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ABSTRACT: The suspension of chemically converted
graphene (CCG) provides a cost-effective and facile approach
to construct graphene-based materials. However, wrinkles and
aggregates usually occur when transferring graphene from
suspension to solid-state, which significantly alter the optical,
electrical, and electrochemical properties of deposited
graphene. Our effort is devoted to the control of the
morphology of individual graphene sheet deposited on solid
surfaces by the solvent evaporation. Here we have studied the
effects of additional components (e.g, organic solvent and
electrolyte) in the CCG suspension on the CCG morphology.
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It was found that the CCG sheets could be stitched together and the graphene monolayer could be flattened by the addition of

appropriate additives to the CCG suspension.
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he wet-chemistry route to synthesize chemically converted

graphene (CCG) by chemical reduction of graphene
oxide has triggered intensive research interest since it enables
cost-effective and large-scale production of individual graphene
sheets as well as the ease of constructing graphene-based
structures.'"® However, one of the challenges for processing
CCG sheets is that they tend to restack, wrinkle or aggregate
when they are transferred from suspension to substrates.”
Because the performance of graphene-based materials is highly
dependent on the arrangement of graphene sheets, a great deal
of effort has been made to control the morphology of CCG
sheets in the hydrated state.'*”"

Research effort has been devoted to process graphene-based
materials during the solvent evaporation in a controlled
manner.”'>"? For example, Huang et al. synthesized crumpled
graphene balls during rapid evaporation of aerosol droplets, a
process that alleviated the aggregation of graphene-based
materials.'"* The same protocol was also used for hybrid
graphene-nanoparticle structures with energy storage applica-
tions.">'® Kim et al. have reported the self-assembly of
graphene sheets driven by solvent evaporation process.'”
Furthermore, the latest work has demonstrated the viability
of inkjet printing of graphene suspension in the fabrication of
electronics.'® We focus on the effects from the solvent

evaporation on the morphology of individual graphene sheet
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on solid surfaces an important process for graphene
patterning.lg_21
Similar to the self-assembly behavior of nanoparticles and

22-24 . 3
the solvent evaporation can induce self-
25

nanowires,
assembly of monolayer CCG sheets on some solid surfaces.
It has been reported that the evaporative self-assembly is highly
dependent on several factors, including surface tension of the
solvent, capillary forces, particle size and shape, hydrophobicity
of the particles, and the interaction potential between
particles.”* ™ In particular, the self-assembled structures are
influenced by the type of the substrates as well as the
components of the evaporating droplet,'3!71972426-33

In this work, we have investigated how the morphology of
the CCG monolayers was altered during solvent evaporation by
the additional components (organic solvent or electrolyte) in
CCG aqueous suspension. The amount of additives had to be
small enough to maintain dispersibility of CCG sheets, but
sufficient enough to influence the various interactions during
solvent evaporation process. Our results have shown that CCG
sheets were assembled to connect or overlap with neighboring
sheets, or to say “stitch together”, in a controlled manner by the
addition of appropriate components to the suspension.
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Figure 1. Morphology of CCG/GO deposited on negatively charged hydrophilic mica surface by drying a drop of CCG/GO solution containing 3
vol % ethanol. (3, b) AFM images of CCG on a mica surface; (c) cross-sectional profiles of b; (d, e) AFM images of GO on a mica surface; and (f)

cross-sectional profiles of e.

Representative AFM images in Figure lab show the
morphology of CCG monolayer on a negatively charged
hydrophilic mica prepared by drop casting of CCG suspension
in 3 vol % ethanol. All the CCG sheets appeared to be flat
regardless of their size and geometry. No corrugations, folds or
wrinkles were observed on the sheets. The average height of
CCG was measured to be approximately 1 nm with the lateral
dimension varying from less than 500 nm to more than 1 ym.
In terms of the morphology of single-layer CCG sheets on mica
surface, it was the same as those prepared without the addition
of ethanol.>>** However, we noticed the effect of ethanol on
the organization between monolayer CCG sheets on mica
surface: the edge of the individual sheet overlapped obviously
with the neighboring sheet. This phenomenon was in contrast
to the edge-to-edge configuration of deposited CCG on mica
surface without the addition of ethanol.>> The height of the
overlaid area was about 2 nm, same as two single-layer sheets. It
was highly reproducible to produce such organization of flat
CCG sheets with overlaid edges . The percentage of isolated
CCG sheets over the area of 250 square micrometer from in 10
AFM images was found to be close to zero (Figure 3). More
AFM images are provided in the Supporting Information.

As a comparison, graphene oxide (GO) suspension in 3 vol%
ethanol was also deposited under the same conditions. Over a
large area shown in Figure 1d, the GO sheets were closely
packed to an edge-to-edge configuration and in some regions
more than one layer of GO was deposited. Where there was a
low number density (Figure le), GO sheets tended to come
together rather than distribute randomly . No overlaid or folded
edges were observed. It was noted that, during the packing at
air—water interface in Huang’s work, the GO sheets rolled up
on the edge due to the strong electrostatic repulsions between
neighboring sheets.>® Here the addition of ethanol in the
suspension might have mediated the electrostatic repulsion

between the polar groups at the edges of GO sheets and led to
the connection of GO sheets side by side.

The effect of the addition of ethanol in suspension was
particularly outstanding when a positively charged surface,
poly(diallyldimethylammonium chloride) coated mica surface
(PDMA-mica), was used . CCG sheets were flattened and
assembled to an edge-to-edge configuration (Figure 2a, b). This
is in stark contrast to randomly distributed and corrugated
CCG sheets on the same surface without the addition of
ethanol.>® With the addition of ethanol, less than 1% of CCG
sheets were isolated from the other sheets (Figure 3). So
ethanol had enabled the flattening and self-assembly of CCG
on PDMA-mica surface. The CCG sheets on PDMA-mica
surface appeared relatively rough, possibly because of the
roughness of the underneath substrate.

CCG sheet did not assemble to an edge-to-edge config-
uration on another positively charged substrate, NiCl, modified
mica (Ni**—mica), although most of the monolayers were
flattened., There were ridges or folds observed on some sheets
(Figure 2d, e). The cross-sectional profiles show an average
height of about 0.8 nm for monolayer and 1.7 nm for bilayers.
So the presence of ethanol did not influence the organization of
CCG on Ni**—mica, in contrast to the situation on PDMA-
mica surface.

On a hydrophobic surface of thiol-coated gold, the flattening
of CCG sheets did not occur, but all the sheets were connected
together (Figure 2g, h). Less than 2% sheets were isolated from
others. This is distinctive from from the random distribution of
wrinkled and corrugated CCG sheets on the same surface
without ethanol in suspension. Table 1 summarizes the effects
of ethanol on the deposition of CCG .

The effect of another type of additive, electrolyte NaCl, was
also studied. With the addition of NaCl (1 mM) to CCG
suspension, the droplet evaporation created the pattern of
flattened and connected CCG sheets on both mica and PDMA-
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Figure 2. Morphology of CCG deposited on various types of surfaces after drying a drop of CCG solution containing 3 vol % ethanol. (a, b) AFM
images on a PDMA-mica surface; (c) cross-sectional profiles of b; (d, e) AFM images on a Ni**-mica surface; (f) cross-sectional profiles of e; (g, h)
AFM images on a thiol-coated gold surface; and (i) cross-sectional profiles of h.

mica (Figure 4a—f). The connection of the sheets was either by
an edge-to-edge or an overlapped manner. In addition, when 1-
butyl-3-methylimidazolium tetrafluoroborate (BmImBF,) was
used as the added electrolyte. AFM images measured an
average height of monolayer CCG sheets of around 1.4 nm on
mica (Figure 4i). This is higher than that of pure monolayer of
CCG sheets on mica, possibly due to the adsorption of
BmImBF, onto CCG sheets. The presence of BmImBF, led to
flattened and connected CCG sheets, in a manner similar to the
cases with the addition of ethanol or NaCl in the CCG
suspension (Figure 4g, h).

Our results clearly demonstrate that the morphology of CCG
depends on the substrate properties. What was puzzling is that
even on both positively charged surfaces of PDMA—mica and
Ni**—mica the addition of ethanol could lead to different

morphologies. We attempted to gain an insight into the
difference in the morphology and assembly of CCG on these
two surfaces, so the drying process of the drop was monitored
on these two surfaces. The snapshots of the drying drop are
shown in Figure S, and the full information is shown in Figure
S9 in the Supporting Information. On PDMA—mica surface,
there was no difference between the pinning duration without
(Figure S al—a3) or with (Figure S b1—b3) the addition of
ethanol. The boundary was pinned on the surface for about 240
s, followed by the retraction of the liquid film. A clear and
circular coffee stain ring was then left behind.

On the Ni**—mica surface, the droplet spread over an area
much larger than that on PDMA-mica surface, indicating higher
wettability on the former. With the addition of ethanol (Figure
5d1—d3), the boundary of the droplet started slipping over 70
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Figure 3. Comparison of the percentage of isolated CCG/GO sheets
on different types of substrates between the sample prepared by drop
casting of CCG solution and that of CCG solution containing 3 vol %
ethanol.

s after the deposition. No clear coffee stain ring was left after
solvent evaporation. The same pattern was observed without
the added ethanol on Ni**-mica surface (Figure Sc1—c3): no
ring was left behind. These observations support our previous
hypothesis that the time of pinning had to be long enough for
the self-assembly of CCG sheets to occur. The lack of assembly
of CCG on Ni**—mica may be due to the higher mobility of
three phase line on a relatively smooth surface.

Below we further discuss the effects of the additives from the
aspects of surface tension and interactions. It has been reported
experimentally that CCG sheets in water are microscopically
corrugated and the amplitude of corrugation can be related to
the preparation process.'’ In our previous work, the flattening
and self-assembly of monolayer CCG sheets were observed on
negatively charged hydrophilic substrates.”> We proposed that
the lateral capillary forces had driven the flattening and
assembly of the suspended CCG at air—liquid interfaces,
facilitated by the slower evaporation rate beneath the sheets
and the repulsive forces between negatively charged surface and
CCG sheets.”® The addition of ethanol reduced the surface
tension of the solvent from 72 mN/m (for water) to ~60 mN/
m (for water containing 3 vol % ethanol).*® This may be one of
the important factors for the difference in the morphology and
assembly with and without ethanol. Moreover, the presence of
ethanol increased the wettability of the drop on the thiol-coated
gold surface, and hence facilitated the assembly of CCG.

The surface tension of 1 mM NaCl solution is only about
0.01% less than that of water,>® so the effect of NaCl came into
play possibly through the effects on the electrostatic
interactions. According to Derjaguin—Landau—Verwey—Over-

beek (DLVO) theory,” the Debye screen length, 1/k with
units of m™’, can be expressed by eq 1

k= (D p.ez/ € € T)'? o
i 1
1

where p; is the number density of ion i in the bulk solution, z
is the valency of the ion, € is the relative static permittivity, €,
is the electric constant, and xj is the Boltzmann constant. The
addition of NaCl to aqueous solution increases the number
density of ions in the solution (p;) and screens the
electrostatic force between the neighboring negatively charged
CCG sheets. Especially on positively charged PDMA—mica
surface, the electrostatic attractive force between CCG sheets
and the substrate were also reduced with the addition of salt,
enhancing the mobility of CCG sheets at the air—liquid
interface for the self-assembly of the sheets.

The addition of ethanol to water reduced the relative static
permittivity (€) in eq 1. Hence the electrostatic interactions
between neighboring CCG sheets and between the CCG sheet
and the positively charged substrate were reduced, resulting in
edge-to-edge configuration of GO sheets on positively charged
PDMA mica surface.

Our final remark is that the height of the single graphene
layer appeared to change on different substrates. As shown in
the AFM images, almost all the CCG sheets are single layer
graphene sheets, but with different measured heights.
According to the literatures, although the theoretically
estimated interlayer spacing between the graphene sheets is
0.34 nm,*® the measured height of graphene sheets deposited
on a substrate is significantly influenced by the morphology of
the underneath substrate and the molecular interlayers (e.g.,
water containing additives in this case) between CCG and the
substrate.>*** For example, the RMS roughness of mica,
PDMA—mica, Ni**—mica and thiol—coated gold substrates
were about 0.1, 1.68, 0.22, and 0.81 nm, respectively. Therefore,
on smooth mica and Ni**-mica surfaces, the measured height of
the CCG monolayer was about 1 nm, similar to those reported
in the literature."** However, the relatively large roughness of
the PDMA—mica and thiol-coated gold substrates contribute to
the increased height of CCG monolayers. In addition, the
adsorption of the additives (e.g., ionic liquid) on CCG can also
increase the measured height of CCG sheets (Figure 4g—i).

In conclusion, we have demonstrated that in CCG deposition
by solvent evaporation, a small amount of additives in the CCG
suspension had a significant impact on the morphology and
assembly of monolayer. Ethanol induced the overlaid arrange-
ment of flattened sheets on negatively charged mica surface.
The flattening and self-assembly behavior of sheets on
positively charged surface or hydrophobic surface were
achieved by the addition of ethanol or salt. Therefore, the
addition of appropriate additives to the suspension is an

Table 1. Effect of Additives on the Morphology and Assembly of CCG on Solid Surfaces during Solvent Evaporation®

water

3 vol % ethanol

1 mM NaCl BmImBE,

liquid substrate flattening self-assembly flattening
mica \/ \/ \/
PDMA-mica X X
Ni**-mica X X
thiol-gold X X

X< =

?(x) stands for “not observed” and (\/ ) for “observed”.

self-assembly

\/

<X =
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flattening self-assembly flattening self-assembly

v v v v
v Y
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Figure 4. Effect of electrolytes on the morphology of CCG deposited on different types of surfaces: (a, b) AFM images of CCG deposited on a mica
surface by drying a drop of CCG solution containing 1 mM of NaCl; (c) cross-sectional profiles of b; (d, ) AFM images CCG deposited on a
PDMA-mica surface by drying a drop of CCG solution containing 1 mM of NaCl; (f) cross-sectional profiles of e; (g, h) AFM images CCG
deposited on a mica surface by drying a drop of CCG solution containing BnImBF,; and (i) cross-sectional profiles of h.

effective way to stitch and flatten CCG sheets deposited on a
substrate by the drying process.

B EXPERIMENTAL SECTION

Preparation of Graphene Oxide (GO) and Chemically
Converted Graphene (CCG) Dispersions. The GO and CCG
dispersions were prepared by the methods reported previously." The
solvent is water with less than 0.35% of ammonium which ensures
stability of CCG sheets in water. The suspension was diluted by water,
and CCG dispersion with concentration of 0.005 mg/mL was used for
deposition CCG on solid surfaces. Typically, proper amount of
additives (e.g., ethanol, NaCl, or BmImBF, aqueous solution) were
added to CCG dispersion to achieve CCG dispersion containing 3 vol
% ethanol, 1 mM NaCl, or 0.0025 mg/mL of BmImBF,, respectively.
The effect of additives with different amount was also studied, such as
2 vol % ethanol, 5 mM NaCl, and 0.005 mg/mL BmImBF,, but the
morphology of CCG monolayer gives a similar trend (see the
Supporting Information). The measured pH values of all these
dispersions were in the range of 6 to 7. The CCG suspension
remained stable with the addition of the above chemicals and no
aggregates were observed. This was confirmed by zeta potential

measurements (ZEN3600, Malvern) (see the Supporting Information,
Table S1).

Preparation of 4 Types of Substrates. Mica was freshly cleaved
before use. Poly(diallyldimethylammonium chloride) coated mica
(PDMA-mica) and Ni**-modified mica (Ni**-mica) surfaces were
prepared by immersing the freshly cleaved mica in 1 wt % PDMA
solution and 0.1 M NiCl, solution, respectively, for 30 min, followed
by rinsing with Milli-Q water and drying by nitrogen stream. The
thiol-coated gold surface was prepared by sputter coating of gold film
on a smooth silicon surface, followed by immersing the precleaned
gold substrate into 10 mM decanethiol solution in ethanol for 3 h. The
gold substrate was then taken out and rinsed thoroughly with ethanol
and water. The RMS roughness of mica, PDMA—mica, Ni**—mica,
and thiol-coated gold substrates are about 0.1, 1.68, 0.22, and 0.81 nm,
respectively, from AFM images.

Deposition of CCG-Based Solution and Characterization. A
drop of CCG suspension was deposited on substrates by drop casting.
The volume of the drop was 10 xL and the concentration of CCG in
the suspension was 0.005 mg/mL. On the bare mica surface, since the
drop tends to spread over the surface, a tiny scratch was made gently
with a diamond cut to prevent the wetting film spreading outside of
the surface. The substrate and the drop were then dried completely in
desiccators for 1 h before imaging. The pressure in the desiccator was

dx.doi.org/10.1021/am302225y | ACS Appl. Mater. Interfaces 2012, 4, 6443—6449
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Figure S. Snapshots of the drying process from the bottom view: the drying process of 0.2 uL drop of CCG suspension (al—a3) without ethanol and
(b1-b3) with ethanol deposited on a PDMA-mica surface; drying the same amount of CCG suspension (c1—c3) without ethanol and (d1—d3) with

ethanol on a Ni**—mica surface.

kept constant through a vacuum hose at the pressure of ~20 KPa at
room temperature. The concentration of the solution, the volume of
the drop, and the drying conditions were the same for all the
substrates.

To visualize the evaporation of the drop, we deposited 0.2 L of the
solution on the substrates of PDMA—mica and Ni**—mica surfaces.
The images were taken from the bottom of the substrate by a camera
(BXS1, OLYMPUS, Japan) with 10 times magnification. The
morphology of CCG on substrates was characterized by atomic
force microscopy (Mulitmode IV, Bruker). The samples were imaged
by tapping mode in air using the cantilever with the spring constant of
40 N/m (Budget Sensors Tap-300G-Al). Multiple regions near the
stains were imaged for the statistic analysis.

B ASSOCIATED CONTENT

© Supporting Information
AFM images of CCG on different substrates and GO on mica,
zeta-potential of CCG-based dispersions with additives;
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snapshots of drying process. This material is available free of
charge via the Internet at http://pubs.acs.org.
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