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ABSTRACT: Graphene oxide (GO) sheets prepared by Hummers’
method have been separated into two portions with large (f1) or
small (£2) lateral dimensions from their aqueous dispersion. This
method is based on the selective precipitation of GO sheets with
lateral dimensions mostly (>90%) larger than 40 um” at a pH value
of 4.0 because of their larger hydrophobic planes and fewer
hydrophilic oxygenated groups. The hydrazine reduced Langmuir—
Blodgett (LB) films of f1 showed much higher conductivities than
those of 2. Furthermore, the thin film of f1 prepared by filtration

Large sized GO

Small sized GO

exhibited a smaller d-space and much higher tensile strength and modulus than those of f2 films. The one-step size fractionation
method reported here is simple, cheap, efficient, and environmentally friendly, which can be used for the size fractionation of GO

sheets in large scale.

B INTRODUCTION

Graphene, a one-atom thick sheet of sp>-bonded carbon
atoms, has potential applications in a variety of fields such as
electronics, composites, sensors, and energy related systems
because of its excellent electrical, optical, mechanical, and thermal
properties.' "> It is known that the lateral dimensions of
graphene sheets play an important role in controlling their proper-
ties and applications. For example, large-area graphene sheets are
highly desirable for forming three-dimensional gra]i)hene-based
networks™> and fabricating optoelectronic devices,*'* while
for the applications of biosensing and drug delivery, molec-
ular sized graphene sheets are required for forming biocom-
patible fully functionalized surfaces.”'*?° It was also reported
that the thermal conductivity of graphene is a strong function of
its sheet size.”"** Accordingly, it is of significant importance to
prepare graphene sheets with controlled sizes for their special
applications. Hitherto, the most widely used method to mass
production of graphene is the reduction of graphene oxide
(GO). >71H1523744 Therefore, the sizes of the final chemical
converted graphene (CCG) or reduced GO (rGO) sheets are
mainly decided by those of their GO precursors. GO is usually
synthesized by oxidation and exfoliation of natural graphite
powder with various oxidants in acidic media. The typical
method of sznthesizing GO was developed by Hummers and
co-workers.” Unfortunately, upon oxidation and sonication, the
GO sheets are inevitably cut into small pieces with a wide size
distribution. Although the size distribution of GO sheets can be
narrowed to some extent by modifying the preparation condi-
tions such as using different oxidants or changing the reaction
time or media,'®*****” the results are still unsatisfactory. Parti-
cularly, all of the GO products prepared by these techniques
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contained small GO sheets with lateral dimensions in submic-
rometer scale. Thus, a convenient and high-output method for
controlling GO sizes and their distributions remains to be
exploited.

Recently, a density gradient ultracentrifugation (DGU) tech-
nique has been applied to separate GO sheets with different
sizes.” Sun et al. also developed a density gradient ultracentrifugal
rate (DGUR) method for the fractionation of CCG sheets.*®
However, the severely high centrifugation rate, the small size of
centrifuge tube, and the use of specialized gradient medium
limited large-scale production of GO sheets with desired sizes.
Here, we report a rapid and simple size separation method based
on the pH-dependent amphiphilicity of GO sheets. We found
that the pH-induced sedimentation of GO sheets depended on
their sizes. Thus, by adjusting the pH value of a GO dispersion,
size fractionation of GO sheets can be easily realized. This
technique can be used to produce GO sheets with large lateral
sizes (mostly larger than 40 m®) and narrow size distribution in
large quantity. The thin Langmuir—Blodgett (LB) and paper-like
films based on the large and narrow-distributed GO or rGO
sheets showed greatly improved mechanical or electrical properties.

B EXPERIMENTAL SECTION

Preparation of GO. GO was prepared by Hummers’ method, and
the procedures are briefly described as follows.* Graphite powder
(25 meshes, 33.0 g) and sodium nitrate (1.5 g) were mixed in sulfuric
acid (70 mL, 98 wt %) under stirring and cooled by using an ice bath.
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Figure 1. SEM image and corresponding histogram of GO size distribution (under the SEM image) of cGO, f1, or £2 LB monolayer on a silicon
substrate. The histograms of GO size distributions were obtained by counting more than 1000 sheets for each sample. The Gaussian fit curve of each

sample is colored in green.

Under vigorous agitation, potassium permanganate (9.0 g) was added
slowly to prevent the temperature from exceeding 20 °C. Successively,
the reaction system was transferred to a 35 &= S °C water bath for 0.5 h,
forming a thick paste. Next, 150 mL of water was gradually added, and
the solution was stirred for 15 min at 90 & S °C. Additional 500 mL of
water was added and treated with 15 mL of H,0, (3 wt %), turning the
color of the solution from dark brown to yellow. The mixture was filtered
and washed with 1:10 HCI aqueous solution (250 mL) to remove the
acid. The resulting solid was dried in air and diluted. A GO suspension in
water (1 mg/mL) was obtained after ultrasonication for 30 min, followed
by centrifugation (4000 rpm, 30 min) to remove the residual graphite
and graphite oxide. Finally, it was purified by dialysis for 1 week to
remove the remaining metal species.

Size Fractionation of GO. The pH value of an aqueous dispersion
of the GO prepared by Hummers’ method described above (1 mg/mL
or lower) was adjusted to 4.0 using 1 M HCI and aged for over 4 h.
During this process, part of the GO was precipitated. Both the sediment
and the residual dispersion were collected and dialyzed with deionized
water to remove the inorganic additives. These two GO fractions are
defined as f1 and 2, respectively.

Preparation of the Langmuir—Blodgett (LB) Films of GO
or rGO. One volume aqueous dispersion of GO (1 mg/mL) was diluted
with S volumes methanol without sonication for keeping the sizes of the
GO sheets.*® For LB, the trough (KSV Minitrough, 10 cm X 25 cm) was
carefully cleaned and then filled with deionized water. GO solution was
dropped into the trough with a speed of 100 #L/min and spread onto
the water surface using a glass syringe to a total volume of 8 —10 mL. The
surface pressure was monitored using a tensiometer attached to a
Wilhelmy plate. The film was compressed by barriers at a speed of
20 cm”/min. The GO monolayer was transferred, typically midway, by
vertically dipping the substrate into the trough and slowly pulling it up
(2 mm/min). Quartz or silicon sheets were used as the substrates, and they
were treated with 1:1:5 NH,OH:H,0,:H,O (by volume) and washed
repeatedly with deionized water before use. Two- and three-layer GO LB
films were prepared by drying the as-formed films in an oven at 80 °C for
1 h and then depositing another layer of GO under the same condition.
Thin GO films assembled on quartz substrates by LB technique were
reduced by hydrazine vapor at 100 °C for 1 h to form rGO films.

Preparation of GO Papers. Free-standing GO papers were pre-
pared by vacuum filtration of 15 mL of GO aqueous dispersions (1 mg/mL)
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Figure 2. Zeta potential of f1 or f2 aqueous dispersion as a function of
its pH value.

through porous poly(tetraflouroethylene) (PTFE) membranes (47 mm
in diameter and 0.2 um in pore size). Successively, they were dried
overnight under vacuum at 50 °C before characterization.
Characterization. The pH value of each sample was measured by a
pH meter (PHS-3C). A scanning electron microscope (SEM, Hitachi
$-5500) and an atomic force microscope (AFM, Nanoscope III Multi-
Mode) in tapping mode were used to characterize GO sheet sizes and
thickness. The zeta ({) potentials of GO aqueous dispersions with
various pH values were measured by the use of a zetasizer nanosystem
(Malvern Instruments). The pH values of the GO dispersions were
modulated by adding 1 M HCl or KOH. The X-ray diffraction (XRD)
patterns were recorded on a D8 Advance X-ray diffractometer (Bruker)
with Cu Ko radiation (4 = 1.5418 A). The X-ray photoelectron energy
spectra (XPS) were performed using a ULVAC-PHI XPS spectrometer
(Thermo Electron) with Al Kat radiation. The mechanical properties of
GO papers were tested by the use of a model 3342 universal mechanical
testing machine (Instron, U.S.) at a stretching rate of 0.5 mm/min. GO
papers with thicknesses of 10—15 um were cut into strips with 2—3 mm
in width and 20—25 mm in length and used as the specimens. The
reported data were the average of four tests of the same sample. All of the
failures occurred at the middle regions of the specimens. The sheet
resistances of rGO LB films were measured by using conventional four-
probe technique, and their transmittances were evaluated by using a
UV—vis spectrometer (Hitachi U-3900). All measurements were
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Figure 3. (a) XRD patterns of cGO, f1, and f2 papers prepared by vacuum filtration and (b,c) the C 1s XPS spectra of (b) f1 and (c) f2 papers.

Figure 4. Typical SEM images of the LB films of rGO prepared from cGO (a—c), f1 (d—f), and f2 (g—i) with one- (a,d,g), two- (b,e,h), and three- (c,,i)

rGO layers on quartz substrates. The images have the same magnifications, scale bar = 10 zm.

conducted at room temperature and under an environment with
humidity around 20%.

B RESULTS AND DISCUSSION

A GO sheet can be recognized as a single layer graphite brin
various hydrophilic oxygenated functional groups.30’36’4975
The hydroxyl and epoxide groups are mainly on the basal planes,
and ionizable carboxylic acid groups are mostly at the edges of
GO sheets.> Thus, GO sheets can be dispersed in water to form
a stable colloidal dispersion. It was also believed that the
electrostatic repulsion between GO sheets, resulting from their
ionized carboxyl groups, prevented their aggregation in aqueous
medium.” The edge-to-area ratio of a GO sheet increases with the
decrease of its lateral dimension. Thus, in the aqueous media with
the same pH value, the smaller GO sheets should have higher
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Figure 5. (a) Sheet resistances and (b) transmittances at 550 nm of
reduced cGO, fl, and f2 films with different LB layers on quartz
substrates.

solubility than that of their larger counterparts because of higher
densities of ionized —COOH groups. Furthermore, the solubility
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of GO sheets in water also decreases with the decrease of the pH
value of their dispersion. This is mainly due to that the repulsion
force between GO sheets is weakened by the protonation of their
carboxyl groups. Therefore, we can acidify a GO dispersion to
proper pH values for selectively precipitating large GO sheets.
This process is similar to that of fractionating a polymer with
different molecular weights by mixing its solution with a poor
solvent. For our GO dispersions prepared by Hummers’ method,
the pH range suitable for GO size fractionation was tested to be
3.34—4.24, and we call it the “pH window”. Actually, a crude GO
(cGO) colloidal dispersion was separated into two portions by
adjusting its pH value to 4.0 with 1 M HCI and collecting the
precipitant of larger sized GO sheets (f1) and the residual stable
dispersion of smaller sized GO sheets (f2). The successful size
fractionation can be reflected by the scanning electron micro-
scope (SEM) images shown in Figure 1. The samples used for
SEM studies were prepared by LB assembling the GO sheets of
cGO, fl, or f2 on silicon substrates at the same regions
of isotherm surface/area curves that GO sheets were close-
packed (Figures S1, S2). According to the SEM images and their
size distribution histograms, the sizes of cGO sheets are widely
distributed from <1 to over 200 um® However, the GO sheets
are mostly (>90%) larger than 40 um® in f1 and smaller than
S0 ,I,Lm2 in £2. The Gauss fits of cGO, f1, and £2 indicate that their
maximum distributions of GO sizes are 49, 65, and 15 ,umz,
respectively, and their half band widths were measured to be 69.9,
41.4, and 22.2 um?, correspondingly. These results demonstrate
that the GO sheets of cGO have been fractionated into two
portions with large (f1, mostly >40 um?) or small (£2, <50 um?)
lateral dimensions, and fl and f2 have much narrower size
distributions than that of cGO.

The mechanism of the pH-induced size fractionation of GO
sheets was studied by { potential measurements. As shown in
Figure 2, the { potentials of f1 and f2 dispersions decrease
with the increase of their pH values because of the ionization
of —COOH groups. It was reported that a GO dispersion was
stable only as its { potential < —30 mV.” In the “pH window” of
3.34—4.24, the ¢ potential of f1 is higher than —30 mV, and that
of f2 is lower than this value (Figure 2). Therefore, within the
“pH window”, cGO can be fractionated by selectively precipitat-
ing its large GO sheets. Here, we should figure out that the GO
dispersions with pH values beyond the “pH window” can also be
size fractionated under more serious conditions, such as using
DGU or DGUR techniques. However, here, we offer a simple
one-step method by just adjusting the pH value of GO disper-
sion, which shows great potential of size fractionation of GO
sheets in large scale.

The sizes of GO sheets have strong effects on the structures
and properties of their self-assembled films. GO sheets can be
assembled into paper-like films by filtration.” The structures of
our GO papers were studied by X-ray diffraction (XRD). The
XRD patterns of cGO, f1, and f2 papers (Figure 3a) show peaks
at 260 = 12.3° 13.0° and 12.0°, respectively, and their d-spaces
are calculated to be 0.72, 0.68, and 0.74 nm, correspondingly.
The half peak widths of the XRD peaks were measured to be
0.53° 0.48° and 0.68° respectively. The fl paper has the
narrowest XRD peak and the shortest d-space. According to
previous reports, the relative humidity®* and the stacking situation”
of GO sheets are main factors for controlling the d-space of a
layered GO paper. Under the same humidity, the confined water in
the interlamellar spaces of GO papers with different sized sheets
predominantly depends on their abilities of trapping water

molecules.”* XPS results indicate that f1 brings fewer oxygenated
groups than does f2 (Figure 3b,c). Thus, it can absorb less water
through hydrogen bonding, which leads to a smaller d-space. On
the other hand, the larger GO sheets in f1 also resulted in the
formation of layered film with fewer structural defects, which
further reduces the d-space and the width of the XRD peak.>®

The large GO sheets and compact structure of f1 paper also
greatly improved its mechanical property (Figure S3). The
tensile strength (0) or tensile modulus (E) of fl paper (0=
90.4 M Pa, E = 7.6 GPa) was measured to be about twice that of f2
paper (0 =42.3 MPa, E = 3.4 GPa). Furthermore, the mechanical
property of f1 paper is also much higher than that of cGO paper
(6 = 65.6 MPa, E = 5.0 GPa). This is mainly due to that f1 paper
has the most compact structure and the fewest defects because of
its large GO sheets as described above.

The morphology, optical, and electrical properties of the LB
films of rGO also depend strongly on the sizes of their GO
precursors. The sheet resistances of hydrazine-reduced cGO, f1,
and 2 monolayers were measured to be 54.9, 16.2, and 91.8
MQ/sq, respectively. The lowest sheet resistance of reduced f1
monolayer is attributed to its largest rGO sheets with the fewest
structural defects. Furthermore, the larger rGO sheets can also
form monolayer with lower contact resistance because of its
fewer sheet contacts (Figure 4). The conductivities of the rGO
films increase with their LB layer number (Figure Sa). The sheet
resistance of three-layered rGO film of f1 can achieve 0.95 MQ/
sq, which is significantly lower than that of 10.9 M/sq for
reduced f2 and 6.2 MQ/sq for reduced cGO (Figure Sa). On the
other hand, increasing the number of LB layers decreases the
transmittance of reduced GO film (Figure Sb). For example,
the transmittance of reduced f1 film at 550 nm was measured to
be 89% for monolayer and 75% for a three-layered film. The LB
film of reduced f1 with a given layer number has the most compact
morphology (Figure 4) and the lowest transmittance (Figure S).

B CONCLUSION

We have successfully developed a universal technique for size
fractionation of GO sheets by just adjusting the pH value of GO
dispersion. This method is simple, cheap, and environmentally
friendly, and it can be used to treat large amounts of GO in one
step. The lateral dimensions of GO sheets have strong effects on
the structures and properties of the self-assembled GO films.
Larger GO sheets favor the formation of paper-like films with
more tight and perfect structures, which greatly improved their
mechanical properties. Furthermore, the LB films of larger GO
sheets also showed higher conductivities after chemical reduction
because of their more compact morphology, fewer structural
defects, and lower contact resistances.

B ASSOCIATED CONTENT

© Ssupporting Information. Figure S1, isothermal surface
pressure/area plots of forming close packed monolayers of cGO,
f1, and f2; Figure S2, AFM image of GO sheets of typical f1; and
Figure S3, the tensile stress—strain curves of cGO, f1, and f2
papers. This material is available free of charge via the Internet at
http://pubs.acs.org.
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