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ABSTRACT: Many interesting properties of 2D materials and
their assembled structures are strongly dependent on the lateral
size and size distribution of 2D materials. Accordingly, effective
size separation of polydisperse 2D sheets is critical for desirable
applications. Here, we introduce flow field-flow fractionation
(FIFFF) for a wide-range size fractionation of graphene oxide
(GO) up to 100 um. Two different separation mechanisms are
identified for FIFFF, including normal mode and steric/
hyperlayer mode, to size fractionate wide size-distributed GOs
while employing a crossflow field for either diffusion or size-
controlled migration of GO. Obviously, the 2D GO sheet
reveals size separation behavior distinctive from typical

Diffusion

Graphene Oxide

spherical particles arising from its innate planar geometry. We also investigate 2D sheet size-dependent mechanical and
electrical properties of three different graphene fibers produced from size-fractionated GOs. This FIFFF-based size selection
methodology can be used as a generic approach for effective wide-range size separation for 2D materials, including rGO,

TMDs, and MXene.

KEYWORDS: graphene oxide, size fractionation, flow field-flow fractionation, graphene fiber, 2D materials

graphene, is emerging as a two-dimensional (2D)

material with soft-matter-like characteristics, includ-
ing high solvent dispersibility, biocompatibility, and dense
surface chemical functionality.'~* Such uncommon features
allow GO to be exploited for a variety of application areas, such
as conductive fibers, 3D printable ink, membranes, catalysts,
sensors, energy storage devices, bioscaffolds, and antipollu-
tants.”~'> Notably, our discovery of the liquid crystalline (LC)
phase formation of GO in 2009 led to research on highly
ordered functional material fabrication."> Moreover, a fully
exfoliated monolayer GO in the LC state offers an ideal
precursor for the large-scale production of minimal layers
(three to five layers) of stacked graphene platelets, which are
very useful in the recent commercial market."*

In general, GO inevitably has a broad size distribution due to
its predominant synthetic pathway via random chemical
exfoliation of graphite.'>™'® As the typical material properties
of GO strongly depend on the lateral size, the size selection of
GO is a crucial requirement for the desired material
applications. For instance, large-size GO with a relatively
lower edge/basal plane ratio is useful for a graphene-based
structure with strong mechanical strength mediated by
intimate interlayer interaction (i.e, 7—r interactions) as well

G raphene oxide (GO), a typical chemically modified
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as high electrical/thermal conductivity along the large layer
plane.””~*" In contrast, small-size GO bears an advantage in
the solution process due to its higher solvent dispersibility and
good antibacterial effect with a dense population of surface
functional groups.””~** To date, several size fractionation
strategies have been introduced for GO, including LC biphasic
size separation, directional freezing, track-etched membrane,
pH-assisted sedimentation, and density gradient ultracentrifu-
gal separation.' "' **~* Unfortunately, most of those previous
methods revealed specific size ranges for effective selection.
Precise size selection over a broad range of size distribution
still remains a challenging issue.

Field-flow fractionation (FFF) is a laminar flow-based
separation method relying on the subtle control of a size-
dependent diffusion coefficient under an external field (e.g,,
flow, thermal, sedimentation, and electrical field) according to
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Figure 1. Size fractionation of GO via FIFFF. (a) Schematic illustration of GO size fractionation GO via flow field-flow fractionation. The
retention of GO is controlled by the interaction between the crossflow (blue arrow) from moving across the channel (from upper channel
wall to the bottom (accumulation) wall) and diffusion or hydrodynamic lift forces against the accumulation wall (red arrow). The small-size
GO is strongly affected by diffusion force. On the contrary, diffusion force is relatively less dominant for large-size GOs. (b) SEM image and
(f) size distribution of MGO before size fractionation (dashed line). SEM images of representative MGO fractions: (c) MGO F1, (d) MGO
F3, and (e) MGO F?7. Size distributions of representative MGO fractions: (g) MGO F1, (h) MGO F3, (i) MGO F7 (dash-dotted line).

the sensitive properties of a target material.”®> Among them,
flow FFF (FIFFF) is a flow field-induced size-fractionating
subtechnique generally used for latexes, metal particles,
biomolecules, or polymers under the two different flow
streams: migration flow and crossflow. While the migration
flow carries a target sample material along the separation
channel toward a detector, the crossflow moving across the
channel cross-section forces sample components toward the
channel (accumulation) wall, resulting in the control of particle
retention.””** This retention effect affected by the relative
rates of crossflow (or external field) and migration flow (or
channel flow) can also be expressed by the Stokes” equation.
Additionally, the composition, ionic strength, and pH of the
carrier solution affect the electrical double layer of the sample
in FIFFF separation.31 Consequently, various factors such as
the channel void volume, crossflow rate, migration flow rate,
viscosity of the solution, and Stokes” diameter of analyte should
be considered for an optimum size selection condition.*” To
the best of our knowledge, GO size fractionation based on the

9173

FIFFF system has not been reported thus far. It is noteworthy
that FIFFF has distinctive advantages for the size fractionation
of GO. FIFFF is a generic environmentally benign method,
theoretically known to separate a wide range of target materials
from 1 nm to 100 yum, which sufficiently covers the innate
broad size distribution of typical GO samples (Figure S2,
Supporting Information).”” In addition, mild laminar flow
inside the separation channel does not damage GO upon a
separation process.

In this work, we introduce a wide-range size fractionation of
2D GO by means of FIFFF and its influence on the physical/
electrical properties, particularly in the form of graphene LC
fiber structure. For 2D flake GO, the normal mode region,
mainly governed by diffusion force, is found to be up to 2 ym,
which is greater than the typical 1 ym for conventional
spherical particles. In contrast, GO platelets larger than 3 to 4
pum could be separated via a steric/hyperlayer mode.

https://doi.org/10.1021/acsnano.2c01402
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Figure 2. Wide range size fractionation of four different GOs by FIFFF. (a) Size fractionation results of the four different GOs (XSGO, SGO,
MGO, and LGO). Along with the lateral size of GO, different size fractionation modes were applied. Normal mode was only applied for the
XSGO. Steric/hyperlayer mode was applied for SGO, MGO, and LGO. Representative SEM images and size distributions of (b) F1 in SGO,
(c) F3 in MGO, and (d) F2 in LGO. (e) Size fractionation result of XSGO (upper part) and size fractionation result of the three different
sizes of PS beads (PS 50, 100, and 200 nm, bottom part). (f—~h) SEM images and size distributions of F1, 3, and § in XSGO and its size
distribution.

RESULTS AND DISCUSSION tion yields GO platelets with a broad range of size distribution,
which is well consistent with the inherent separable range of

Stable aqueous dispersions of monolayer exfoliated GO FIFFE.***5 Figure la schematically illustrates the size

samples were synthesized by our modified hummers method fractionation of as-synthesized GO with FIFFF. While aqueous
and subsequent purification.”” The random chemical exfolia- dispersed GOs were injected into an FIFFF channel, the broad
9174 https://doi.org/10.1021/acsnano.2c01402
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size distributed GOs were separated with different elution
times depending on their size in the channel. The migration
flow (laminar flow) carries GOs to the end of the channel.

The separation mode of FIFFF can be classified into two
different categories, including normal mode and steric/
hyperlayer mode. For small-size GOs, Brownian diffusion
tends to induce a uniform spatial distribution inside the
separation channel against the bottom (accumulation) wall. By
adjusting the balances between Brownian diffusion force and
crossflow rate, small GOs are sufficiently located away from the
bottom wall of the channel toward the fast streamlines of
parabolic laminar flow. In this regard, particles having
submicron sizes can be separated from small to large sizes
with elution time, which is generally called a normal mode. By
contrast, Brownian diffusion is relatively less dominant for
large-size GOs. Under the negligible diftusion effect, the center
of mass for the large-size GOs should be away from the bottom
(accumulation) wall simply due to the hydrodynamic lift forces
dependent on particle size and shape factor, such that large-size
GOs are more lifted toward the center of the laminar flow to
determine the rapid elution order (i.e., larger sized GOs elute
earlier than smaller sized GOs). This mechanism generally
called a steric/hyperlayer mode is observed for the spherical
particles over 1 um sizes.”"**” It is noteworthy that along
with the combination of these two different mechanistic
modes, almost the entire size range of GO can be separated by
FIFFF, which could be verified by the effective separation of
four different representative GO samples with different average
sizes, including extra small GO (XSGO), small GO (SGO),
medium GO (MGO), and large GO (LGO). Using the
different graphite sources, LGO and MGO were synthesized by
a modified Hummer’s method."”'® Size and distribution of
MGO and LGO are summarized in Figure S3. The SGO and
XSGO were synthesized by bath-sonication and tip-sonication
of MGO.

The lateral size of the four different GO samples was
characterized by scanning electron microscopy (SEM), and the
thickness of the GO samples was confirmed by atomic force
microscopy (AFM). GO platelets were deposited and dried at
SiO, surfaces for the computer-aided statistical analysis of their
lateral sizes. As confirmed by AFM analysis, all of the samples
show monolayer dominant characteristics in their thickness
(<1 nm) (Figure S4). Figure 1b—i presents the size and size
distribution change before and after the size separation of
MGO by FIFFF. The as-synthesized MGO sample shows a
typical broad distribution, including a few microns to hundreds
of microns in the lateral sizes (Figure 1bf). Figure lc—e
presents the SEM images of three representative fractions from
MGO (MGO F1: fraction 1, MGO F3: fraction 3, and MGO
F7: fraction 7). Figure 1g—i shows the statistical distributions
of GO platelet lateral areas for each fraction. Noticeably, the
full-size range of MGO could be successfully separated by the
steric/hyperlayer mode. After the short initial void peak (~0.6
min.), the elution level of MGO is sharply increased and then
gradually decreases with elution time. In particular, large-size
GOs over 100 ym?” are frequently observed in F1—3 but rarely
found near the late fractions (F4—7) along with the fractogram
of the MGO sample (Figure S6). This implies that the size
fractionation of GO by FIFFF is very effective between large-
size and small-size GOs.

When a GO sample is separated by FIFFF, the recovery of
injected sample is about 78.4%. This is because some of GOs
may remain at the bottom wall of channel or some are spread

9175

during elution by dilution. The recovery of the sample can be
tuned by controlling the cross-flow-field strength.”**” Addi-
tionally, the recovery and resolution of GO can be adjusted by
changing the carrier solution or channel membrane. Elution
behaviors of the as-synthesized MGO as well as the
information on each fraction from FIFFF can be summarized
along with the comparison to those of reference spherical
polystyrene (PS) latex standard samples (2, 6, 10, and 20 ym)
obtained in the same experimental conditions (V,,/V. = 1.74/
0.09 mL/min, V,: migration flow, V.: crossflow). From a
direct comparison of the elution behaviors, the same elution
time leads to the much larger average diameter of the 2D GO
platelet compared to the spherical PS standard. A calibration
curve of MGO is established as log t, (min) = —1.48 log d
(um) + 2.04, where 1.48 is the diameter selectivity (S;) and
2.04 is the extrapolated logarithmic retention time (log t,;) for
1 pm particles. For the spherical PS latex, a calibration curve is
established as log ¢, (min) = —0.85 log d (um) + 1.39. Based
on the standard calibration curve, the retention time of spheres
corresponding to the average disc diameter of GO sheets can
be estimated for each fraction. The overall retention times for
MGO F1 to MGO F7 are much shorter than those of spherical
particles due to the increased hydrodynamic lift forces for flat
GO sheets.

To clarify the size-separation behavior between the normal
mode and steric/hyperlayer mode for 2D GO, separation
results for the four different GO samples are summarized in
Figure 2a. Each colored region indicates the separation mode
for GO size, and the discreteness region represents the GO
diameter of the normal to steric transition. The data points
correspond to the mean value for the largest lateral dimension
of each GO sheet. The average size and distribution of GO can
be tuned by simply changing of acquisition time. Among all
samples, only XSGO was separated by the normal mode.
Figure 2e compares the retention behaviors of the XSGO and
the submicron-sized PS standards (50, 100, and 200 nm). The
initial separation condition was changed from V,,/V, = 1.0/
1.0 mL/min (initial condition) to V,,/V, = 1.0/0.3 mL/min
to release the large GO sheets trapped within the channel
during the experiment (around 26.5 min in Figure 2e).
Accordingly, most of the trapped large GOs (FS in XSGO)
could be eluted shortly. In addition, the average area of each
fraction is steadily increased with the fraction number (XSGO
F1:0.11 ym? XSGO F3:0.22 um? XSGO F5:0.36 um?® in
Figure S7).

Figure 2f—h exhibits the representative SEM images and the
corresponding size distributions of XSGO for the three
collected fractions. For instance, 400 nm sized GOs are eluted
at 6—7 min, which matches with the elution time for ~50 nm
spherical PS particle. The shortening of elution time is more
prominent in the normal mode compared to the steric mode,
which is principally attributed to the stronger hydrodynamic
lift force for the 2D planar geometry. Additionally, the steric-
entropic effect of 2D GO also causes the reduction of retention
time in the FFF channel by the entropic restriction of disc-
shaped particles (see the Methods).”” In contrast, GO sheets
with an average lateral size of over 2 um were separated by the
steric/hyperlayer mode (larger sized GO eluted earlier than
smaller sized GO). For SGO, thus, the elution behavior is
entirely opposite to XSGO. The last fraction for SGO (SGO
F7) has the average diameter around 4 pm (Figure 2b). The
FIFFF fractogram of SGO along with the SEM images and size
distribution of the seven collected fractions are in Figure S8.

https://doi.org/10.1021/acsnano.2c01402
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Figure 3. Chemical analysis of GO before and after size fractionation. (a) Schematic illustration of smaller GO (left) and larger GO (right).
(b) Raman spectra of MGO, MGO F1, MGO F2, and MGO F3. (c) Ip/I; intensity ratio and mean distance between two defects of MGO,
MGO F1, MGO F2, and MGO F3. (d) Relative intensity of XPS C 1s spectra of MGO, MGO F1, MGO F2, and MGO F3. (e) XPS analysis
for chemical compositions of MGO, MGO F1, MGO F2, and MGO F3 at the C 1s region. (e) Carbon to oxide element ratio based on XPS C

1s speaks.

These results suggest that the boundary of separation
mechanism between normal mode and streic/hyperlayer
mode is approximately 3 ym for GO. Note that the shape
factor of the thin GO sheets is a contributing factor in the
increase of the hydrodynamic lift force, resulting in the fast
elution of large GO sheets. Figure 2c,d summarizes the
representative SEM images and statistics for the fractionations
from MGO and LGO samples (see Figures S6 and S9 for
information for all of the collected fractions of MGO and
LGO, respectively). The theoretical limit for the size
fractionation by employing FIFFF is generally known to be
~100 um.*"** Interestingly, the 100 gm GO sample could be
successfully size-separated by FIFFF. Depending on the flow
rate condition and channel thickness, particles larger than 100
p#m in diameter can be resolved. However, if the particle size is
too large, the height of particle migration at the given channel
thickness becomes too high, and the sample components will
be swept the channel along the void peak without being
retained in the channel.
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The precise size selection of GO is advantageous in various
research areas, including sensors, energy storage, and wearable
devices.’™* 1In the fiber spinning from GO LC, preliminary
size selection of GO is highly desirable for the control of final
material performances. Usually, large-size GO can make the
highly aligned ordered arrangement in the fiber, while small-
size GO serve to fill the defects and microvoids within the fiber
volume. To verify the effect from size distribution, graphene
fibers were spun from aqueous GO LC dispersions with
narrow lateral size distributions.**™* For the effective
fractionation of a large amount of GO sample, we repeated
the size fractionation procedure by semipreparative scale
FIFFF. The aqueous dispersion of our highly purified GO
revealed typical nematic type colloidal LC phase. As reported
previously, GO LC formation is strongly affected by the lateral
size and the concentration of GO sheets.”"*® We systematically
investigated the effect from GO size on the electrical and
physical characteristics of the resultant graphene fibers by
employing F1, F2, and F3 from the MGO sample, which has a
considerable amount of large-size GO sheets (>100 pum?).
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Upon chemical oxidation and exfoliation of graphite,
oxygenated functional groups are known to be more goopulated
at the edge sites of GO rather than its basal plane.'”*”*? As the
edge-to-basal plane ratio of 2D GO generally increases along
with the decrease of its lateral size, the mean areal density of
hydrophilic functional groups and relevant defect structures is
thus higher in small-size GO compared to large-size GO
(Figure 32)°' 7 A large amount of GO sample was
successfully obtained, from which careful chemical analyses
were conducted to analyze the influences from chemical
compositions arising from the average sheet sizes. Raman
spectroscopy was used to find a relationship between the
intensity ratio of the D to G peak (Ip/I;) and GO size, which
is commonly useful for evaluating the average distance between
defects (Lp) in graphene-based materials. The I,/I; values for
the as-synthesized MGO, MGO F1, MGO F2, and MGO F3
were measured to be 0.993, 1.033, 1.027, and 1.021,
respectively.””** As expected, large-size GO revealed a lower
defect density than small-size GO. The corresponding Ly
values were calculated to be 1.442, 1.468, 1.464, and 1.463,
respectively.
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A further chemical analysis was performed with X-ray
photoelectron spectroscopy (XPS) to compare the C 1Is
spectra of the size-fractionated GO and as-synthesized MGO
(Figure 3d,e). The high-resolution C 1s spectrum of GO
exhibits the peaks for C—C bonding at 284.6 eV, C-O
bonding at 286.6 eV, C=0 bonding at 287.9 eV, and O—C=
O bonding at 288.9 eV, respectively.”>® Usually, large-size
GOs show high C/O ratios. The peak intensity ratio between
intact carbon (C—C/C=C) and oxygenated carbon atoms
(C-0, C=0, and O—C=0) was considered for the
oxidation level of GO, which decreases in the following
sequence: as-synthesized MGO > MGO F3 > MGO F2 >
MGO F1 (Figure 3d). This verifies that large-size GOs with
less functional groups are more populated in the following
sequence: MGO F1 > MGO F2 > MGO F3. The C/O ratios
of as-synthesized MGO, F1, F2, and F3 were calculated by the
deconvolution of C 1s spectra, yielding 0.417, 0.571, 0.502,
and 0.493, respectively. Compared to the as-synthesized MGO,
F1, F2, and F3 show the higher C/O ratios, revealing a
proportional relationship with GO size. These analyses signify
that GOs with large lateral sizes were well-separated in the
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early stage of separation fractions (MGO F1, MGO F2, and
MGO F3).

Graphene fibers were prepared by ambient wet-spinning
from size-fractionated MGO LC dispersions (MGO F1, MGO
F2, and MGO F3) by employing a homemade syringe pump
based wet-spinning equipment. The LC characteristics of
MGO aqueous dispersions induce uniaxial alignment of GO
sheets during the extrusion from the syringe needle into the
coagulation bath to yield highly aligned GO fiber structures.
The well-aligned fiber morphology was principally stabilized by
the ionic bridge formation among the uniaxial aligned GO
sheets, mediated by multivalent cations (Ca**) dissolved in the
coagulation bath. The resultant GO fibers were subsequently
heat treated up to 1000 °C under the H, atmosphere for the
thermal reduction of constituting GO sheets. The mechanical
properties of the fibers were characterized by the typical tensile
test with a fiber specific sample grip.

Figure 4a—c presents the schematic illustrations and typical
SEM images of the fractured morphology of graphene fibers
after the tensile test. The cross-sectional morphology is clearly
influenced by the average size of the constituting reduced GO
(rGO) sheets. While the fibers prepared from the large sizes of
GO exhibit relatively rough fractured surfaces with noticeable
pull-outs of rGO sheets, small-size GO leads to the simple flat
fractured surface. This distinction originates from the size-
dependent intersheet interactions and overlap areas among the
neighboring rGO sheets.”"”” Apparently, large-size rGO suffers
from severe folding and wrinkling of planar 2D structure to fit
into the circular geometry of fiber, yielding more voids and
defects in the cross-section. By contrast, small-size rGOs
constitute dense, well-packed morphology with less distortion
of 2D structure. Nonetheless, small-size rGO results in the
relatively weak intersheet interaction among the neighboring
rGO sheets due to the intrinsic small sheet-to-sheet contacting
area, which causes the typical flat fractured surface of the brittle
fracture.*® In stark contrast, large rGO sheets facilitate a
sufficient contact area (strong interaction) among the
neighboring rGO sheets and thereby lead to the pull outs of
rGO sheets during the fracture under tensile deformation.

Figure 4d—g shows the mechanical and electrical properties
of our graphene fibers depending on the size fractionation of
GO sheets. All of the stress—strain curves obtained by tensile
tests show typical nonlinear brittle fracture behaviors arising
from the highly aligned graphene sheets (Figure 4d). The
evolution of tensile modulus and strength is summarized in
Figure 4e,f with standard deviations. The tensile strengths of
the fibers spun from F1, F2, and F3 of MGO were measured to
be 336, 285, and 85 MPa, respectively, revealing a monotonic
decreasing tendency with the fractionation order (Figure 4f).
The tensile modulus shows a similar tendency with the
measurement values of 46, 45, and 23 GPa, respectively
(Figure 4d). Note that F1 and F2 have relatively higher moduli
compared to F3. Since the initial modulus is generally
governed by the interaction strength among the constituting
basic particles in the original undeformed state (resist to an
external deformation), the rapid decay of modulus in F3 is
obviously due to the relatively weak interaction among the
small-size rGO sheets. The rGO sheet size is also critical for
the elongation at break for the mechanical behavior. Large-
sized sheets can accommodate relatively large deformation
particularly together with the later sliding among tightly
interacting neighboring sheets, which eventually results in the
pull-outs of rGO sheets in the fractured surfaces. By contrast,

9178

small-size sheets easily lose intersheet interaction even under a
relatively small deformation. Taken together, the presence of
large-size sheets is found to be critical for high mechanical
strength as well as modulus in graphene fibers, while small-size
sheets can intercalate the voids and defects inevitably
accompanied by the distortion of large sheets.”"**™**

The electrical conductivity of the graphene fibers was also
measured along the fiber axis direction employing two-point
probe method. The conductivity also reveals a proportional
relationship with the lateral size of GO, as large-size sheets
simply reduces the number of intersheet junctions for the same
length of conductive body. The electrical conductivity was
measured to be 3.9 x 10% 3.1 X 10* and 2.5 X 10* S/m along
the fiber axis direction for F1, F2, and F3, respectively (Figure

4g).

CONCLUSIONS

We have demonstrated a systematic size fractionation over the
entire size range of typical polydisperse GO samples by FIFFF.
While four different sizes of GO samples prepared by common
synthetic protocols were successfully size separated via FIFFF,
size criteria for the separation mechanism between the normal
mode and the steric/hyperlayer mode were evaluated
compared to conventional spherical standards. Liquid crystal-
linity of the stable GO dispersions was well-identified
regardless of the lateral size range and exploited for the facile
wet-spinning of graphene fibers under the ambient conditions
to confirm the GO size effect on the physical and electrical
properties of the resultant fibers. This reliable size separation
strategy exploiting FIFFF is generally useful for other 2D
materials, such as rGO, transition-metal dichalcogenide
(TMD), MXene, black phosphorus (BP), and hexagonal
boron nitride (hBN), whose lateral size distribution is crucial
for the desired material properties.

METHODS

Materials and Reagents. Polystyrene (PS) latex standards with
the nominal diameters of 23 nm, 46 nm, 100 nm, 203 nm, 1.999 ym,
6.007 pym, 10.15 pm, and 19.99 um were purchased from Thermo
Fisher Scientific (Waltham, MA). FL-70 and sodium dodecyl sulfate
(SDS) were purchased from Fisher Scientific (Fair Lawn, NJ), and
ammonium bicarbonate was purchased from Sigma-Aldrich.

Preparation of GO. GO sheets were prepared by a modified
Hummers method from two different graphite sources: MGR 25998k-
S from Graphit Kropfmiich GmbH (Herzenberg, Germany) for MGO
and graphite flakes from Sigma-Aldrich (St. Louis, MO) for LGO.
SGO was prepared by a 1 h bath sonication using MGO. XSGO was
prepared by the horn ultrasonication (Fisher Scientific, Sonic
Dismembrator model S00) of MGO with sonication power at 20 W
for 1 h in an ice bath.

Flow Field-Flow Fractionation. The channel type utilized for
FIFFF was a model LC asymmetrical channel (Wyatt Technology
Europe GmbH, Dernbach, Germany) with a regenerated cellulose
membrane having a 10000 Da molecular weight cutoff (MWCO)
(Merck Millipore, Darmstadt, Germany). The semiprep AF4 channel
spacer was made from Mylar sheets, and the thickness of the spacer
was 250 pm for XSGO and 350 ym for SGO, MGO, and LGO
fractionation. The channel spacer had trapezoidal shapes with an inlet
to outlet total length of 26.5 cm for XSGO, SGO and 26.7 c¢m for
MGO, LGO, the width of the inlet part was 2.1 cm for XSGO, SGO,
and 4.4 cm for MGO, LGO, and the width of the outlet part was 0.5
cm. The length of each inlet and outlet triangular part was 2.0 and 0.6
cm for XSGO, SGO, and 3.7 and 0.5 for MGO, LGO, respectively.
Carrier solutions were prepared with deionized water (>18 MQ-cm)
using three different types of surfactants and chemicals: 0.10% FL-70
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or 0.05% SDS, both of which were added with 0.02% NaNj; as a
bactericide for analytical channel, and 3 mM ammonium bicarbonate
for semipreparative channel. Each carrier solution was filtered using a
nitrocellulose filter (pore size of 0.22 pm, Merck Millipore) prior to
use. The carrier solution was delivered to the FIFFF channel using a
model SP930D HPLC pump (Young Lin Instruments, Seoul, Korea).
Eluted GO sheets were monitored with a UV detector using a
wavelength of 254 nm (YL9120 UV from Young-Lin). Sample
injection was conducted by using a Model 7125 injector from
Rheodyne (Cotati, CA) with a sample loop (30 uL for XSGO, SGO
and 50 uL for MGO, LGO) during the focusing/relaxation step. In
analytical channel, the injection amounts of MGO and LGO were
16.5 and 6 pug, respectively. For the semipreparative channel, the
injection amounts of MGO and LGO were 100 and 115 pug,
respectively. Sample materials after injection were focused at a
position around 1/10 for XSGO, SGO and 1/9 for MGO, LGO of the
channel length by using two counter directing flow streams from both
inlet and outlet of the channel. Focusing/relaxation time was 3 min
for PS latex standards and S min for GO sheet samples using a total
flow rate of 3.0 mL/min. Right after the relaxation/focusing
procedure, flow was solely directed to the channel inlet to initiate
the particle migration. After each run, channel membrane was washed
at an outflow rate of 3 mL/min at least S min without crossflow.
Upon separation, the sample recovery values were calculated by the
peak area of MGO sample under a crossflow rate and normalized by
the peak area obtained without applying field strength. The calculated
recovery value is 78.4% for runs with ammonium bicarbonate solution
condition for semipreparative channel.

Characterization of GO. The GO size and morphology of
graphene fibers were confirmed by SEM (Hitachi S-4800). The
average area of each GO sheet was measured using Image] software.
The thickness of the GO sheet was analyzed with AFM measurement
using NX-10 (Park Systems). Chemical compositions of MGO and
size-fractionated MGO were measured with XPS (Theremo VG
Scientific, Sigma Probe) and subsequently analyzed by Avantage
software. Raman spectra were obtained by ARAMIS (Horiba Jobin
Yvon, France) with a 514 nm excitation laser. Mechanical properties
of graphene fibers were measured using universal testing machine
(UTM, Textechno FAVIMAT+, Germany). The resonance frequency
of a fiber (gauge length: 10 mm) was measured while increasing
pretension from 0.05 c¢N with an increment rate of 0.05 cN. The
measure tension values as a function of strain were converted based
on stress—strain curves. Electrical conductivity of graphene fiber was
obtained by two-point prove configuration system (HIOKI, Card
HiTester).

Fabrication of Graphene Fiber. Highly concentrated aqueous
GO dispersions were transferred to an injection syringe. A coagulation
bath was prepared with S wt % of CaCl, dissolved in deionized (DI)
water positioned on a parallel rotating disk rotating at a speed of 17
rpm. GO dispersion in the syringe was extruded into this rotating
coagulation bath at a flow rate of 0.12 mL min™" using a nozzle with
an inner diameter of S00 ym. The end of the spinneret was positioned
3 cm away from the rotating bath center in order to achieve a 1.3
draw ratio. The excessive ions during the coagulation step were
removed by immersion into a DI water bath. The washed GO
hydrogel fiber was dried at room temperature over 24 h with both
fiber ends fixed. For the reduction step, the collected GOLC fibers
were located in a quartz tube and placed in a vacuum furnace at a
pressure of 3.4 X 10° Torr. Before thermal reduction, the fibers were
flushed under the 100 sccm of H, stream for 30 min to remove
moisture and air absorbed in the fibers. Subsequently, the quartz tube
was heated up to 1000 °C at a heating rate of 2 °C min~' under the
continuous stream of H, gas and held for 2 h. Finally, reduced GF was
obtained after cooling to room temperature.®

THEORETICAL CONSIDERATIONS

I. General Retention Theory of Flow Field-Flow
Fractionation. In FIFFF, the retention ratio, R, is defined
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as the ratio of void time (t°) to the retention time (t,). In the
normal mode of FIFFF, R is defined by

oo KT ]
3mnd, (1)

where A (= I/w) is the ratio of mean layer thickness (I) of the
sample zone to the channel thickness (w), V° is the chanel void
volume, and V, is the cross-flow rate at the channel wall. D is
the diffusion coefficient of the sample component (= kT/
3mnd,), k is the Boltzmann constant, T is the temperature, 7 is
the viscosity of carrier solution, and d is the Stokes’ diameter
(or the hydrodynamic diamneter).>"

However, the retention ratio in the steric/hyperlayer mode
is expressed as

: ()
where y is the steric correction factor, which depends on the
field strength, migration flow velocity, and particle diameter.>®
Therefore, the retention ratio can be written as the sum of eqs
1 and 2 like

0

t 3yd
R="—=61+L
t, w ()

Il. Particle Shape Effect on Retention Ratio. Even if the
same diameter of 2D GO and three-dimensional (3D) PS latex
bead is used, the elution behavior of 2D GO in the FFF
channel is different from that of the 3D PS latex bead in our
experiments. Furthermore, the steric transition diameter of 2D
GOs is larger than that of PS latex beads. These results
originate from the particle shape effect on the retention
behavior in the FFF channel. Generally, the 2D GO preserves a
nearly flat (self-avoiding) conformation in an aqueous
solution.”” To verify the retention behavior of 2D GO, the
particle shape effect on the retention was investigated by the
simplest shaped models with disc particles, as suggested by
Beckett and Giddings."’

In normal mode, the retention ratio of spherical PS beads is
61 when | < w. Due to the steric-entropic effect, however, the
retention ratio of disc particles was derived as 184 when a/l —
00, where a is the particle radius. The steric-entropic effect
examined here is based on an entropic restriction of disc
particles as they approach within a distance of the
accumulation wall. This loss of entropy of disc particles can
cause an increase in mean cloud thickness ! compared with
spheres of the same mass. Thus, the retention time would be
reduced and the retention ratio increased. These results can be
interpreted by the shape effect results of 2D GO in normal
mode. For more details about steric effects for nonspherical
particles, see the previous papers.*>®

In the steric/hyperlayer mode, the retention ratio is
proportional to the 3y. The steric correction factor, y, is
affected by many factors, including experimental conditions
(field strength, migration flow velocity), particle size, and
shape. Until now, there have been no accurate relationships
between them. However, the particle’s shape absolutely affects
the retention ratio in the steric/hyperlayer mode.

It is well-known that the steric transition diameter of the
spherical particle is nearly 1 um or less.*"”®' Here, we have
verified that the size of steric conversion of 2D GO is around 3
pum. Furthermore, we demonstrated that the elution of 2D GO
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appeared to be faster than that of the spherical PS latex bead in
both the normal and steric/hyperlayer mode. As discussed
here, the main reason arose from its original 2D planner shape,
which causes the different elution behavior from the PS latex
bead. Thus, a PS bead and 2D GO with identical diameters
have different retention in the FIFFF. These results could apply
to other 2D materials that can be dispersed in the solvent, such
as MXene, transition-metal dichalcogenide (TMD), etc., to
size separation/analysis by FIFFF.
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