significant

increase in r when the shear rate rises from 628 to

963 s-1, providing a strong shear stress for the GTO

exfoliation.

Shear exfoliation mechanism

The effect of shear stress can be further revealed by

the exfoliation model. Like other two-dimensional

materials, the exfoliation of GTO can be treated as

shear-induced interlayer sliding, during which the

relative sliding of GO layers results in shear delami-

nation and the interfacial bonding energy changes

with the movement of sheets [31]. The energy change

on delamination (DE) can be calculated by [23]:

DE ¼ L2
ffiffiffiffiffiffiffiffi

ES;L

p

�
ffiffiffiffiffiffiffiffiffi

ES;G

p

h i2
ð1Þ

where L is the flake size and ES, G and ES, L are surface

energies of GTO and DI water (ES, L = 72.8 mJ/m2,

20 �C), respectively. When the surface delamination

energy induced by shear stress (ED = gcL3) matches

the interfacial energy of GTO flakes, they are exfoli-

ated to mono- and few-layer GO sheets. In such cases,

Eq. 1 can be rewritten as

gcL¼
ffiffiffiffiffiffiffiffi

ES;L

p

�
ffiffiffiffiffiffiffiffiffi

ES;G

p

h i2
ð2Þ

This formula reveals the relationship between the

operating parameters of shear exfoliation and the

basic features of GTO flakes.

The flake size in delamination stage was measured

by SEM analysis and its size distribution was deter-

mined based on the statistical analysis over 100

sheets. As shown in Fig. 3a, the size distribution of

GO sheets exfoliated at 963 s-1 for 1 h from GTO-90

flakes is in range of around 2 to 13 lm. And the most

probable lateral size of GO sheets, L’, is about 5.8 lm
which is much smaller than the initial size

(* 90.0 lm). This result indicates that GTO-90 pre-

fers to fracture into several smaller particles due to

the local turbulence and the impact force generated

around the rotating blade (Figure S7) [14, 32].

Besides, from the curve of GO concentration in

supernatant versus shear time (Fig. 2c), we found

that the shear exfoliation accelerated at the shear time

of about 10 min, but the viscosity did not reach its

maximum value at this point. This result clearly

indicates that it is the shear rate that plays a domi-

nant function in the shear exfoliation, and the

increase in viscosity in the early stage of exfoliation is

mainly associated with the fragmentation of flakes.

We can presume that the viscosity will increase

rapidly once mass delamination of flakes starts off.

Thus, we regard the moment of 10 min as the

beginning of shear exfoliation where the viscosity is

128.8 mPa�s. By substituting L’ = 5.8 lm, c = 963 s-1,

and g = 128.8 mPa�s into Eq. 2, the surface energy is

calculated to ES, G & 59.0 mJ/m2, which is close to

the reported value (62.1 mJ/m2) [33].

It is worth noting that these GTO-90 flakes are

supposed to have similar surface energy. Figure 3b

shows the XPS spectra of above GO sheets. For GO

slurry exfoliated at 293 s-1, its C/O atomic ratio is

3.31, and the compositions of C = C/C-C, C-O, and

C = O are 58.9%, 36.1%, and 5.0%, respectively (Fig-

ure S8a). When the shear rate increases to 963 and

2219 s-1, the C/O atomic ratio changes to 3.01 and

2.98, and the compositions of C = O reach 8.1% and

7.9%, respectively. The slight increase in C/O atomic

ratio is associated with the content of carboxyl groups

at the edge of GO sheets (Figure S8b,c). Besides, the

similar C/O atomic ratios and chemical compositions

of the latter two samples indicate that they have

similar oxidation degree. It can be further confirmed

with FT-IR analysis. In Figure S8d, there are no

obvious changes between FT-IR spectra of GO exfo-

liated at 963 and 2219 s-1. These results clearly reflect

that the influence of oxidation degree on the surface

energy is negligible. By substituting ES, G & 59.0 mJ/

m2 and g = 128.8 mPa�s into Eq. 2, an estimation

curve was obtained to predict the lateral size of well-

exfoliated GO product at a given c. As shown in

Fig. 3c, the measured lateral sizes of GO products

obtained from different shear rates are in good

agreement with the estimation curve, indicating that

the GO size decreases with shear rate.

To prevent the sheets breakage under high shear

force, a mild shear condition is necessary. Consider-

ing the geometry of GTO flakes, large flakes tend to

be thicker and requires more energy to break up and

exfoliate than small ones [34]. In this regard, smaller

GTO flakes (GTO-60, GTO-30, and GTO-20) are

expected to exfoliate at low shear rates to avoid the

sheet breakage. As shown in Fig. 3d, at a low shear

rate (c = 293 s-1), only GTO-20 flakes could be exfo-

liated, indicated by a significant increase in GO con-

centration, while GTO-30, GTO-60, and GTO-90 all

gave a low concentration at this agitation speed. It is

worth noting that the yield of GO sheets increases

J Mater Sci (2021) 56:18946–18958 18951



with the shear time and reaches * 80% after 8-h

exfoliation, showing the effective exfoliation of GTO-

20 (Figure S9). When the shear rate increased to

628 s-1, both GTO-30 and GTO-60 flakes were able to

be exfoliated, and their yields increased with shear

time as well (Fig. 3e). It is very interesting that these

results clearly reveal a size-dependent exfoliation

pattern, where the relationship between the shear

rate required for exfoliation and the initial size of

GTO flakes fits the power law: L0 = 0.035c1.15

(Fig. 3f).

Thus, both the GTO size and the shear rate need to

be taken into account to assess the exfoliation. Once a

low shear rate matches the energy requirement for

exfoliating small GTO flakes, it can not only lead to a

direct exfoliation process where the GO sheets

exfoliate from the mother flakes layer by layer, but

also prevent the particle breakage. As for GTO-20, the

lateral size of GTO-20 chips collected from precipitate

decreased with the shear rate rising from 293 to

628 s-1 (Figure S10). At 293 s-1, the calculated L of

GTO chips using their optical images was about 20.7

(t = 20 min), 20.1 (t = 40 min), and 19.4 lm
(t = 60 min), respectively, which are quite compara-

ble with their initial size (20.9 lm, Figure S1a). In

addition, the corresponding GO sheets collected from

the GTO-20 supernatant gave an average size of

about 14 lm measured from SEM images, indicating

a small change in the lateral size occurred over the

exfoliation process (Figure S11a). When GTO-20 was

exfoliated at 628 s-1, L extracted from optical images

was significantly reduced to 12 lm, while the GO size

Figure 3 a Statistical distribution of lateral size of GO sheets in

supernatant collected from GTO-90 slurry after 60-min exfoliation

with a shear rate of 963 s-1. Inset picture shows the corresponding

SEM image of GO sheets. b XPS survey of GO slurry exfoliated at

293, 963, and 2219 s-1 for 1 h. c Estimated and measured lateral

sizes of GO sheets exfoliated from GTO-90 plotted versus shear

rate. The solid line is a fit to Eq. 2, and the hollow blocks represent

the experimental value obtained from SEM images. d, e GO

concentration in supernatant collected from GTO slurry with initial

sizes of about 20, 30, 60, and 90 lm exfoliated at shear rates of

d 293 and e 628 s-1. f The effect of initial size of GTO flakes on

required shear rate for exfoliation. The line is the fitting result of

L0 = 0.035c1.15.

18952 J Mater Sci (2021) 56:18946–18958



was about 9.1 lm (Figure S11b). Interestingly, we

found the lateral sizes of GO products (L’ = 9.1 lm at

628 s-1; L’ = 14.0 lm at 293 s-1) prepared with GTO-

20 are close to those prepared with GTO-90 at the

same shear rates (L’ = 8.4 lm at 628 s-1; L’ = 14.0 lm
at 293 s-1, Figure S11c, d), suggesting that Eq. 2 and

the power law model (L0 = 0.035c1.15) are applicable

to GTO-20 as well. Based on the above discussion,

two possible exfoliation mechanisms with both the

GTO size and shear rate being considered are pre-

sented in Fig. 4, which discloses the shear rate

required for exfoliation and the resulting lateral size

of GO sheets. In Fig. 4, we can easily locate a region

where a GO slurry with relatively large size and high

yield can be obtained. Therefore, this study provides

a scalable method to prepare GO dispersion with

tunable size and high yield by shear exfoliation with

optimum c and L0, which exhibits superior size reg-

ulation for high-concentration GO slurry. (A com-

parison is shown in Tables S1 and S2.)

GO slurry and films

On the basis of exfoliation mechanism, we show the

successful production of GO with tunable size

through shear exfoliation method. As the GO size

depends greatly on the shear stress, a high shear rate

is desired for preparing small GO sheets. In our

experiment, the GO slurry with a lateral size of *
3.4 lm (SGO, Fig. 5a) was obtained by exfoliating

GTO-90 at 2219 s-1 for 1 h, which exhibited a yield

of * 85% (Figure S12). In contrast, GTO-20 was

selected as raw materials and exfoliated at 293 and

628 s-1 to obtain other two portions with larger sizes.

It is worth noting that the lower shear rate resulted in

a decreased input energy, which gave rise to the

increase in shear time for complete exfoliation. The

shear time of 240 and 480 min was required for GTO-

20 exfoliated at 293 and 628 s-1 to reach a yield

of * 80% (Figure S12), and the GO sizes were about

8.1 (MGO) and 14.0 lm (LGO), respectively (Fig. 5a).

To demonstrate the effectiveness of shear exfoliation,

the thickness of GO sheets was measured by AFM

analysis. Because of the presence of oxygen-contain-

ing functional groups, the GO sheets showed a higher

thickness than that of graphene (0.335 nm) [35]. The

GO sheets had a thickness ranging from 1.0 to 1.4 nm

(Fig. 5b), which clearly indicates that these sheets

consist of a single layer of GO [36].

The size effect is also reflected by the solution

property between the GO slurries described above.

The exfoliation process of GTO flakes is accompanied

by a rapid volume expansion, which increases the

flow resistance of slurry. Hence, well-exfoliated GO

slurry performs a typical gelation behavior (Fig-

ure S13a). The viscosities of GO slurries were tested

by a viscometer in this experiment. Owing to the

strongly limited mobility of larger GO sheets [37],

LGO has a higher viscosity (365.0 mPa s) than that of

MGO (344.9 mPa s) and SGO (288.5 mPa s) (Fig-

ure S13b). In addition, the enhanced solution viscos-

ity makes these GO slurries great candidates for GO

films via blade-coating technology [38, 39]. After

drying completely in an oven, the paper-like large

GO films were obtained after being peeled off from

substrates. The SEM image (Fig. 6a) reveals that these

GO films possess close-packed features.

Figure 4 Schematic of exfoliation paths: (1) direct shear exfoliation of small GTO flakes at low c; or (2) fragmentation and exfoliation of

large flakes at high c.
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The structures and properties of GO films are

highly dependent on the lateral sizes of their GO

sheets. In the XRD patterns of GO films prepared

with SGO, MGO, and LGO (Fig. 6b), the peaks cen-

tered at 2h = 10.22�, 10.35�, and 10.40�, corresponding
to the d-spacings of 8.65, 8.54, and 8.50 Å, respec-

tively. The decreased interlayer spacing with the

increase in GO size can be attributed to that the

smaller GO with higher oxygen content can absorb

more water through hydrogen bonding and give rise

to an increased d-spacing than that of LGO films [40].

In addition, the full widths at half maximum

(FWHM) of these peaks showed a falling trend,

namely 1.11�, 1.08�, and 0.99� for SGO, MGO, and

LGO films, respectively, which clearly reflected a

more orderly alignment of LGO films [30]. The

Raman spectra of SGO, MGO, and LGO films were

analyzed to indicate the defects in the structure. As

shown in Fig. 6c, all samples have two characteristic

peaks of D and G emerging at * 1350

and * 1580 cm-1, corresponding to the defects and

sp2 hybridized region, respectively [41, 42]. The val-

ues of intensity ratio, ID/IG, vary as 1.04, 1.03, and

0.98 for SGO, MGO, and LGO films, respectively,

which reveals fewer defects caused by edge

boundaries in LGO sheets [40]. Figure 6d shows the

stress–strain curves of above GO films. It was found

that the tensile stress and Young’s modulus of GO

films increased with lateral size of GO sheets. The

SGO film shows a tensile stress of * 121.1 MPa and

a Young’s modulus of 4.8 GPa, while those of LGO

film was tested to be * 168.2 MPa and 8.2 GPa. The

remarkable enhancement in tensile stress and

Young’s modulus is mainly due to the more compact

and oriented structure, fewer defects and inter-sheet

junctions in LGO films [7].

The successful size control also provides a possible

method to prepare highly conductive graphene films.

After reduction by HI, the SGO, MGO, and LGO films

were efficiently converted to rGO films. The XRD

patterns exhibit characteristic peaks at 2h = 24.17�,
24.24�, and 24.33� for reduced SGO (rSGO), MGO

(rMGO), and LGO (rLGO) films, and their d-spacings

are measured to be 3.68, 3.67, and 3.66 Å, respectively

(Fig. 7a). The significant reduction of interlayer

spacing indicates the removal of oxygen-containing

functional groups. In addition, from the Raman

spectra of rGO films, the intensity of D peak is

stronger than that of G peak and a new peak of 2D

peak emerges at 2680 cm-1, indicating the recovery

Figure 5 a SEM images and AFM images of SGO, MGO, and LGO. The thickness of GO sheets ranges from 1 to 1.4 nm that indicates

the single layer of GO.
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of the graphitic structures with defects, which results

in the stacking of rGO sheets (Fig. 7b) [43]. To relate

GO size with the electrical properties, we measured

the electrical conductivity of rGO films at 49 points in

a 3 9 3 cm2 region. As shown in Fig. 7c, all films

exhibit uniform conductivity distribution and give

mean values of 157.5, 177.1, and 231.2 S/cm for rSGO,

rMGO, and rLGO films, respectively. The improve-

ment of conductivity is mainly due to the lower inter-

sheet contact resistance of larger sheets. The com-

parison not only clearly validates the significance of

the initial size of GTO to the properties of GO and

rGO films, but also demonstrates the high efficiency

of our developed exfoliation methodology.

Conclusions

The shear exfoliation of GTO flakes has been sys-

tematically investigated, and the major findings and

results are listed as follows:

1. A size-dependent exfoliation pattern has been iden-

tified for the shear exfoliation of GTO flakes. The

relationship between the shear rate (c) and lateral

size of GTO flakes (L0) was determined to be

L0 � c1.15 for our high shearmixer system; therefore,

GO slurrywith high yield can be easily produced by

controlling the shear rate in the high shear mixer.

2. In the shear exfoliation of GTO flakes, there are

two exfoliation paths: (1) direct shear exfoliation

of small GTO flakes at low c and (2) fragmenta-

tion and delamination of large flakes at high c. In
this regard, GO dispersion with tunable size

(* 3 - 14 lm) and high yield can be prepared

by shear exfoliation with optimized c and L0.

Figure 6 a Photograph of a typical LGO film prepared by using blade-coating method. Inset picture shows the corresponding cross-

sectional SEM images. b XRD patterns, c Raman spectra, and d stress–strain curves of SGO, MGO, and LGO films.
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3. The obtained GO slurry shows excellent solution

property that can be conveniently transformed to

GO film. The LGO film exhibits obvious enhance-

ment in tensile strength (* 168.2 MPa), Young’s

modulus (* 8.2 GPa), and electrical conductivity

(* 231.2 S/cm) after HI reduction, validating the

effect of lateral size on the structure and proper-

ties of films.
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