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G
raphene is a one-atom-thick two-
dimensional carbon system and
has been suggested as a potential

alternative to single walled carbon nano-

tubes and monocrystalline silicon for future

technological applications in many fields

such as nanoelectronics, sensors, nanocom-

posites, batteries, supercapacitors and hy-

drogen storage, due to its low cost and

novel properties.1�7 One of the prerequi-

sites for exploiting these potential applica-

tions is the availability of bulk quantities of

graphene sheets with appropriate sizes and

specific functionalization. For instance,

single-layered graphene sheets with lateral

sizes of micrometers and limited surface

functionalization are required for use in

many devices,8�12 while applications in cel-

lular imaging and drug delivery require mo-

lecular sized graphene samples (typically

�20 nm) with a fully functionalized surface

in order to interface with biological

systems.13�15 In other cases, take electronic

film preparation16�19 for example, the size

and surface chemistry of the graphene

“building blocks” might influence the prop-

erties of the final products.

A variety of methods have been devel-

oped to prepare chemically modified

graphene (CMG) with specific

functionalization.12,20�29 Those which in-

volve the formation of a colloidal suspen-

sion of graphene oxide (GO) from graphite

have attracted considerable attention due

to their reliability, amenability to large-scale

production, relatively low material cost,

and versatility in terms of chemical func-

tionalization. Although the process results

in residual oxygen-containing functional

groups on the sheets that lead to some loss

in electron mobility, it offers much greater

flexibility in terms of overall materials prop-

erties. However, it still remains a challenge
to obtain monodisperse CMG sheets with
precisely tailored size and surface chemis-
try in bulk quantities by synthesis optimiza-
tion alone. The preparation of CMG com-
monly involves oxidation/exfoliation of
graphite and subsequent chemical
reduction.5,30,31 The oxidation step is a ran-
dom “top-down” chemical cutting process
which does not allow precise control over
size or shape and does not result in mono-
disperse samples of CMG, unlike the types
of monodisperse inorganic nanoparticles
which are routinely obtained by well con-
trolled “bottom-up” syntheses.32,33 At the
same time, because the carbon atoms in the
core of a graphite particle are less chemi-
cally accessible during oxidation than those
at the surface/edges, the as-obtained
graphene oxide particles usually have dif-
ferent degrees of oxidation, which might in-
terfere with or complicate subsequent
processing.

An efficient way to address this prob-
lem is by performing “post-synthesis” sepa-
ration to sort graphene or CMG according
to their differences in sheet size and surface
chemistry. The isopycnic density gradient
ultracentrifugation (DGU) separation
method has been applied to separate car-
bon nanotubes by diameter/chirality/wall
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ABSTRACT A simple density gradient ultracentrifuge separation method has been developed for sorting

chemically modified graphene (CMG) by sheet size and surface chemistry in just a few minutes. By optimizing

the parameters, including the density gradient and centrifugation time, CMG sheets with specific size ranges and

optical properties can be targeted selectively. UV�vis absorbance and photoluminescence spectra revealed the

properties of separated CMG samples are highly dependent on their sheet size and degree of oxidation. A possible

mechanism for the separation is discussed.
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thickness34�38 and separate graphene by number of
layers.39,40 These separations involve balancing the den-
sity of colloids of the material with that of a support-
ing medium.35,36 Due to the high density of CMG, sepa-
ration by isopycnic DGU is not possible (in contrast to
surfactant encapsulated unmodified graphene39,40).
Here we show how an alternative procedureOdensity
gradient ultracentrifugal rate (DGUR) separationO
which relies on the dependence of the sedimenta-
tion rate of colloidal nanoparticles on their size and
geometry, may be utilized effectively to separate
CMG samples. The DGUR method has previously
been employed for separation of SWCNTs by
length,41,42 separation of colloidal metal nanoparti-
cles by size,43 and size-dependent separation of pe-
gylated graphene oxide.13 However, separation of
bare single layers of CMG by size and chemical na-
ture has not yet been reported. By optimizing the
DGUR separation parameters, we can obtain
CMGOthat is, graphene oxide (GO) and chemically
reduced graphene oxide (CRG)Osheets with a spe-
cific size range and with particular properties for dif-
ferent applications. This separation method is ex-
pected to be a general postprocessing approach
with wide application in nanoscience and
nanotechnology.

RESULTS AND DISCUSSION
The DGUR method, which takes advantage of the

differences in sedimentation rate between various sized
nanoparticles, has been adapted from biomacromole-
cule purification.13,34,41,42,44 A schematic illustration of
the DGUR separation system for CMG sheets is shown
in Figure 1a. When a CMG suspension is placed on top
of the multilayer step density gradient and centri-
fuged, the action of centripetal forces results in the
CMG colloids being driven through the liquid gradient.
Larger sheets have a higher sedimentation rate accord-
ing to Stokes’ Law45 after balancing the centrifugal
force against buoyancy and viscous drag. The density
and viscosity increase at the gradient boundaries and
should slow down the small graphene sheets while al-
lowing larger and heavier sheets to pass through to the
succeeding layers. When the centrifugal force is re-

moved, CMG sheets with different lateral size and sur-
face chemistry can thus be captured along the centri-
fuge tube at appropriate positions, as shown in Figure
1a. Digital camera images of the centrifugation tubes af-
ter separation under different conditions are shown in
Figure 1b. The horizontal dark bands/lines correspond
to the gradient boundaries as set before centrifugation,
where CMG sheets of specific size and property
accumulated.

Our first separation attempt was carried out us-
ing chemically reduced graphene oxide (CRG) sheets
prepared by reduction of GO with hydrazine.30 The
as-prepared CRG have not been completely reduced,
are still rich in surface functional groups,31 and are
thus dispersible in water and the aqueous gradient-
making medium (sucrose solution) without agglom-
eration or requiring the presence of a surfactant;30

this is the precondition for using the DGUR method.
After the as-prepared CRG suspension was layered
on top of the density gradient (20�66% gradient)
(Figure 1b, tube A) and centrifuged at 50K rpm for
15 min, CRG sheets were separated into different
zones along the centrifuge tube (Figure 1b, tube B).
AFM characterization indicated that sampling along
the centrifuge tube yielded CRG sheets of increasing
size from 50 to 600 nm (Figure 2 and Figure S1 in
the Supporting Information). AFM images of the GO
and the unseparated CRG are shown in Figure S2 in
the Supporting Information for comparison. The
tapping-mode heights of fractions (�0.7 nm) con-
firmed the single-layered structures in all fractions
after separation (Figure S3 in the Supporting Infor-
mation). The results show that we can obtain almost
monodisperse CRG sheets (see Figure S1 in the Sup-
porting Information), with relatively small differ-
ences in sheet diameter, using this method.

Further study revealed that this method can serve
as a general process for separation of crude CMG
into monodisperse fractions. We evidenced this by
employing the DGUR separation method with the
precursor of CRG, GO. Following the same proce-
dure, different GO sheets were captured at different
positions along the centrifuge tube (Figure 1b, tube
C). The size of the GO sheets increased from 40 nm

Figure 1. (a) Schematic illustration of the mechanism of DGUR separation of CMG sheets with different sizes. (b) Digital
camera images of the ultracentrifuge tubes after separation at 50K rpm: (A) before separation; (B) CRG separated in a
20�66% gradient for 15 min; (C) GO separated in a 20�66% gradient for 15 min; (D) GO separated in a 20�66% gradient
for 5 min; (E) GO separated in a 40�66% gradient for 5 min.
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(f5) to 450 nm (f30), as revealed by AFM (see Figure
3 and Figure S4 in the Supporting Information). Black
aggregates were found at the bottom of tube C in
Figure 1b. TEM images of these aggregates revealed
multilayered structures (see Figure 3g). This demon-
strates that the DGUR method can separate single
layer from multilayer GO sheets39 because the thick
and heavy multilayered structures sediment faster
than single layered ones, while single layered sheets
become sorted merely according to size.

Another feature of GO separation is that the color
of the section near the bottom of the tube is “dark
gray”, which is different from the upper “yellow-brown”
parts (Figure 1b, tube C). In order to study the compo-
sition of the “dark gray” material, we reduced the cen-
trifugation time from 15 to 5 min to extend the range of
materials separated. Digital images of different frac-
tions from the resulting tube D (labeled as f5�f30 in
Figure 1b) showed different colors (the insets in Figure
4a, and Figure S5a in the Supporting Information). Ab-
sorption measurements in the UV�vis range gave a
clear trend after normalizing the curves to the absor-
bance of the peak around 230 nm, which corresponds
to a �-electron plasmon excitation of graphitic
carbon.46,47 GO sheets in upper fractions (e.g., f5) had
much lower absorbance in the visible range, 400�800
nm, while the visible absorbance of lower fractions in-
creased significantly (Figure 4a). The ratio of absor-
bance intensity at 400 nm to that at 800 nm
(Abs400 nm/Abs800 nm) also decreased markedly with in-
creasing fraction number (Figure 4b). Indeed, the absor-
bance curve of f30 was almost flat in the visible region
(Abs400 nm/Abs800 nm � 1.4:1), similar to that observed for
the “pristine” graphene made by intercalation and exfo-
liation without oxidation,48 while the absorbance curve
of f5 ramped down sharply from 400 to 800 nm
(Abs400 nm/Abs800 nm � 4.5:1), comparable to that ob-
served for fully oxidized GO.13 This implies that GO
sheets were separated in terms of degree of oxidation,
with less functionalized graphene sheets being distrib-
uted in higher fraction numbers. This was further con-
firmed by the red shift of the UV absorption peak from
ca. 230 nm for f5 to 260 nm for f30 (Figure 4c); such a
red shift has previously been reported when the degree
of reduction of GO is increased.49

The evolution of functionalization through the frac-
tions was further evidenced by C1s X-ray photoelectron
spectroscopy (XPS, Figure 4d, 4e) and photolumines-
cence analysis (Figure 4f). The XPS spectrum of f30
showed a much weaker C�O peak (at ca. 286.5 eV)
than upper fractions like f10 or that reported for GO.50,51

This corresponds to a reduced number of epoxide and
hydroxyl functional groups in the former,52,53 i.e., a lower
degree of oxidation. Differences in extent of chemical
functionalization also induced significant differences in
fluorescence properties. f5 was the only fraction show-
ing strong photoluminescence in the visible range,

which is consistent with the presence of GO sheets

with extremely small size and a high degree of oxida-

tion.13 This fraction may be suitable for applications in

cellular imaging and drug delivery.13 The fluorescence

intensity decreases in succeeding fractions and is negli-

gible from f20 downward. The CMG sheets in these frac-

tions might be more suitable for application in devices

by virtue of their increased size (usually �400 nm) and

low extent of oxidation (close to pristine graphene

sheets).5,48 Centrifugation for 5 min (tube D in Figure

1b) gives fractions separated in terms of oxidation de-

gree and, for the more oxidized fractions (yellow-brown

colored fractions) at least, an additional separation in

terms of sheet size, as shown by the AFM results, which

Figure 2. (a�f) Tapping-mode AFM images (2 � 2 �m2, scale bar:
500 nm) of different fractions of CRG as labeled in tube B in Figure
1b. (g) Tapping-mode height images of CRG in fraction f25 from
tube B in Figure 1b. (h) Variation in average size with fraction
number.
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reveal the size differences (Figures S6 and S7 in the Sup-

porting Information). Somewhat unexpectedly, the Ra-

man spectra of different GO fractions from f5 to f25

showed very little difference in the D- to G-band inten-

sity ratio (Figure S5b in the Supporting Information).

This shows that the intensity ratio of the D and G bands

is not a reliable indicator of the degree of oxidation

since it can be influenced by a number of other fac-

tors, including edges, charge puddles, ripples, and de-

fects. Previous reports have also confirmed that reduc-

tion of GO does not necessarily result in a decrease in

D/G intensity ratio.25,51,54�57

The above results also suggest that GO or CRG with

a specific size range can be targeted by adjusting the

parameters such as centrifuge time and density gradi-
ent profile. For instance, shortening the centrifugation
time from 15 to 5 min leads to better separation of the
black components with larger sheet sizes. Alternatively,
if GO sheets with a lower extent of oxidation are the tar-
get product, a gradient with more concentrated layers
(40%�66%) can be used to retain the more oxidized
yellow-brown components at the very top positions but
give higher resolution of the less oxidized dark-gray
components by widening the spatial distribution (Fig-
ure 1b, tube E, and Figure S8 in the Supporting Informa-
tion).

SEPARATION MECHANISM
What are the rules governing the separation of CMG

in a gradient under ultracentrifugation? Why is a den-
sity gradient needed? Theoretical analysis and further
experiments were carried out to answer these ques-
tions and hence reveal the principles underlying of the
separation process.

According to the classical theory of colloids, the sedi-
mentation rate of colloidal particles in a given medium
with density �m and viscosity �m, in a centripetal force
field of g=, can be described as43,45

Here r denotes the radius of the core material par-
ticle, t denotes the thickness of the solvation shell,43

and �p denotes the net density of the particle. Formula
I indicates that the colloid sedimentation speed de-
pends on both colloid core radius r (that is why large
sheets sediment faster than small ones) and the proper-
ties of the medium (�m and �m). The density difference
between �p and �m is the dominant term. The particles
stop sedimentation when they reach a medium of the
same density (i.e., �p � �m � 0). This is how we estimate
the net density of colloids by isopycnic separation.

In the case of CMG, the net density of the CMG
sheets is highly dependent on both the sheet size and
the hydration degree. A model of colloidal CMG is
shown in Figure 5. In this model, it is assumed that (1)
the CMG sheets are circular disks, with radius r, thick-
ness h, and density �c and (2) the CMG is surrounded by
a disklike hydration shell, with thickness t and density
1 g/cm3.

Given the above assumptions, the net density of
the CMG is given by formula II:

Formula II indicates how the density difference be-
tween colloidal CMGs allows separation: when the
graphene sheets are large (r1) or multilayer (h1),
the net density increases and promotes sedimentation.
As the oxidation degree increases, it results in the hy-
dration layer becoming thicker (t1) so that the net
density of the CMG decreases, which results in the col-

Figure 3. (a�f) Tapping-mode AFM images (2 � 2 �m2, scale
bar: 500 nm) of GO fractions separated in a 20�66% gradient
for 15 min (fractions as labeled in tube C in Figure 1b. (g) TEM im-
ages of the black aggregates present at the bottom of the tube
C in Figure 1b. (h) Variation in average size with fraction number.

U ) 2(Fp - Fm)(r + t)2
(g'/9ηm) (I)

Fp ) 1 + (Fc - 1)/[(1 + t/r)2(1 + 2t/h)] (II)
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loids being retained in the upper gradient layers. This
explains why CMG can be separated under centrifuga-
tion according to differences in both the size of the
sheets and the extent of oxidation.

To clarify the differences between GO and chemi-
cally reduced graphene oxide (CRG) sheets, isopycnic
separations were performed in a linear density gradi-
ent (20�60%) at 32K rpm. In contrast to the short times
(no more than 15 min) used in the above rate separa-
tions, the centrifugation time was extended to 12, 24,
36, and 48 h (see the digital images in Figure 6a and Fig-
ure S9 in the Supporting Information). Continual move-
ments of CRG bands along the centrifuge tube indi-
cated that the CRG sheets never became balanced with
the buoyancy of the medium and finally aggregated at
the bottom of the centrifugal tube, which implies their
relative density is independent of size, confirming that
isopycnic separation is ineffective. However, the move-
ment of GO became significantly slower with increasing

centrifugation time (Figure 6a). The sedimentation

speed in the last 12 h was less than 2% of that in the

first 15 min according to measurements on the yellow-

brown section. During the last 12 h, the density gradi-

ent profile did not change significantly (Figure 6e). This

implies that the GO sheet density was very close to

Figure 4. (a) UV�vis absorption spectra of GO in different fractions from tube D in Figure 1b. Inset: photograph of GO (f5
(left) and f30 (right)) after dilution. (b) Ratio of absorption at 400 nm to that at 800 nm of GO in different fractions from tube
D in Figure 1b. (c) Variation in the wavelength of the absorption maximum of GO in different fractions from tube D in Fig-
ure 1b. (d, e) XPS spectra of f10 and f30 GO fractions from tube D in Figure 1b. (f) Fluorescence (�ex � 400 nm) spectra of GO
in different fractions from tube D in Figure 1b.

Figure 5. Illustrations of the hydrated colloidal CMG used in
the model. Upper image: side view. Lower image: view along
the direction perpendicular to the c-axis of the CMG sheets.
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the ambient medium density (1.32 g/cm3) after centrifu-

gation for 48 h. As revealed by AFM, the GO sheets still

suspended in the sucrose medium (�60 wt %) were

usually less than 200 nm in size (Figure 6b�d), while

larger sheets have higher density and aggregated at the

bottom of the centrifuge tube. It is reasonable to as-

sume that GO sheets synthesized by Hummer’s method

have different degrees of oxidation because the gra-

phitic carbon atoms at the edges and centers of the

graphite particles have different chemical accessibility.

Those located at the edges are more prone to higher

degrees of oxidation. Smaller sheets have larger edge-

to-area ratios and thus become more highly functional-

ized than larger sheets and therefore have a lower aver-

age density degree (see formula II above). The presence

of the large number of functional groups located at the

edges of graphene sheets also helps to stabilize colloi-

dal GO suspension of smaller sheets. Larger sheets are

less highly functionalized and retain higher densities,

which explains why they were aggregated at the bot-

tom of the centrifuge tube.

To answer the second question “Why is a density

gradient necessary?”, we used 30% sucrose as a uni-

form medium to separate CRG with the other condi-

tions the same as those given in Figure 2 (same overall

medium length, centrifugation at 50k rpm for 15 min).

Digital photos and AFM images are shown in Figure 7.

Some separation by size was obtained (Figures 7a to

7f), but some very small sheets accumulated in the top

section (shown as a dark black band at the water/30%

sucrose solution interface in Figure 7g). Furthermore,

the sheet size near the bottom of the centrifuge tube

was still small (�300 nm). This means the CRG size sepa-

ration range shrunk from 50�700 nm for the density

gradient method to 50�300 nm (a quantitative com-

parison of the two methods is shown in Figure 7h). The

difference in separation ability of the two media is

shown schematically in Figure 8. It can be seen that

the multilayer gradients offer a combination of high

resolution, narrow spatial distribution, and wide size

range, while a single layer column only gives relatively

high resolution over a smaller size range. Furthermore,

Figure 6. (a) Digital camera images of the ultracentrifuge
tubes after separation at 32K rpm with different centrifuge
times. (b-d) Tapping-mode AFM images (2 � 2 �m2, scale
bar: 400 nm) of GO fractions separated in a 20�60% linear
gradient for 46 h. (e) Density curve of different fractions.

Figure 7. (a�f) Tapping-mode AFM images (5 � 5 �m2, scale
bar: 2 �m) of CRG fractions separated in 30% sucrose for
15 min. (g) Digital camera images of the ultracentrifuge
tubes after separation. (h) Comparison of the average size
in the fractions obtained using a density gradient (in red)
and a uniform medium (in black), with the other separation
conditions identical.
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even for the well-separated section, the colloids are sig-
nificantly more diluted than for the multilayer gradient
case. The wide size range and high spatial resolution
obtained with the multilayer gradient separation are es-
pecially important when the method is employed for
analysis of an unknown sample without any informa-
tion available about choice of layer concentrations.

CONCLUSIONS
A density gradient ultracentrifugation rate separa-

tion method has been developed for sorting chemi-

cally modified graphenes by taking advantage of their

differences in sedimentation rate. This rapid, versatile,

scalable, efficient, nondestructive, and reproducible

method separates single-layer and monodisperse GO

and CRG sheets (50�700 nm) according to differences

in size and chemical properties in a time as short as 5

min. Specific sheet size and extent of graphene func-

tionalization can be targeted by adjusting the separa-

tion parameters, including centrifugation time and den-

sity gradient profile. Unwanted aggregates and even

impurities (e.g., silicates in graphene) were removed

without interfering with the separation. The separation

method provides a way of obtaining graphene sheets

with suitable sizes in bulk quantities and might pave the

way for realization of technological applications of

graphene. It also provides a potential analytical method

to assess the size distribution and stability of suspen-

sions of CMG by comparison against standards.

EXPERIMENTAL SECTION
Preparation of Chemically Modified Graphene. Natural graphite ma-

terials were obtained from Pingdu Huadong Graphite Process-
ing Factory (50 mesh, 99.95% purity). All other chemicals were
A. R. grade, bought from Beijing Chemical Reagent Co., Inc., and
used as received without further purification. Graphene oxide
(GO) prepared by a modified Hummers method3,30,58 was soni-
cated in water for 1 h to form an aqueous suspension (�1 mg/
mL). The as-obtained GO materials were used for separation
without any pretreatment.

DGUR Separation. We chose sucrose solutions with a suitable
density distribution to prepare the density gradient, since su-
crose gives solutions of appropriate viscosity and is low cost and
environmentally friendly. In a typical procedure, 20%�66% (w/v)
sucrose solutions were made with water. A step gradient was
created directly in Beckman centrifuge tubes (polycarbonate, in-
ner diameter 11 mm, length 60 mm) by adding layers (0.5 mL
each) with increasing density (i.e., increasing sucrose concentra-
tion) to the bottom of the tube. A freshly prepared GO suspen-
sion (0.2 mL) was immediately layered on top of the multilayer
water�sucrose solution density gradient prior to ultracentrifuga-
tion. The typical centrifugation conditions were 5 min at 50K
rpm (�300 kg, SW65 Rotor, Beckman Coulter). Calibrated mi-
cropipettors were used to manually sample 100 	L fractions
along the centrifuge tube after ultracentrifugation. Different gra-
dients were used to optimize the separation. For instance,
steeper gradients with higher density were used for separation
of larger and heavier samples.

Characterization. AFM (Multimode Nanoscope IIIa, Veeco Instru-
ments) was used to determine GO sheet size and thickness. A sili-
con substrate was cleaned with acetone, methanol, and
2-propanol and then soaked in an aqueous solution of
3-aminopropyltriethoxysilane (APTES; 12 	L of APTES in 20 mL
of H2O) for 15 min. After being thoroughly rinsed with deionized
H2O and blow-dried with Ar, the substrate was then soaked in a
solution of GO for 10 min. All samples were calcined at 350 °C to
remove organic components before AFM observation. The mor-
phology of multilayered GO was investigated by using a Hitachi
H-800 transmission electron microscope (TEM) with an accelerat-
ing voltage of 200 kV. The optical properties of GO were charac-
terized by UV�vis absorbance spectroscopy (UV-2501PC, Shi-
madzu, working in the 200�900 nm range) and fluorescence

spectrometry (RF-5301PC, Shimadzu, 
ex � 400 nm) at room
temperature. Raman spectra were recorded from 800 to 3600
cm�1 on a Renishaw 1000 Confocal Raman Microprobe (Ren-
ishaw Instruments) using a 514 nm argon ion laser. XPS measure-
ments were performed using an ESCALAB 250 instrument
(Thermo Electron) with Al K� radiation.
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