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ABSTRACT

Graphene oxide (GO)—a chemical derivative of graphene with numerous oxygen functional groups on its
surface—has attracted considerable interest because of its intriguing properties in relation to those of
pristine graphene. In addition to the inherent wide lateral size distribution of GO sheets arising from the
typical oxidative exfoliation of graphite, control of the lateral size of GO is critical for desired GO-based
applications. Herein, flow/hyperlayer field-flow fractionation (flow/hyperlayer FFF) is optimized to sepa-
rate GO sheets by lateral dimensions. Optimized fractionation is achieved by investigating the influences
of carrier solvent, channel thickness, and flow rate conditions on the steric/hyperlayer separation of GO
sheets by flow FFF. Due to the strong hydrodynamic lift forces of extremely thin GO sheets, a thick flow
FFF channel (w = 350 um) and a very low field strength are required to retain the GO sheets within
the channel. GO sheets with narrow size fractions are successfully collected from two different graphite
sources during flow/hyperlayer FFF runs and are examined to verify the size evolution. Considering the
average lateral diameter of the GO fraction calculated on the basis of the assumption of a circular disk
shape, the retention of the GO sheets is 2.2-5.0 times faster than that of spherical particles of the same
diameter. This study demonstrates that through flow/hyperlayer FFF, the size distribution of GO sheets
can be determined and narrow size fractions can be collected (which is desirable for GO-based applica-

tions), which are commonly influenced by the GO lateral dimension.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Graphene oxide (GO) contains various oxygen functional groups
(e.g., tertiary OH, 1,3-ether, ketone, and quinone) in its basal plane
and edge [1]. Consequently, GO has attracted considerable inter-
est as an important precursor for the large-scale production of
graphene sheets [2,3]. Aqueous dispersions of high-purity GO pos-
sess a GO liquid crystal (GOLC) phase [4-6], which can be read-
ily exploited to produce films, fibers, and membranes comprising
highly aligned graphene layers [7,8,9]. Accordingly, GO can be uti-
lized by itself or in the form of reduced GO (rGO) in diverse ap-
plications, such as electro-optical devices [10], liquid-crystal dis-
plays [11], catalysts [12], supercapacitors [13], materials [14], drug
delivery systems [15,16], biosensors [17], and nanofiltration mem-
branes [18]. GO sheets typically produced by Hummers or modified
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Hummers methods [8,13,19,20] show a wide distribution of lateral
size [21,22], depending on the oxidation level, exfoliation condi-
tion, and original graphite source [23,24], which strongly influence
the resultant material properties [25]. Control of the lateral size
and distribution of GO significantly challenges the research and de-
velopment of GO-based systems.

Thus far, numerous research efforts toward the size fraction-
ation of GO sheets based on chemical or physical methods have
been undertaken. Chemical approaches include the manipulation
of the size-dependent surface charge state of GO [26], solvent-
selective dispersibility with different GO sizes [27], and pH-
assisted selective sedimentation [3]. Unfortunately, these methods
are based on the use of additional chemicals (acids or organic sol-
vents) that may influence the GO structures. Size sorting of GO
sheets has been attempted by physical methods such as density
gradient ultracentrifugation (DGU) [20], filtration [2], and size ex-
clusion chromatography (SEC) using a deformable gel [28]. DGU
generally requires noticeably high centrifugation rates with specific
reagents of different densities, whereas SEC may involve undesired
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interactions of GO sheets with packing materials, commonly lead-
ing to a significant loss of GO sheets.

Flow field-flow fractionation (flow FFF) is an elution-based sep-
aration method that can fractionate particulate materials by size in
an unobstructed channel by employing two different flow streams:
a channel flow for sample migration along the channel axis and a
crossflow acting as an external force across the channel width to
retain particles [29,30-32]. When particles larger than 1 um are
driven toward the channel wall under an external force, particle
diffusion is relatively negligible, such that the particles are elevated
at certain distances away from the channel wall due to role of
the hydrodynamic lift forces. When the migration flow of parabolic
flow velocity profiles is applied to particles that are in equilibrium
between the external field strength and lift forces, larger parti-
cles that gain stronger lift forces are elevated further away from
the channel wall and are exposed to faster streamlines than the
smaller ones, resulting in the elution of larger particles first fol-
lowed by smaller ones, which is referred to as the hyperlayer mode
of separation [33,34]. Because the FFF channel is open and un-
obstructed, the sample components do not interact with packing
materials, unlike that in chromatography, and particles eluted dur-
ing separation can be readily collected in narrow size fractions for
secondary analysis. In addition, flow FFF can be operated in either
aqueous or organic solutions, which offers the flexibility to apply a
broad range of particulate, polymeric, and biological materials (e.g.,
water-soluble polymers [35,36], organic polymers [37], nanoparti-
cles [38], carbon nanotubes [39,40], and cells [41,42]). A recent
study showed that flow FFF in hyperlayer mode (or flow/hyperlayer
FFF) can be utilized for the size fractionation of GO sheets, and
the resulting graphene fibers produced from the fractionated GO
sheets exhibit size-dependent mechanical and electrical properties
[43].

In this study, flow/hyperlayer FFF was optimized to separate
GO sheets according to their lateral dimensions. Two different GO
sheet samples, large GO (LGO) and small GO (SGO) samples pre-
pared from different graphite sources, were examined for possi-
ble fractionation using flow/hyperlayer FFF. Optimization was per-
formed by varying the channel thickness, surfactant additives for
the dispersion of GO sheets in an aqueous solution, migration flow
rate, and field strength. GO sheets of narrow size fractions were
collected during the flow/hyperlayer FFF runs to confirm their size
evolution.

2. Experimental
2.1. Materials & reagents

The GO sheet samples were prepared by the oxidation of
graphite powders obtained from two different sources: MGR
25998k-5 from Graphit Kropfmiihl GmbH (Hauzenberg, Germany)
for SGO and graphite flakes from Sigma-Aldrich (St. Louis, MO,
USA) for LGO. SGO was prepared by the bath sonication of MGR
25998k-5 for 1 h. Sulfuric acid, potassium permanganate, and
sodium azide were purchased from Sigma-Aldrich. Hydrogen per-
oxide (35%) and hydrochloric acid were purchased from Junsei
Chemical Co. Ltd. (Tokyo, Japan). Polystyrene (PS) latex standards
with nominal diameters of 1.999, 6.007, 10.15, and 19.99 um were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Hereafter, the PS standards are referred to as 2, 6, 10, and 20 um,
respectively. FL-70 and sodium dodecyl sulfate (SDS) were pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA).

Preparation of GO. GO was prepared from graphite using modi-
fied Hummers method. Graphite powder (1 g) was oxidized in sul-
furic acid (40 mL) with potassium permanganate (3.5 g) at 35 °C.
The reaction time required for sufficient oxygenation varied. Af-
ter oxygenation was complete, excess water and 35% of H,0, were
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added to the reaction mixture. The GO products were separated by
filtration. The resulting GO powder (~2 g) was thoroughly washed
with 1 M HCI solution (three times) and deionized water and
re-dispersed in 1 L of deionized water. Acidic or ionic impuri-
ties in the dispersion were removed by dialysis. The GO disper-
sion was sealed in a dialysis membrane (Spectra/Por ® Dialysis
Membrane MWCO: 6-8 kD) from Spectrum Chemical MFG Corp.
(New Brunswick, NJ, USA). The sealed membrane was immersed in
deionized water under stirring for one week. Deionized water was
continuously exchanged more than 10 times. To ensure that the
ions were sufficiently removed during dialysis, a clear supernatant
was obtained via centrifugal separation. Unexfoliated graphite ox-
ides were selectively discarded by centrifugation at 8000 rpm for
30 min using a Supra R22 centrifuge (Hanil Scientific Inc., Gimpo,
Korea)

2.2. Flow field-flow fractionation

An asymmetrical flow FFF channel (model LC, Wyatt Technol-
ogy Europe GmbH, Dernbach, Germany) was used with a regener-
ated cellulose membrane with a molecular weight cutoff (MWCO)
of 10,000 Da (Merck Millipore, Darmstadt, Germany). The channel
spacers were made from Mylar sheets having two different thick-
nesses (250 and 350 pum) and a trapezoidal design with inlet and
outlet widths of 2.1 and 0.5 cm, respectively. The lengths of the
inlet and outlet triangular parts were 2.0 and 0.6 cm, respectively,
and the tip-to-tip channel length was 26.5 cm. Carrier solutions
were prepared with deionized water (>18 M2-cm) using two dif-
ferent surfactant types: 0.10% FL-70 or 0.05% SDS, and both were
added with 0.02% NaN3 as the bactericide. Each carrier solution
was filtered using a nitrocellulose filter (pore size: 0.22 um) from
Merck Millipore prior to use. The carrier solution was delivered
to the flow FFF channel using a model SP930D HPLC pump from
Young Lin Instruments (Seoul, Korea), and the eluted GO sheets
were monitored at 254 nm using a model YL9120 UV detector
(Young Lin Instruments, Seoul, Korea). Sample injection was per-
formed via a model 7125 injector (Rheodyne, Cotati, CA, USA) with
a sample loop (30 ©L) during the focusing/relaxation step and the
injection amounts of SGO and LGO were about 16.5 and 6 ug, re-
spectively. After injection, the sample materials were focused at a
position approximately 1/10th of the channel length by using two
counter-current flow streams from both the inlet and outlet of the
channel. The focusing/relaxation times were 3 and 5 min for the
PS latex standards and GO sheet samples, respectively, and a total
flowrate of 3.0 mL/min was utilized. Immediately after the focus-
ing/relaxation procedure, the flow was directed to the channel in-
let, and particle migration began. During separation, the fractions
were collected at the channel outlet for further analysis through
scanning electron microscopy (SEM, S4800 model, Hitachi High-
Tech Corporation, Tokyo, Japan). The average area of each GO frac-
tion was measured from the SEM images using the Image] soft-
ware, assuming that the GO particles are disk-like structures. After
each run, the channel membrane was washed at an outflow rate of
3.0 mL/min for at least 5 min, without crossflow.

3. Results & discussion

The applicability of flow/hyperlayer FFF for the size-based sep-
aration of GO sheets was first evaluated for the SGO sample us-
ing an asymmetrical flow FFF channel. Initial tests were performed
by evaluating the effects of the carrier solution, field strength, and
outflow rates on the separation of the GO sheets along with the
elution recovery. The elution of the SGO sample was tested with a
carrier solution containing 0.10% FL-70 and 0.02% NaNs, which has
been commonly used for inorganic particle separation via FFF, as
shown in Fig. 1, obtained at the run condition I (hereafter Run-I)
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Table 1
Flow rate conditions of flow/hyperlayer FFF runs utilized in this study.
Run-I Run-II Run-III Run-IV Run-V Run-VI Run-VII
channel thickness (mm) 250 250 250 250 250 250 350
outflow rate (mL/min) 0.6 0.6 0.6 1.0 1.0 1.0 1.0
crossflow rate (mL/min) 0.2 0.4 0.6 0.2 0.4 0.6 0.05
(1)
. a.0.1% FL-70

Detector Response

0 5 10
Time (min)

Fig. 1. Fractogram of the small graphene oxide (SGO) sample separated by
flow/hyperlayer FFF at Vy,/V. = 0.60/0.20 (mL/min) and SEM images of the col-
lected fractions. The carrier solution contained 0.10% FL-70 and 0.02% NaN3 and the
channel thickness was 250 pm.

as listed in Table 1, a flow rate Jcrossflow rate (Voue/Ve) of 0.6/0.2
(in mL/min). The fractogram in Fig. 1 shows the incomplete sep-
aration of the main peak of the GO particles from the void peak.
During the flow/hyperlayer FFF runs, three fractions were collected
over 1 min time intervals each and the measured average particle
sizes were 4.36 + 1.50, 3.76 + 0.80, and 3.10 &+ 0.66 um for frac-
tions A1, A2, and A3 (n = 200 for each fraction), respectively. SEM
images and the average diameter value of each fraction supported
that the separation of GO sheets occurred by the steric/hyperlayer
mode, in which larger particles eluted before smaller ones.

The effect of the carrier solution on the elution of SGO sheets
was investigated using another carrier solution (0.05% SDS with
0.02% NaN3), and the elution profile of the SGO sample with the
SDS solution was compared with that obtained using the FL-70 so-
lution, as shown in Fig. 2 obtained at Run-IV, Vyu/Ve= 1.0/0.2 in
mL/min), of which outflow rate was faster than Run-I. Recovery
values were calculated as the ratio of the peak area of the SGO
sample when crossflow is applied to that when field strength is
not applied. The crossflow was turned off at t, = 25 min to assess
the wash-off peak caused by the release of particles possibly ad-
sorbed at the channel membrane. Fig. 2 depicts the elution of some
GO sheets after the field strength was turned off. The relative peak
areas of the wash-off peaks were ~10%-12% of the original injec-
tion amount without including the pressure pulse obtained with
the field off. The calculated recovery values were 72.3% and 78.4%
for the runs using 0.1% FL-70 and 0.05% SDS solutions, respectively.
From these results, the 0.05% SDS solution was utilized for further
analysis.

The elution behaviors of the SGO sheets in the SDS solution
were further evaluated under different outflow rate conditions,
whereas the crossflow rate was fixed at Ve= 0.2 mL/min (Fig. 3a).
When the SDS solution was used, the main peaks of the SGO
sheets appeared far from the void peaks. The intensities of void
peaks in Fig. 3a were considerably lower than that observed with

J field off

IA
b. 0.05% $DS

Detector Response

0 5 10 15 20 25 30 35 40

Time (min.)

Fig. 2. Flow/hyperlayer FFF fractograms of the SGO sample obtained w_ith carrier
solutions of 0.10% FL-70 (top) and 0.05% SDS (bottom) ob_tained at Vo /Ve= 1.0/0.2
in mL/min. Both solutions were added with 0.02% NaNjs. V. was set to 0 mL/min at
25 min.

the FL-70 solution as found in Fig. 1, indicating that the particle
elution along the void peak reduced significantly. As the outflow
rate was increased to 1.0 mL/min (Fig. 3a), the SGO peak intensity
increased significantly in relation to that at 0.6 mL/min. Despite
the dilution effect induced by an increased flow rate at the de-
tector, an increase in the peak intensity supported the increased
recovery of particles owing to the contribution of hydrodynamic
lift forces, which increased with the increase in migration flow ve-
locity. Both run conditions allowed the clear isolation of the main
peak from the void peak. However, a decrease in the outflow rate
to 0.2 mL/min almost resulted in the loss of SGO sheets. These re-
sults indicate that the hydrodynamic lift forces were insufficient
under such a low outflow rate condition. Fig. 3a shows that the
Run-1V, Voue/Ve= 1.0/0.2 (in mL/min), resulted in the reasonable
separation of the SGO sheets with increased peak intensity with-
out a significant overlap from the void peak. The size fractiona-
tion capability of flow/hyperlayer FFF under the last condition was
demonstrated with the superimposed fractograms of PS standards
in the steric/hyperlayer operating mode (Fig. 3b)

When the LGO sample was examined at the Run-IV in Fig. 4,
large GO sheets were not successfully resolved from the void peak
under the run condition used for the SGO sample. Efforts to sep-
arate the LGO peak from the void peak by increasing the field
strength to Ve= 0.6 mL/min (Fig. 4a, Run-IV, Run-V, and Run-VI)
were not successful in retaining large GO sheets. Additional runs
at a lower outflow rate, Voye= 0.6 mL/min, by varying the cross-
flow rates (Fig. 4b, Run-I, Run-II, and Run-IIlI) were not successful
in completely resolving the LGO sample from the void peak. Be-
cause the apparent LGO dimensions were as large as 80 um as
observed by microscopic examination, the hydrodynamic lift forces
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Fig. 3. a) Flow/hyperlayer FFF fractograms of the SGO sheets obtained under vary-
ing outflow rate conditions and a constant crossflow rate (V.= 0.2 mL/min). Sepa-
ration of PS latex standards at b) steric/hyperlayer mode was obtained at Ve /Ve=

1.0/0.2 (in mL/min). All runs were obtained at a carrier solution of 0.05% SDS and
0.02% NaNs. Channel thickness = 250 pm.
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Fig. 4. Effect of the crossflow rates on the elution of the LGO sample at two differ-
ent outflow rates: a) 1.0 and b) 0.6 mL/min.

exerted on thin GO sheets are expected to be significantly larger
than those exerted on spherical particles of the same diameter.

To overcome the limitation of resolving particles in the upper
size limit in the steric/hyperlayer elution mode, a thicker chan-
nel (w = 350 um) was employed to reduce the influence of hy-
drodynamic lift forces for both GO samples. Fig. 5 shows the frac-
tograms of the LGO and SGO samples obtained in the thicker chan-
nel by varying the crossflow rates at a fixed Ve of 1.0 mL/min.
Although the crossflow rates were varied, the void peak was not
clearly isolated from the LGO particles, even with a thicker chan-
nel (Fig. 5a). However, the observed peaks of the large GO sheets
eluted faster with decreased peak intensity as the applied cross-
flow rates increased from 0.05 to 0.4 mL/min. A decrease in the
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a. LGO
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Fig. 5. Fractograms of the a) SGO and b) LGO sheet samples obt_ained at a thicker
channel (w = 350 um) with the variation of cross flow rates at Vo, = 1.0 mL/min.

Table 2

Average recovery values (n = 5) of the LGO and SGO samples through
flow/hyperlayer FFF under different crossflow rate conditions with a channel thick-
ness of 350 pm.

Recovery (%)

Crossflow rate (mL/min) LGO SGO

0.05 90.1 (£1.7) 73.1 (£2.2)
0.1 64.4 (+£2.0) 41.8 (+£2.8)
0.2 38.4 (+£1.4) 9.7 (£4.1)
0.4 24.9 (£1.7) 5.5 (£3.7)

crossflow rate to 0.05 mL/min resulted in an increased peak in-
tensity of the LGO sample and a broader peak, which is the op-
posite of the phenomenon in which a fast elution of particles is
typically observed with a decrease in field strength. This can be
explained by the fact that particle adhesion occurs at the chan-
nel wall above a certain limit of field strength, where the hydro-
dynamic lift forces cannot overcome the particle-wall interactions.
In the SGO sample (Fig. 5b), a significant loss of particles was ob-
served at crossflow rates of V¢ > 0.2 mL/min. The recovery values
of the SGO and LGO samples during the flow/hyperlayer FFF runs
were determined by calculating the peak area under each field
strength condition in relation to those obtained without applying
crossflow and. Table 2 lists the average value of relative percent
recoveries (n = 5), showing that recovery values were maximum
(~90.1% for the LGO sample and ~73.1% for the SGO sample) at a
crossflow rate of 0.05 mL/min and rapidly decreased with further
increases in the crossflow rate under the given outflow rate condi-
tion (Vour= 1.0 mL/min). This can be explained by the contribution
of lift forces in the retention of the LGO sheets, which appeared to
be larger than that of the SGO sample owing to the larger lateral
size of the LGO sheets. From a series of runs, a flowrate condition
of Vour/Ve= 1.0/0.05 (mL/min) in the 350-gm-thick channel (Run-
VII) was selected for the size fractionation of both LGO and SGO
samples without a significant loss of peak recovery.

Using the optimized run conditions, narrow size fractions were
collected during the flow/hyperlayer FFF runs of the LGO and SGO
samples to obtain SEM images of each fraction, which are shown
in Fig. 6a and 6b, respectively. Fig. 6¢ shows the separation of PS
standards obtained under the same run condition. For size mea-
surements, at least 140 particles for the L1 and L2 fractions and
200 particles for the six SGO fractions were counted to calculate
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Fig. 6. Flow/hyperlayer FFF separation of the a) LGO sample, b) SGO sample, and c) PS standards under an optimized run condition (Vy/Ve= 1.0/0.05 (mL/min),

w = 350 um)

and electron micrographs of the collected fractions. All runs were obtained at a carrier solution of 0.05% SDS and 0.02% NaNs.

Table 3

Average diameters of the LGO and SGO fractions.
Fraction No. Time (min) d (um) n
L1 1.0-1.5 48.3 + 20.8 142
L2 2.0-2.5 18.9 +£19.3 153
S1 2.0-2.5 26+12 200
S2 3.0-3.5 23+ 12 200
S3 4.0-4.5 19+ 13 200
S4 5.0-5.5 1.6 £ 1.1 200
S5 6.0-6.5 1.6 £ 08 200
S6 7.0-7.5 14+ 1.0 200

the average GO sheet area, which was converted to the average di-
ameter. The number-weighted size distribution plot for each frac-
tion is shown in Fig. 7. The average disk diameter of each frac-
tion was calculated from the apparent peak area of the GO sheets
(Table 3). The average diameter decreased as the retention time
increased, indicating that thin GO sheets (single layer) were sepa-
rated by the steric/hyperlayer mode. The two LGO fractions exhib-
ited large differences in the average diameters (48.3 and 18.9 um
for L1 and L2, respectively). By examining the number-based size
distribution curves in Fig. 7a, the particles in fraction L1 were ex-
tremely large and a few appeared to be ~90 pum. In case of the L2
fraction, ~70% of particles had sizes of <20 um. However, the ap-
parent disk diameter values were considerably larger than those of
spherical PS particles at the same retention time. For instance, the
observed retention times of PS 20 and 10 um particles in Fig. 6¢
were 3.1 and 4.9 min, respectively, whereas the SGO sheets with
significantly smaller dimensions (~2 um, Table 3) eluted at this
time interval. The shortened retention of GO sheets may originate
from the shape effect of the extremely thin and flat dimensions of
GO sheets, which enables GO sheets to gain large hydrodynamic
lift forces and thus migrate at equilibrium heights further elevated
from the wall, as expected from the estimated diameter of the ef-

fective disks. Because of the complicated roles of hydrodynamic lift
forces, retention of particles in steric/hyperlayer mode of separa-
tion is not clearly understood yet by theory and the retention ratio
of particles is expressed as 3y d/w by incorporating the correction
factor, y accounting primarily for lift forces in which d is particle
diameter and w is channel thickness[44]. The nonideality correc-
tion factor y is an experimental value depending on particle size,
migration flow velocity, field strength, and even particle morphol-
ogy[42,45]. A previous study demonstrated that disk-shaped par-
ticles obtained much larger lift forces than spheres of the same
volume[46]. Therefore, it is likely that thin and flat GO sheets ac-
quired significantly large lift forces due to the shape effect.

From the PS separation in Fig. 6¢c, a calibration curve was es-
tablished as log t; (min) = —0.62 log d (um) + 1.30, where 0.62
is the diameter-based selectivity (S;) and 1.30 is the extrapolated
logarithmic retention time (log t,;) of 1 wm particles. Based on the
calibration curve, the retention time of the spheres corresponding
to the average disk diameter of the GO sheets can be estimated
for each fraction. The expected retention times of spheres equiva-
lent to the volume of GO sheets (assuming negligible thickness of
the GO sheets) were 11.1-16.3 min for 2.60-1.41 um (for S1-S6),
while the median retention times for the collected GO fractions
were 2.25 (S1) and 7.25 min (S6). The retention times reduced by a
factor of 2.2-5.0 as the influence of lift forces for wider GO sheets
strengthened.

4. Conclusion

This study demonstrated that flow/hyperlayer FFF can be ap-
plied for the size separation of single-layer GO sheets in the
steric/hyperlayer operating mode and collection of the narrow-
sized GO fractions for morphological examinations. Because of the
enhanced hydrodynamic lift forces from the GO sheets with ex-
tremely thin dimensions, the retention of the GO sheets was sig-
nificantly shortened in relation to that of spherical particles with
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Fig. 7. Number-weighted size distribution curves of GO fractions from a) the LGO and b) the SGO samples. Measured GO particle area was converted to diameter scale by
assuming that GO sheets are disk-like particles. Distribution curves were obtained by fitting with log-normal distribution. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

similar dimensions. Therefore, the separation of GO sheets requires
additional care to minimize the influence of lift forces by utilizing
a thick channel (w = 350 um) and a very low field strength. The
GO sheets were highly sensitive to the field strength; thus, only a
limited field strength is allowed for their migration. Using a cross-
flow rate above 0.1 mL/min was not successful in driving the GO
sheets along the channel because of the low recovery values. This
may result from the larger contact area of the disk-shaped parti-
cles with the channel membrane than that of the spheres. It is ex-
pected that when GO sheets are driven by crossflow beyond a cer-
tain threshold of field strength, thin GO sheets increase the pos-
sibility of attraction by the channel wall and lead to particle ad-
hesion at the membrane. However, this is not clearly understood
at present, and further investigations are required to elucidate the
retention mechanism of extremely thin disk-shaped particles. Al-
though this study shows the possibility of size fractionation of GO
sheets by flow/hyperlayer FFF, it will be useful to employ a large-
scale flow/hyperlayer FFF system to sort the GO sheets into differ-

ent size groups, which can be used to evaluate the electrical and
mechanical properties after being fabricated into fiber- or film-type
devices. Moreover, it can be utilized for high-speed monitoring of
GO sheet sizes in controlling GO sheets, as well as the purification
process.
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