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ABSTRACT: Chemically converted graphene (CCG), from a
chemistry point of view, is a giant molecule with a unique two-
dimensional (2D) configuration. The availability of CCG
dispersion provides a range of scalable methods to assemble
graphene-based materials but brings the challenge of under-
standing and control of the CCG morphology in solution
processing. In this study, we found that, similar to conven-
tional colloidal systems (e.g., spherical particles or polymers), a
2D sheet of CCG can be transferred from its aqueous
dispersion to solid substrates in the form of highly regular
stripe patterns by evaporation-driven deposition. The width
and spacing can be defined by the concentration of the CCG dispersion and the properties of the substrate (e.g., roughness and
surface charge). Furthermore, the high resolution AFM images illustrate that both 2D flattened and highly wrinkled CCG can be
formed in each individual stripe, depending on the location across the stripe. The in situ optical observation of the stripe
formation indicates that the morphological change of CCG may occur in the crowded meniscus of the drying front.
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■ INTRODUCTION

Graphene, owing to its extraordinary electronic, mechanical,
and thermal properties,1,2 has received substantial attention
from various fields, such as electronics,3,4 photonics,5,6 and
energy storage.6−9 Among the numerous fabrication methods,
the preparation of chemically converted graphene (CCG)
provides a facile and cost-effective approach to obtaining
graphene sheets.10 In particular, the aqueous dispersion of
CCG contains a large amount of individually separated 2D
sheets.11,12 One of the major challenges is the controlled and
reproducible transfer of CCG from the dispersion to a stable
and structured dry state, because the single-atomic CCG sheets
are intrinsically flexible and susceptible to the external
conditions during the processing.6,13

A great deal of effort has been made to achieve controlled
assembly of structured graphene patterns, such as lithographic
techniques, chemical vapor deposition, and inkjet printing.14−20

Huang and co-workers found that the regulation of the
morphology of GO sheets has a significant impact on its
electrical and optical properties.21 Evaporation-driven assembly
is one of the most effective approaches for the fabrication of
functional structures from nanoscale building blocks,22−25 and
it has been successfully used in the assembly of colloidal
nanoparticles, block copolymers, and carbon nano-
tubes.15,16,18,20,22−31 However, it remains largely unknown

about how to assemble the 2D CCG into regular patterns.
Only recently, Yang and co-workers reported the fabrication of
self-organized graphene patterns by solvent evaporation using
poly(ionic liquid) modified graphene,28 casting a light on
engineering low-cost graphene-based functional materials with
a simple fabrication process.
Our attention is paid to the effect of the drying process on

the morphology of deposited CCG sheets on solid surfaces
without the presence of additives. We have previously found
that the drying process can induce the flattening and self-
assembly of monolayer CCG on negatively charged hydrophilic
solid substrates.29,32 Other groups have also revealed the similar
self-assembly behavior of either CCG or graphene oxide (GO)
by drying.28,33−37 To the best of our knowledge, there is no
report about the effect of drying on the morphology of
multilayer CCG sheets and their properties. In this work, we
show that regular CCG stripe patterns can be produced over a
large surface area by convective deposition techniques. The
width of CCG stripes and the spacing between neighboring
stripes can be rationally tuned by careful control of the
experimental conditions. Furthermore, we observed in situ the
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formation process of the CCG stripe pattern and found the
location-dependent morphology of both monolayer and
multilayer CCG.

■ EXPERIMENTAL SECTION
1. Preparation of CCG Dispersion and Substrates. The CCG

solution was prepared by chemical reduction of a graphene oxide
(GO) solution, and the details have been reported in our previous
publication.10 The solvent is water with less than 0.35% ammonia,
which ensures stability of the CCG sheets in water. The concentration
of the CCG dispersion can be easily tuned by dilution, and the
concentration used in this work ranges from 0.001 mg/mL to 0.01
mg/mL.
The silicon and glass substrates were cleaned by piranha solutions at

75 °C for 30 min, followed by rinsing with Milli-Q water and drying
with nitrogen of high purity. The mica was freshly cleaved before use.
The poly(diallyldimethylammonium chloride) coated mica (PDMA-
mica) surfaces were prepared by immersing the freshly cleaved mica in
1 wt % PDMA solution for 30 min, followed by rinsing with Milli-Q
water and drying with a nitrogen stream.
2. Fabrication of CCG Patterns. To fabricate the regular CCG

stripe pattern, the substrates were vertically immersed into a CCG
aqueous dispersion with a certain concentration. In this work, 20 mL
of slightly preheated CCG dispersion was used for stripe fabrication,
and the diameter of the glass vessel containing CCG dispersion is
approximately 3 cm. The whole setup was then left in an oven at 60 °C
overnight, and the stripe patterns were formed during solvent
evaporation.
3. Characterizations. The stripe patterns can be directly observed

from the optical microscope, and the formation process was captured
by a camera (BX51, OLYMPUS, Japan). The morphology of the CCG
stripe pattern was characterized by atomic force microscopy
(Mulitmode IV, Bruker). The samples were imaged with the tapping
mode in the air using the cantilever with a spring constant of 40 N/m
(Budget Sensors Tap-300G-Al). Raman spectra were obtained from an
an Ar laser (Renishaw Invia) with an excitation line at 514.5 nm. X-ray
photoelectron spectroscopy (XPS) was carried out using a VG
ESCALAB220i-XL spectrometer equipped with a hemispherical
analyzer.

■ RESULTS AND DISCUSSIONS
1. Effects of the CCG Concentration. As shown in Figure

1, a hydrophilic substrate was vertically immersed into CCG

dispersion, and regular CCG stripe patterns can be formed
during solvent evaporation. Raman and X-ray photoelectron
spectroscopy (XPS) analyses were performed to characterize
the chemical structure of CCG stripes on glass. Two prominent
bands at 1348 and 1583 cm−1 are clearly shown in the Raman
spectrum of CCG stripes on glass, and they represent the D
and G bands of carbon, respectively (Figure S1a).38 Moreover,

the presence of four types of carbon bondsC−C/CC
bond at 285.0 eV, C−O bond at 286.2 eV, CO bond at 287.3
eV, and O−CO at 288.5 eVwas illustrated from the C 1s
XPS spectrum of CCG stripes on a glass substrate (Figure
S1b).
In the first set of experiments, we studied the effect of CCG

concentration on the stripe formation on hydrophilic glass. We
could not obtain the CCG stripe patterns when the CCG
concentration was higher than 0.05 mg/mL (Figure S2a).
When the CCG concentration was reduced to 0.01 mg/mL,
regular stripe patterns were produced and clearly visible under
optical microscopy. Figure 2a−e show the optical images of the
patterns on a hydrophilic glass substrate, and more images are
provided in Figure S3. The stripes are straight and aligned in
parallel with the neighboring stripes. They extend as long as the
substrate is (i.e., 2 cm here) and distribute over the entire
substrate.
The average width of the stripes and the spacing between

neighboring stripes were measured from the optical images, and
they are found to be dependent on the concentration of CCG
dispersion (Figure 2f−g). As the concentration of CCG
dispersion increases from 0.001 mg/mL to 0.01 mg/mL, the
width of the stripe gradually increases from 6.7 ± 1.0 μm to 9.6
± 1.1 μm, and the spacing between two stripes is also slightly
increased from 20.7 ± 4.2 μm to 26.1 ± 4.0 μm.
The morphology of the individual stripe was further

characterized by atomic force microscopy (AFM). Figure 3a,b
show the AFM image of an individual CCG stripe prepared
from 0.001 mg/mL of CCG suspension and the representative
cross-sectional profile. Clearly the height of the stripe is not
uniform. From the “top” where the stripe starts forming to the
“bottom” where the stripe ends, the height of the stripe
gradually increases (Figure 3b), followed by a sharp decrease.
Interestingly, the height of the stripe is approximately 37 nm
for all samples prepared from CCG dispersions with
concentrations from 0.001 mg/mL to 0.01 mg/mL (Figure
3c). The concentration of the CCG dispersion has little
influence on the height of the CCG stripe, in contrast to its
significant impact on the stripe width and spacing. In addition,
the spacing between CCG stripes is also characterized, showing
a limited amount of randomly distributed CCG sheets (Figure
S4).

2. Effects of the Roughness and Charges of the
Substrate. In this section, we studied the effect of the surface
roughness and surface charges on the formation of CCG stripe
patterns. First we compared two hydrophilic surfaces, glass and
silicon. The roughness of the glass slide is measured to be about
1.4 nm, and that of the silicon surface is about 0.1 nm. Regular
stripe patterns were successfully produced on the hydrophilic
silicon substrate (Figure 4a−d), similar to the above results on
the hydrophilic glass substrate. The AFM image is shown in
Figure 4e, and the height profile of the stripe presents similar
features to those on a glass surfacethe CCG stripe grows
with the liquid level going down, followed by a sharp ending
(Figure 4f).
The measurement of stripe width and the spacing between

stripes also obtains concentration-dependent results as shown
in Figure 4g,h. With the increase of the CCG concentration
from 0.001 mg/mL to 0.0075 mg/mL, interestingly the width
of the stripe has significantly decreased from 30.0 ± 3.9 μm to
11.4 ± 1.9 μm while the spacing between two stripes ha slargely
reduced from 53.0 ± 6.1 μm to 30.6 ± 3.4 μm, respectively. So
the stripes become thinner but denser with the increase of the

Figure 1. Schematic diagram of the formation of CCG stripes on
hydrophilic surfaces by convective deposition techniques during
solvent evaporation.
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CCG concentration, which is somehow different from the
trends on a glass substrate. In addition, if the CCG dispersion
with a concentration of 0.01 mg/mL was used, a nonuniform
film is formed on the silicon substrate, rather than stripe
patterns (Figure S2b).
When the surface charge was varied, completely different

results were obtained. In this work, two types of substrates were
studied: negatively charged hydrophilic surfaces (e.g., glass,
silicon, and mica) and a positively charged surface (e.g.,
poly(diallyldimethylammonium chloride) modified mica
(PDMA-mica)). The stripe patterns on the mica surface were
similar to those on glass or silicon (Figure S5). However, there
is no stripe pattern observed on the PDMA-mica surface
(Figure S6). This indicates that the electrostatic interactions
between negatively charged CCG sheets and the positively
charged PDMA-mica surface may hinder the formation of stripe
patterns.
3. Morphology of CCG Stripes. Interestingly, we found

that the morphology of CCG varies at different locations across
a stripe. As shown in Figure 5a−d, the flat or slightly corrugated
2D CCG was mainly deposited at the top of the CCG stripe, or

scarcely distributed in the space between the neighboring
stripes, while the highly wrinkled CCG was at the middle and
the bottom of the stripe. More AFM images are provided in
Figures S7−S11 and show similar results.
For comparison, graphene oxide (GO) was deposited on the

substrate following the same protocol, and regular GO stripes
can be obtained in a similar manner. But across an individual
stripe, all the GO sheets are stacked in a face-to-face manner
without obvious corrugation (Figure 5e−g).

4. Properties of CCG Stripes. The directional structure
from the stripes can render some anisotropic properties to the
substrate. For example, the electrical property of the stripe
patterns was measured by using the two-probe method with the
use of thin gold film contacts. The gold electrode crosses over
46 CCG stripes, and the distance between the electrodes is 5
mm. As a result, the resistance of the CCG stripe is measured
to be 246 kΩ along the stripe direction, and the corresponding
resistivity is calculated to be 2.4 × 10−3 Ωm. However, the
resistance in the direction vertical to the stripes is not
measurable. On the other hand, the deposition of CCG stripes
on hydrophilic surfaces can also affect the transparency. With

Figure 2. Optical microscopic images of CCG stripes on a glass substrate formed by CCG dispersions with concentrations of (a) 0.001 mg/mL, (b)
0.0025 mg/mL, (c) 0.005 mg/mL, (d) 0.0075 mg/mL, and (e) 0.01 mg/mL in the oven at 60 °C and the effect of concentration of CCG dispersion
on (f) the width of CCG stripes and (g) the spacing between neighboring CCG stripes. Note that the average width and spacing are measured from
the optical microscopic images.

Figure 3. (a) AFM image of one CCG stripe on a glass substrate prepared with a CCG concentration of 0.001 mg/mL. (b) The height profile of the
dashed line in a. The height of the stripe (H) is measured from the top of the stripe to the surface. (c) the effect of the concentration of CCG
dispersion on the height of the CCG stripes. Note that the average height of the stripe is measured by taking the average distance between the stripe
and the surface at the point where the stripe formation finishes.
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the use of air for background adjustment, the transmittance of
the CCG stripe pattern treated glass surfaces is found to be
nearly 80% in the visible range for all of the samples prepared
by CCG dispersion with different concentrations (Figure S12).
5. Dynamics of the Stripe Formation. To understand the

mechanism governing the morphology of CCG stripes, we
monitored the deposition process by optical microscopy. The
snapshots are shown in Figure 6, and the video is provided in
the Supporting Information. In Figure 6a, the contact line of
the liquid is first pinned on the surface as indicated by the dark
line in the images. The deposited area then becomes darker,
indicating that more and more CCG sheets are transported
from the dispersion to the drying front (Figure 6b). Note that

the width of this deposited area is constant with time. In Figure
6c, the diffusive region at the bottom of the strip is clearly
visible. While the region of the stripe becomes even more
crowded, some wavy patterns gradually appear along the
stripes, resembling honey flowing down a wall.38

The interference fringes then appear under the stripes as the
liquid film thinned with the evaporation. Eventually the thin
liquid film ruptures, and a hole is formed on the left-hand side
(Figure 6d). The hole extends quickly from the left to the right,
and the liquid film breaks off from the stripe (Figure 6e).
Finally, the stripe becomes dried, and the receded liquid film is
pinned in a new position where another CCG stripe starts to
form following the same pinning−depinning process (Figure

Figure 4. Optical microscopic images of CCG stripes on a silicon substrate formed by CCG dispersions with concentrations of (a) 0.001 mg/mL,
(b) 0.0025 mg/mL, (c) 0.005 mg/mL, and (d) 0.0075 mg/mL in the oven at 60 °C. (e) AFM image of one CCG stripe in a and (f) height profile of
the dashed line in e and the effect of concentration of CCG dispersion on (g) the width of CCG stripes and (h) the spacing between neighboring
CCG stripes.

Figure 5. AFM images of (a) CCG stripe on silicon substrate and (f) GO stripe on glass substrate prepared by CCG or GO dispersion with a
concentration of 0.005 mg/mL in the oven at 60 °C and the AFM images of the details in (b−d) CCG and (e, g) GO stripe.
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6f). The formation process of the CCG stripes is quite similar
to that of colloidal particles reported by Watanabe et al.,15

where the receding of the liquid is dominated by the stability
limit of the thin liquid film, not the stick−slip motion of the
drying front.23

We suggest the following process for stripe formation. CCG
sheets are originally in the form of corrugated 2D sheets in the
dispersion13 and are transported to the drying front by the
convective flow to the tip of the meniscus induced by the
evaporation. The wedge of the liquid front provides the
limitation for the transport of CCG from the bulk dispersion.
Due to the high wettability of the substrate, the liquid film can
spread very thin on the substrate, so at the upper boundary of
the stripes, only single layer sheets are deposited on the
substrate and are flattened and self-assembled to an edge-to-
edge configuration. This scenario is similar to what we observed
on hydrophilic negatively charge substrates in a previous
work.29 With the increase of the liquid film thickness to the
upper region of the stretched meniscus, a limited amount of
CCG can be transported and deposited there, and hence the
thickness of the stripes goes up. Most of the CCG sheets are
jammed at the middle and lower regions of the meniscus. Due
to such a “traffic jam,” the local concentration of CCG
increases. It is possible that before drying, the enhanced
interactions between sheets in the crowded dispersion have
already led to the crumpling of the stripes. The wavy features of
the stripes may be due to the high viscosity of the dispersion
before drying. The whole stripes become suddenly dry when
the liquid ruptures due to the instability of the thinning. The
apparently trivial difference in the roughness of silicon and glass
might have influenced the strength of the pinning and the
shape of the meniscus before the instability; therefore the CCG
concentration has influenced the spacing and the width of
stripes on them in different ways.
In this way, we may explain that since the height of the stripe

is mainly dependent on the shape of the meniscus, the CCG
concentration has little impact on the height of the stripes. In
comparison to GO, since GO sheets possess a large amount of
negatively charged oxygen-containing functional groups, we
suggest that these functional groups may prevent the GO sheets
from wrinkling in the traffic jamming. So a face-to-face
deposition is obtained from GO dispersion.

■ CONCLUSION
In conclusion, regular CCG stripe patterns can be formed on
negatively charged hydrophilic surfaces by using a convective
deposition technique. The stripe width and the spacing

between neighboring stripes are highly dependent on the
concentration of the CCG dispersion and the nature of the
substrates. Surprisingly, the morphology of CCG varies at
different locations along the individual stripe. The flat CCG
sheets were mainly distributed at the top of the stripe or in the
space between stripes, while their highly wrinkled forms were
found at the bottom. The in situ observation of the stripe
formation shows that the highly crumpled structures in the
middle and lower regions of the stripes may be due to the
crowding effect in the drying front.
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