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ABSTRACT: A facile and ultrafast method for geometry
controllable and vertically transformative 3D graphene
architectures is demonstrated. The 2D stacked graphene layers
produced by exfoliation of graphite were transformed, e.g,
from horizontal to vertical, by applying electric charge (—2 V
with 1-3 pAh/cm?). The three-dimensionally transformed
graphene layers have maximized surface area as well as high
specific capacitance, 410 F g~ in LiClO,/PC electrolyte,
which is 4.4 times higher than that of planar (stacked)

2D Stacked graphene 3D transformed graphene

graphene layers. Furthermore, they can remarkably exhibit 87% of retained capacitance as the scan rate is increased from 100 to
1000 mV s~', unlike planar graphene, which displays 61% retention under the same conditions.
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B INTRODUCTION

Graphene, a two-dimensional (2D) material composed of
monatomic carbon atoms, has attracted great attention due to
its superior electrical, optical, and thermal conductivities, as well
as its mechanical properties.' > It can be obtained through low
cost processes such as the exfoliation of graphite or the
reduction of graphene oxide*™” in addition to chemical vapor
deposition (CVD) on metallic templates.>” As such, graphene
is a promising key component for future electronics, suitable for
flexible electronics,'® ener storage,11 nanocomposite,12 and
many other applications. 3 Nevertheless, it falls short of
expectations due to its limited geometry, i.e., intrinsically 2D
structures.

Not long ago, in attempts to overcome the limitations of the
geometrical structure of 2D graphenes and enlarge surface area
of the graphene electrode for electronic devices as mentioned
above, several methods for developing three-dimensional (3D)
structured graphene and graphene oxide (GO) were presented.
These methods include porous foam shape 3D carbon
films,"*™ fibered structures w1th carbon comp051te, a hand
rolhn§ and skiving method,"® mechanically wrmkled graphene
film,*® and patterning on a structured template.”’ However,
they all have serious limitations like noncontrollable geo-
metries,">>" polymeric binder or metallic nanoparticles
irnpurities,17 and require very complicated multistep fabrication
processes.'¥'®7** Therefore, a simple fabrication method for
geometry controllable graphene layers is necessary for the
crucial applications.
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Here we demonstrate a facile and ultrafast method for
geometry controllable, vertically transformative 3D graphene
architectures. The 2D stacked graphene layers produced by
exfoliation of graphite were transformed, e.g., from horizontal
to vertical, by applying electric charge (—2 V with 1-3 pAh/
cm®). The three-dimensionally transformed graphenes have
maximized surface area as well as high specific capacitance, 410
F g”! in LiClO,/PC electrolyte, which is 4.4 times higher than
that of planar (stacked) graphenes. Furthermore, they can
remarkably exhibit 87% of retained capacitance as the scan rate
is increased from 100 to 1000 mV s, unlike planar graphene,
which displays 61% retention under the same conditions. We
also report here optimized deposition condition for shape-
controllable graphene layers, so that the method will be useful
in many other related applications.

B EXPERIMENTAL SECTION

Preparation of Graphene/Polystyrene Sulfonate (PSS) Film.
Polystyrene sulfonate sodium salt (PSS-Na, Mw = 70000, Aldrich),
ethanol (>98%, Samchun), nitric acid (HNOj; 63%, Daejung),
propylene carbonate (PC, 99%, Aldrich), and lithium perchlorate
(LiClO,, 98%, Aldrich) were used as received. Expanded graphite was
prepared by thermal expansion from graphite (ash content < 0.05 mass
%, particle size 200—300 um, Zaval'evsk coal field, Ukraine), which
was fluorinated by intercalation of C,FnCIF;> e-Graphite was treated
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with nitric acid for $ min to produce doped graphite. The doped
graphite (1 mg) was dispersed in ethanol (100 mL), and the mixture
was sonicated using a tip (bar type) sonication instrument at 750 W
for 1 h in order to produce stable doped graphene dispersion. PSS film
was prepared by dip-coating a gold electrode (0.28 cm?) using 10 wt %
PSS aqueous solution. The prepared PSS film was immersed in the
graphene dispersed solution for 3 min to accumulate a graphene layer.
After the process, the graphene deposited PSS film was dried at room
temperature for 1 h.

Vertical Alignment of Graphene. Vertical alignment of graphene
on PSS film was initiated by applying potential at —2 V with 0.001—
0.003 mAh/cm? in HNO,/ethanol (pH 4.0) electrolyte. The process
was performed in a three-cell system consisting of a platinum plate,
graphene deposited electrode, and Ag/AgCl (saturated with KCI)
electrodes as the counter, working, and reference electrodes,
respectively. The vertically aligned graphene was rinsed with ethanol
and dried at room temperature for 1 h.

Characterization. Morphologies of all samples were observed by
field effect scanning electron microscopy (FE-SEM, JEOL). Electro-
chemical properties for all vertical and stacked graphene samples on
PSS were evaluated using a three-electrode cell system with a
potentiostat (VSP, Princeton Applied Research, USA). A platinum
plate (size: 1 cm’) was used as a counter electrode, a Ag/AgCl
(saturated with KCI) electrode was the reference, and all graphene/
PSS samples used as working electrodes were immersed in PC
electrolyte (Aldrich Inc.) containing 1 M LiClO,. For measurement of
the graphene layer, a quartz microbalance (QCM) (QCM922, Seiko
Japan) and micro-Raman spectrometry were used to measure the
weight of the graphene layer and the formation of graphene,
respectively. The mass of the deposited material can be calculated
from the following equation:*®

weight (g) = Afrequency-(—1.3) ng/Hz (1)

A micro-Raman spectrometer with a 633 nm laser source (Renishaw,
Germany) was used.

B RESULTS AND DISCUSSION

Figure 1 shows schematic illustrations and scanning electron
microscopy (SEM) images corresponding to the steps for
vertical transformation of the graphene layers. Polystyrene
sulfonate sodium salt (PSS-Na, Mw = 70 000, Aldrich) is first
coated onto either a gold coated silicon wafer (200 nm thick,
DC sputter; Q300T; Quorum Technologies Ltd.) or a gold
plate (100 pm thick) using solution casting (Figure 1A-1). A
top view SEM image of the PSS coated sample is shown in
Figure 1A-2. To obtain high quality graphenes, expanded
graphite (e-graphite; 200—300 yum flake size, ash content < 0.05
mass %, Zaval'evsk coal field, Ukraine) prepared by rapid
thermal exfoliation was used. Graphene flakes doped with nitric
acid (HNO;, 63%, Daejung) treatment to introduce positive
charges on their surfaces were dispersed in ethanol. They were
spontaneously deposited on the PSS-Na layer due to the
electrostatic interaction between positive charges on the
graphene and negative charges on the PSS molecules, SO;~
(Figure 1B-1). Planar graphene flakes of a few micrometers
were uniformly coated on the PSS surface, as shown in Figure
1B-2. Using an electrochemical three-cell system with a
platinum counter electrode, a Ag/AgCl reference electrode,
and a gold coated silicon wafer as a working electrode, stacked
graphenes on PSS were transformed into a vertical 3D shape.
To transform the graphene geometry, an electric charge with
constant potential (—2 V) and various currents (1—3 pAh/
cm?) were applied to the graphene layer. (Figure 1C) After the
electric charge was applied, the graphene layer was rinsed with
ethanol and dried at room temperature for 1 h. The notable
finding from this study is that the geometries of the vertically
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Figure 1. Schematic illustrations and SEM images corresponding to
the steps for forming transformative vertical graphenes on PSS-Na
coated Au thin films. (A) Spin-coated PSS-Na (Mw = 70 000) on Au
coated wafer or Au foil. (B) Dip-coating graphene on PSS by
electrostatic forces. (C) Vertical transformation of graphene by
applying electric charge (—2 V with 3 yAh/cm?) using a three-cell
system.

transformed graphene layer are controlled by applied charges
(Figure 2). For example, with a lower electrical charge (1 yAh/
cm® at —2 V), as shown in Figure 2A, a few protruding
graphenes (about 51% of the relative density; ratio of number
of transformed graphenes to a maximum number of one) with
relatively low standing angle can be found. When the electric
charge is increased to 2 yAh/cm?* at —2 V (Figure 2B), more
graphenes (about 71% relative density) are gently transformed
to a higher standing angle. With an electric charge of 3 uAh/
cm? at —2 V, the SEM image in Figures 1C-2 and 2C clearly
reveal most of the graphenes transformed vertically with much
higher standing angles. The heights of the vertical graphene
observed in SEM images are about 0.6—0.8 ym. As shown in
Figure 2A,B,C, the densities of vertically standing graphenes are
increased by increasing the applied electric charges and
potentials in three cell systems (Figure 2D).

It is obvious that applied electric fields play a crucial role in
the 3D transformation process of graphenes. We postulate that
molecular transition of PSS induced bgr the applied potential is
the major cause of the transformation.” It should be noted that
PSS molecules can be extended by negative potentials and
shrunk by positive potentials. Owing to underlying conductivity
changes induced by extended or shrunk PSS chain
conformations and the resulting accumulation of absorbed
ion pairs on each graphene edge, graphenes have asymmetrical
charges and eventually undergo shape transformation, as
presented earlier with carbon nanotubes.**~>” This phenom-
enon explains how applied potentials can modulate PSS chain
shape and eventually result in asymmetrical charge accumu-
lation as well as shape control of vertically aligned graphenes
due to polarization of the graphene-edge along the direction of
the electric field.
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Figure 2. (A—C) SEM images of transformed graphenes by various
applied charges, (A) 1, (B) 2, and (C) 3 pAh/cm* with —2 V potential,
respectively. (D) Relative density of transformative graphenes by
applied charges. All density values are normalized by dividing by the
density of 3 yAh/cm® charge applied to the graphenes (as shown in
Figure 1C).

The deposited graphenes were confirmed by Raman
spectroscopy. Figure 3A shows Raman peak comparisons
between the Raman spectra of e-graphite, p-doped graphene,
and deposited graphene on PSS-Na film. The D, G, and 2D
peaks of e-graphite can be observed at 1344, 1577, and 2641
cm™!, respectively. The spectra correspond well with those
reported for e-graphite prepared by a thermal expansion
method.”® Generally, the 2D peak in graphite consists of two
components, 2D, and 2D,. In this case, the graphite was
significantly expanded by thermal shock, therefore the 2D peak
of e-graphite behaves like multilayer graphene. For doped
graphene, the D, G, and 2D peaks are shifted toward higher
wavenumbers: 1345, 1585, and 2642 cm™}, respectively. This
result is similar to those obtained by others.”” The 2D/G ratio
of intensity, I (2D/G), is related to the number of graphene
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Figure 3. (A) Raman spectra of e-graphite, p-doped graphene, and
deposited graphene with 633 nm laser source; (B) & frequency change
measured by quartz crystal microbalance (QCM) and weight changes
of deposited graphenes by deposition time.

layers, with a graphene monolayer having the maximum value.
The I (2D/G) of p-doped graphene was enhanced from 0.37 to
0.98, an indication that the doped graphite was exfoliated by
sonication and existed as a bilayer in the electrolyte.”® After
deposition, the D, G, and 2D peaks were observed at 1344,
1577, and 2641 cm™" respectively. The p-doped graphene was
reduced by negative charges on the surface of the PSS film and
the peaks shifted to the left side. From the well-defined single
2D peak and 0.30 ratio of the I (2D/G) peaks, the deposited
graphenes existed as multilayer on PSS film.

The deposition of p-doped graphene on PSS-Na film was
monitored by quartz crystal microbalance (QCM). Figure 3B
shows the deposited graphene mass change on PSS film as a
function of deposition time. The graph shows a linear time-
dependent deposition rate (~2 ng/s) in the first 60 s and a
constant rate after that. It indicates that electrostatic interaction
between PSS and graphene is dominant at only a certain
thickness of the deposited graphene layer due to limited
interaction length. As a result, we were able to estimate the

Table 1. Results for Graphene Deposition and Transformation on Various Polymers

bottom layer
polyvinylidene fluoride (PVDF)
polystyrene (PS)

polarity of functional group

polyacrylic acid (PAA) COO~
Nafion SO,
PSS-Na Nok

electrostatic deposition
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3D transformation

X

electrophoresis deposition

X X

OO O™
IR oIl
O M X X
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overall weight of deposited graphene as approximately 0.78 pg/
cm’ in a 0.28 cm’ lateral dimension of gold coated substrate. As
shown in Figure S1 in the Supporting Information, the &
frequency and mass of 2D stacked graphenes and vertically
transformed graphenes measured by QCM did not change even
while electrical charge was applied.

We found that deposition of graphene is strongly dependent
on the chemical polarity of underlying materials. Table 1 shows
various types of underlying polymers and their functional
groups. Polyvinylidene fluoride (PVDF, Mw 534000,
Aldrich), polystyrene (PS, Mw 3000, Aldrich), Nafion
(Dupont Inc.), and Polyacrylic acid (PAA, Mw = 100 000,
Aldrich) were tested with electrophoresis or electrostatic
deposition methods. Notably, graphenes can be deposited on
ion-conductive polymers with a negative polarity functional
group such as PSS and Nafion with SO;~ and PAA. From our
experimental results, however, Nafion and PAA have weak or
no chain deformations and shape deformations of graphene on
such polymers are undetectable.

As shown in Figure 4A, cyclic voltammograms of vertical
graphene had larger areas and higher current densities, which
explain the higher capacitance and smaller internal resistance
generated by vertical graphene. Specific capacitance of the 3D
vertically aligned graphenes transformed by 3 pAh/cm?® with
—2 V was 410 F g™', over 4 times higher than that of planar
graphene. These exceed the best values of up to 250 F g™!
obtained for graphene based supercapacitors in aqueous
systems. Also, we were able to get areal capacitance, 319.8
uF/cm® that is much higher value compared to the areal
capacitance of the thin graphene film reported recently (80 uF/
cm?).*! However, loss of charge propagation was observed from
the nonrectangular shape of cyclic voltammograms as a result of
the poor conductivity of PSS-Na and the experiments were
performed in an organic system.

A comparison of capacitive performance between planar and
vertical graphene was further performed using cyclic
voltammetry in the range from —1 to 0 V as a function of
scan rate (in Figure 4B). The scanning range from —1 to 0 Vis
lower than —2 V, the threshold voltage for graphene
transformation; it is useful to measure specific capacitance
property without change of graphene morphology. The specific
capacitance property was calculated by integrating the area
under the cyclic voltammograms and normalized by the
measured weight. The capacitances of both graphene slightly
decreased when the scan rate was increased to as high as 1000
mV s~ At a high scan rate, capacitance is generally limited by
charge propagation.’” The vertical graphene maintained its
87.48% capacitance (358.69 F g_l) as the scan rate was
increased from 100 to 1000 mV s~', whereas the flat graphene
retained only 61.7% of its capacity in the same scan rate range.

Edge site performance of graphene has been studied for use
with supercapacitors because the edge site has better electro-
chemical properties than the basal plane.*® Generally, charge
storage occurs on the edge planes of graphene that are exposed
and directly accessible. Edge sites in graphene accelerate the
movement of the charge generated at the interface between the
electrolyte and electrode and store more charge through
additional surface redox reactions similar to a pseudocapaci-
tor.>* Ambrosi et al. reported on the electrochemical properties
of the edge of graphene, stating that edge sites of graphene
provide not only much higher capacitance but also 35 times
faster electron transfer rate than the basal plane of graphene.*
Furthermore, vertically aligned graphene allows for minimized
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Figure 4. (A) Cyclic voltammograms plot for the specific capacitance
variations of 2D stacked (planar) graphene (p-graphene) (red),
transformed graphenes with applying potentials at —2 V with 1 (blue),
2 (green), and 3 (v-graphene; black) pAh/cm® in HNO,/ethanol (pH
4.0) electrolyte. (B) Specific capacitances of 2D stacked graphene and
3D transformed graphene as a function of scan rate. (C) Specific
capacitances of 2D stacked graphene and 3D transformed graphene as
a function of cycle-number (characterized at scan rate of 300 mV s™*).

porosity effects because of its open structure, reducing ionic
resistance.” It is obvious that vertically aligned graphene
provide a pathway to store more charge and facilitate high rate
performance by increasing the number of edge sites exposed to
electrolytes. Cyclic stability test was also conducted at a scan
rate of 100 mV s!, and vertical graphene showed no
degradation in performance after 5000 cycles (for 27.7 h)
whereas planar graphene showed a decrease in capacitance to
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87.3%. (Figure 4C) We postulate the vertically aligned
graphene electrodes allow open structures and enhanced area
of graphene edges to have high stability against volume
expansion induced by repeated cyclic tests.

H CONCLUSION

In summary, we have presented a facile fabrication method to
achieve 3D transformative graphenes in a geometry controllable
manner by applying low potential and have also presented its
electrochemical characterizations as a supercapacitor. The angle
and density of vertical transformed graphenes can be minutely
controlled. Electrochemical analysis with current—time and
cyclic voltammograms show that 3D transformed graphenes
offer improved results over 2D stacked graphenes. The
capacitance of the 3D graphene was 403 F g~ after S000
cycles with a scan rate of 300 mV s™’, which is significantly
improved compared to 80.2 F g~' of 2D stacked graphene
under the same conditions. We believe that this work provides
a remarkable pathway to achieving hierarchical, vertical
structures using 2D materials. It would be reasonable to expect
that this method can be used as a powerful electrochemical
technique to manipulate the structure of graphene for
supercapacitors or other relevant electronic devices.
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QCM results of deposited graphene and cyclic voltammetry
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