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Abstract: Graphene oxide (GO) nanocolloids—sheets with lateral
dimension smaller than 100 nm—were synthesized by chemical
exfoliation of graphite nanofibers, in which the graphene planes
are coin-stacked along the length of the nanofibers. Since the
upper size limit is predetermined by the diameter of the nanofiber
precursor, the size distribution of the GO nanosheets is much
more uniform than that of common GO synthesized from graphite
powders. The size can be further tuned by the oxidation time.
Compared to the micrometer-sized, regular GO sheets, nano GO
has very similar spectroscopic characteristics and chemical
properties but very different solution properties, such as surface
activity and colloidal stability. Due to higher charge density
originating from their higher edge-to-area ratios, aqueous GO
nanocolloids are significantly more stable. Dispersions of GO
nanocolloids can sustain high-speed centrifugation and remain
stable even after chemical reduction, which would result in
aggregates for regular GO. Therefore, nano GO can act as a
better dispersing agent for insoluble materials (e.g., carbon
nanotubes) in water, creating a more stable colloidal dispersion.

Graphene oxide (GO) is typically made by chemical exfoliation
of graphite powders using strong oxidants such as KMnO, dissolved
in concentrated H,SO,.** During reaction and processing, the
graphene sheets in the particles are not only derivatized with
oxygen-containing groups>® but also torn up into smaller pieces.
As aresult, the lateral sizes of the as-synthesized GO sheets are
usually very polydisperse, ranging from a few nanometers to tens
of micrometers,”® which may even vary from synthesis to synthesis.
Although it has been noted that prolonged oxidation® and sonica-
tion® can break the sheets into smaller sizes, such random, top-
down, size reduction approaches are unlikely to result in uniform
size distribution. So far, size-controlled synthesis® of small GO shests
has not been extensively studied, partially due to the lack of interest
and knowledge on their size-dependent properties. Although a tre-
mendous amount of work has been done to explore the size- and shape-
dependent electronic properties of graphene nanostructures,™ *# nano
GO and its graphene product have caught much less interest,
presumably due to the highly defective nature of GO. Recently we
revealed that GO sheets can act as surfactants with size-dependent
amphiphilicity.*> Smaller GO sheets should be more hydrophilic due
to the higher density of charges originating from the ionized —COOH
groups on their edges, which suggests that the colloidal stability of
GO should a'so be size-dependent. This motivates us to explore direct
synthetic methods for making small GO sheets with a more uniform
size distribution. On the other hand, GO nanosheets (<100 nm) have
recently been used in cellular imaging™® and drug ddlivery™° studies,
in which the large micrometer-sized GO sheets have to be removed.
Although this could be done by extensive size separation steps (e.g.,
density gradient separation®®?%) to extract only the nano GO from the
polydisperse samples, direct synthesis will be highly desirable, as it
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Figure 1. GO nanosheets synthesized from graphite nanofibers. (a) SEM
image of the graphite nanofiber precursor. (b) HRTEM image and ED pattern
(inset), showing that the graphene planes are coin-stacked along the (001)
fiber growth direction. (c) AFM image of GO nanosheets obtained after 2
and 12 h (inset) of reaction, deposited on mica. Their apparent thickness
was found to be around 1 nm, as shown in the height profile taken along
the blue line. (d) Size distribution of the starting graphite nanofibers (solid
black line) and GO nanosheets obtained after 2 (dashed green line) and
12 h of oxidation (dotted orange line).

eliminates many processing steps that could adversely affect the
colloidal stahility or introduce impurities to the highly adsorbing GO
sheets. Here we report a size-controlled synthesis of GO nanosheets
using graphite nanofibers®*2® as the precursor. Both GO nanosheets
and their reduced form are sgnificantly more stable than their
counterparts made from graphite powders (hereafter named regular
GO). In addition, GO nanoshests can better disperse insoluble materias
such as carbon nanotubes, creating a more stable colloidal dispersion
in water.

The graphite nanofibers (Catalytic Materials LLC) used in this
work have an average diameter of about 130 nm, with length up to
afew micrometers, as shown in the scanning electron microscopy
(SEM) image in Figure 1a. In the highly crystalline nanofibers, the
graphene sheets are coin-stacked along the (001) fiber growth
direction, as shown in the high-resolution transmission electron
microscopy (HRTEM) and electron diffraction (ED) patterns (Figure
1b). The nanofibers were oxidized using a modified Hummer’'s
method® with a preoxidation step and then purified with an
acid—acetone wash procedure we recently developed.* In parallel,
regular GO was synthesized using the same procedure from graphite
powders (Bay carbon, SP-1).242°

Relatively uniform GO nanosheets were obtained, with average
size tunable by reaction time. Since the size upper limit is set by
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Figure 2. (&) UV/visand (b) XPS spectra of nano GO before (brown line)
and after hydrazine reduction (black line). (¢) Thermogravimetric analysis
curve of the nano GO, exhibiting weight loss similar to that observed with
regular GO.

the diameter of the nanofibers, GO nanosheets are more uniform
than regular GO. After 2 h of reaction, the average size of GO was
found to be around 50 nm (Figure 1c), which decreased to ca. 20
nm after 12 h of reaction (Figure 1c, inset and d). The apparent
thickness of the GO nanosheets was measured to be around 1 nm
by atomic force microscopy (AFM), which is consistent with that
of regular GO.?>?® Since the diameter of the graphite nanofibers
can be controlled from a few to a few hundreds of nanometers
during chemical vapor deposition,?>23 by selecting the properly
sized graphite nanofibers and controlling the oxidation time, the
size of GO nanosheets should be continuously tunable in this range.

The UV/vis spectrum of the nano GO dispersion (Figure 2a)
shows a peak at 225 nm, dightly blue-shifted compared to that of
regular GO at 230 nm, indicating a modest decrease in the size of
the 7= conjugation domains. The nano GO can be reduced by
hydrazine, after which its absorption peak was red-shifted and the
overall absorption was greatly increased. This is consistent with
the color change of the colloidal dispersion from brown to black,
similar to what has been observed with regular GO.>” X-ray
photoel ectron spectroscopy (XPS) confirmed that hydrazine reduc-
tion significantly reduced the oxygen content in the sample (Figure
2b). The nano GO can aso be reduced by thermal treatment. Figure
2c shows its thermal gravimetric response upon heating in a N,
atmosphere. A nearly 10% weight loss occurred at about 100 °C,
which can be attributed to absorbed water. Another major weight
loss of nearly 40% was observed between 200 and 300 °C,
corresponding to the deoxygenating reactions as observed in regular
GO.?8 The resultsin Figure 2 suggest that, in terms of spectroscopic
characteristics and chemical properties, these GO nanosheets are
very similar to regular micrometer-sized GO.*"8

However, size is very important for the surface activity of GO.
Regular micrometer-sized GO colloids tend to migrate to the water
surface over time,*>293% as shown in the Brewster angle micros-
copy (BAM) image (Figure 3a). This eventually leadsto a GO thin
film covering the surface of an evaporating droplet, which leaves
a continuous film after drying (Figure 3c, left and d). In contrast,
the GO nanosheets preferably stay in water (Figure 3b). A droplet
of GO nanocolloids tends to leave the typical “coffee ring
stain” 3233 type of drying pattern, just like common water-soluble
or dispersible materials (Figure 3c, right and €). The different drying
behaviors between regular and nano GO colloids were consistently
observed over a wide range of concentrations from 0.01 to 1 mg/
mL (Supporting Information (SI) Figure S1). Since evaporation is
a fundamental step in all solution-processing techniques, the
knowledge of size-dependent drying behaviors should be useful
for the fabrication of GO-based thin films and coatings.

The decreased surface activity of GO nanosheets is likely due
to their higher edge-to-area ratio, which increases their charge
density and makes them more hydrophilic. This has been confirmed
by zeta-potential measurements, as shown in Figure 4a. The higher
charge density on GO nanosheets also significantly increases their
colloidal stability. GO nanocolloids remained stable even after
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Figure 3. Surface activity of regular and nano GO. (ab) In situ BAM
observation of air—water interface during evaporating a GO and GO
nanocolloidal solutions, respectively. Regular GO sheets tend to enrich at
the water surface over time, but nano GO is much less surface active.
Therefore, regular GO colloids tend to develop a coating on the water surface
during evaporation and |eave a continuous film after drying (c,d). In contrast,
GO nanocolloids tend to leave the typical “coffeering stain” type of drying
marks commonly seen for agueous colloidal dispersions (c,e). The scale
bars in panel ¢ represent 1 cm.
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Figure 4. Enhanced colloidal stability of nano GO and nano r-GO. (a)
Zeta-potential measurement of water dispersion of GO, nano GO, and nano
r-GO. Vaues of r-GO sheets could not be measured due to heavy
aggregation (b). GO nanocolloids appear to have higher charge density,
which is consistent with their greatly reduced size and increased edge-to-
center ratio. Therefore, they are much more stable than regular GO (see
Figure S2). In contrast to regular r-GO (b), the r-GO nanocolloids (c) are
also much more stable, resulting in stable colloidal dispersion over awide
range of solution pH values.

centrifugation at 10 000 rpm for 30 min, while the regular GO
colloids started to precipitate at 5000 rpm (S| Figure S2). It has
been well known that r-GO colloids are less stable in water due to
increased —a stacking between the deoxygenated surfaces.®” As
seen in Figure 4d, hydrazine-reduced r-GO sheets indeed aggregated
under most of the pH values from 4 to 10, thus preventing zeta-
potential measurements. However, r-GO nanosheets were found to
be stable in the entire range of pH values (Figure 4c). With GO or
r-GO sheets, their colloidal stability is determined by the competi-
tion between repulsive electrostatic interaction and attractive, face-
to-face van der Waals interaction of overlapping sheets.?>3* The
enhanced colloidal stability of nano GO and r-GO is attributed to
acombination of increased electrostatic repulsion, reduced overlap-
ping areas, and reduced probability of overlapping due to smaller
areas of the nanosheets.

The enhanced colloida stability of GO nanosheets should make
them excellent dispersing agents for processing insoluble materials.
In an earlier report, we showed that GO can act as a surfactant to
disperse graphite powders and carbon nanotubes in water.3* Here,
the performances of regular GO and nano GO as dispersing agents
for unfunctionalized single-walled nanotubes (SWCNTS) (Carbon
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Figure 5. Nano GO as a dispersing agent. (a) Both GO and nano GO can
disperse unfunctionalized SWCNTs in water after sonication, but the
resulting colloidal dispersion using nano GO is much more stable, as seen
in the centrifugation test. (b,c) AFM images show that the SWCNTSs were
disentangled and debundled after being sonicated in nano GO dispersion.
The average height of SWCNTSs decreases from ~20 nm in water to ~4
nm after dispersion (inset).

Solutions, Inc., P2-SWNT) were compared. Figure 5a shows the
dispersions of 1 mg of SWCNTs after being sonicated for 2 hiin 2
mL of nano GO, regular GO (both 1 mg/mL), and deionized water,
respectively. The SWCNTSs precipitated right after sonication. Both
of the GO samples were able to disperse the nanotubes. However,
the dispersion created using nano GO as surfactant was significantly
more stable, as shown by the centrifugation test. The UV/vis
spectrum (Sl Figure S3) of the nano GO/SWCNTs dispersion shows
the characteristic peaks of SWCNTSs at 750 nm and nano GO at
230 nm, both red-shifted, suggesting a strong w—s interaction
between them. The AFM image of the starting SWCNTSs show that
the tubes were heavily entangled and bundled. The average bundle
diameter measured by the height profile was ~20 nm (Figure 5c).
In contrast, nano GO dispersed SWCNTs were largely disentangled
and debundled, with average diameter reduced to ~4 nm (Figure
5b). AFM studies found that the nanotubes are only partially
covered by GO nanosheets (S| Figure $4). Therefore, the nano GO/
SWCNT complex is still conductive, and the conductivity can be
further increased by reducing the nano GO after solution processing
(Sl Figure S5).

In summary, uniform GO nanocolloids can be directly synthe-
sized using crystalline graphite nanofibers as the starting material.
The diameter of the nano GO is determined by the nanofiber
diameter and the oxidation time. GO nanosheets were found to be
more hydrophilic than their regular, micrometer-sized counterparts,
resulting in very different drying behaviors. The small size of nano
GO also greatly enhances their colloida stability. Even nano r-GO
sheets are stable in a wide range of pH vaues. The enhanced
stability of GO nanocolloids should make them very promising
dispersing agents for insoluble, aromatic materials such as SWCNTS.
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