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ABSTRACT: Carbon electrodes including graphene and thin

G
graphite Ims have been utilized for various energy and sensor ;- Main Components  wcevsevecee AmnesingProcess TN
applications, where the patterning of electrodes is essentially i *-CerbonPowder 2. Pigments (Ar + Hy) \Z
included. Laser scribing in a DVD writer and inkjet printing : :

were used to pattern the graphene-like materials, but the size C8:> s
and speed of fabrication has been limited for practical

applications. In this work, we devise a simple strategy to use
conventional laser-printer toner materials as precursors for
graphitic carbon electrodes. The toner was laser-printed on
metal foils, followed by thermal annealing in hydrogen
environment, nally resulting in the patterned thin graphitic
carbon or graphene electrodes for supercapacitors. The electrochemical cells made of the graphene graphitic carbon electrodes
show remarkably higher energy and power performance compared to conventional supercapacitors. Furthermore, considering the
simplicity and scalability of roll-to-roll (R2R) electrode patterning processes, the proposed method would enable cheaper and
larger-scale synthesis and patterning of graphene graphitic carbon electrodes for various energy applications in the future.
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INTRODUCTION cm?/(V s)),"? mechanical exibility (Young’s modulus 1
TPa),*® and superior chemical stability.”* Electrospraying®” and
laser-scribing methods®® 2° were used to pattern the graphene-
like materials, but the size and speed of fabrication has been
limited for practical applications. Inkjet printing enabled the
large-area fabrication of carbon electrodes.?®?’ However, it is

Recently, there have been intensive studies on the large-area
fabrication of various patterned electrodes essential for exible
displays,* chemical sensors® transparent heaters* © etc. In
particular, exible energy devices require various patterning
techniques with di erent shapes,”® for example, to fabricate

supercapacitor electrodes with uniform nger distances and very hard to prepare printable graphene-based ink materials
larger surface areas for higher e ciency.” However, conven- with uniform size and dispersion. Otherwise, a residual
tional patterning methods based on the use of prepatterned deposition on the nozzle disturbs a delicate pattering and
masks'®'* or complicated lithography techniques'? are costly often results in the blockage of nozzles: Thus, we present a new
and time-consuming. On the other hand, a laser-printing ~ Strategy to fabricate graphene graphitic carbon-based super-
technique is expected to provide a very simple and cheap route capacitors using a commercially available standard laser printer
to generate various patterns, but it has not been utilized for the ~ and its toner material as a carbon source in a continuous way.
fabrication of energy or display electrodes. This roll-to-roll process enables a quick fabrication of densely
Carbon materials have been widely used in modern patterned supercapacitor electrodes on a large-area substrate
technologies,** *° and among them, graphene has been most
studied as an electrode material that is particularly useful for Received: September 10, 2017
energy-storage applications'’*® thanks to its large surface area Accepted:  December 4, 2017

(theoretically 2 630 m?/g),*® high electrical mobility (14 000 Published: December 4, 2017
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Figure 1. Schematic illustration of the synthesis process of graphene
powder as a carbon source is prepatterned on a metal foil. After the

(Ar + Hy)

: Without
: additional treatment

graphitic carbon supercapacitors by a common laser printer. The laser-toner
annealing process, the graphene graphitic carbon Ims on a metal foil are

directly used as supercapacitors without additional treatment. The laser-printing process is shown in Movie S1 in the Supporting Information.

Figure 2. Photographic and microscopic images of the graphene graphitic carbon materials formed by laser-printing and annealing. (a) Optical
microscope images of the graphene graphitic carbon devices before/after the annealing process. (b) SEM images of the nonpatterned (left) and

patterned area (right) after annealing. (c) Cross-sectional SEM image

of graphene graphitic carbon Ims after annealing. The inset shows a cross-

sectional SEM image before annealing. (d) High-resolution TEM image of the graphene graphitic carbon. The inset shows the corresponding
di raction pattern. (e) Photograph of the laser-printed nger patterns with various scales.

with a exible and scalable design by simple printing software.
The fabricated supercapacitor devices are expected to exhibit
high performance with outstanding mechanical exibility and
chemical stability.

RESULTS AND DISCUSSION

The general laser-printer toner, which contains carbon
powders, pigments, and organic binders (except iron oxide),
is injected into a clean cartridge and printed on a metallic foil
(Cu or Ni) through a roll-to-roll process (Figure 1 and Figure
S1 in the Supporting Information). Then, the printed metallic
foil is annealed in a quartz tube with owing 150 sccm Ar and
50 sccm H, at 700 1000 °C, where the metallic surface

catalyzes the formation of graphene or graphitic carbon layers
(Figure S2).®2° We nd that noncarbon impurities in
pigments, organic binders, and iron oxides are removed, and
only carbon-based materials are obtained after the annealing
(Figure S1). The synthesized graphene graphitic carbon
materials on a metallic foil can be used directly as super-
capacitor electrodes without any additional process to attach
binders and current collectors. It was possible to fabricate more
than 500 supercapacitor electrode cells on an A4-sized metallic
foil.

Figure 2a shows the photographs of a copper foil with laser-
printed patterns before and after the annealing process,
showing the continuous and well-de ned graphitic carbon
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Figure 3. Mechanical and chemical stability tests and spectroscopic analyses. (a) Peeling-o test of the graphene graphitic carbon electrodes using a
commercial Scotch tape (left) and rubbing test (right). (b) Chemical stability test in organic electrolytes (1 M LiPFg in EC/DMC and 1 M LiTFSI
in TEGDME). (¢, d) Raman spectra and FT-IR spectra of the graphene graphitic carbon electrodes before/after annealing. The peak at 1629 cm *
is originated from the sp? hybridization of carbon carbon double bonding in plane stretching. (e, f) C 1s and O 1s XPS spectra (e) before and (f)
after annealing. The O 1s peak for C O bonding at ( 532.0 eV) is shifted to the peak for C O bonding ( 533.0 eV).

structures. The scanning electron microscope (SEM) images in
Figure 2b shows the comparison between nonpatterned and
patterned carbon structures on a copper foil after annealing. We
suppose that the formation of spherical particles maximizes the
surface area of the carbon electrodes, which enhances
electrochemical reactivity.

The cross-sectional SEM images in Figure 2c demonstrate
that the thickness of the graphitic carbon electrode is decreased
from 7to 4 masthe noncarbon impurities in the toner are
removed at the high temperature. The transmission electron
microscope (TEM) images in Figure 2d indicate that few-layer
graphene Ims are formed at the boundary between the copper
foil and the graphitic carbon material, implying that the catalytic
e ect to form graphene layers is available near the metallic
surface although the excessive carbon source exists. As a result,
the graphene graphitic carbon hybrid structures are formed.
The graphitic carbon with high surface area is advantageous for
electrochemical reaction, while the graphene with strong
bonding to the metallic substrate improves the chemical
stability and conductivity. To demonstrate the exibility in
design, the nger electrode patterns with various scales are
laser-printed and annealed as shown in Figure 2e.

The resulting graphene graphitic carbon electrode has
excellent adhesion property on a metallic foil even with the
absence of conventional polymeric binders such as poly-
vinylidene uoride (PVdF). The peeling-o and rubbing tests
in Figure 3a show the excellent adhesion stability. The chemical
stability of graphene graphitic carbon electrode withstanding
in organic solvents (ie., 1 M LiPFg in ethylene carbonate
(EC)/dimethyl carbonate (DMC) and 1 M LIiTFSI in
tetraethylene glycol dimethyl ether (TEGDME)) exhibits no
net weight loss. Additional chemical stability tests were
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conducted to prove its stability in a variety of solvents (Figure
S3). These results show the potential feasibility for electro-
chemical device application in multiple electrolyte settings.

The Raman analysis in Figure 3¢ shows a typical spectrum of
carbon-based graphene materials. After the annealing process,
the intensity of the D and G bands is considerably increased,
implying that the graphitic carbon structures are formed.
Furthermore, we measured transfer characteristics of eld-e ect
transistors (FETs) from graphene/graphitic carbon on SiO,
using conventional poly(methyl methacrylate) (PMMA) trans-
fer methods (Figure S4). The Dirac point demonstrates
graphene graphitic carbon hybrid structure, as we mentioned
earlier. The electrical properties need to be further studied and
optimized through further studies. The color of the toner
powder depends on the number of hydroxyl groups in pigments
and the ratio between pigments and carbon powders, which
turns out to be negligible for the crystallinity and the defect
density of the graphitic carbon electrodes for supercapacitors
(Figure S1). Before annealing, the laser-toner powder showed
multiple Fourier transform infrared (FT-IR) peaks related to
the complicated structures of pigments, which mostly
disappeared during the graphitization process except C O
peaks (Figure 3d). The C 1s and O 1s peaks in the XPS spectra
also indicate that the carbon layers are mostly sp? carbons that
are slightly oxidized with stable C O groups, which are
chemically inert enough against harsh electrochemical reactions
in a supercapacitor.

The same experiment is also conducted on a nickel foil to use
it as a counter electrode (Figure S5). Because of the higher
carbon solubility of Ni than Cu, thicker and higher-quality
graphene graphitic carbon layers are formed, which implies
that a wider range of applications is possible with the laser-

DOI: 10.1021/acsami.7b13741
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Figure 4. Electrochemical performance of graphene graphitic carbon materials. (a) Typical charge/discharge pro les of materials before (sky blue)
and after (dark blue) synthesis. (b) Charge/discharge pro le with time vs voltage. (¢) Rate capability of the electrodes with current density of 0.05 5
Ag L (d) Comparison of gravimetric power and gravimetric energy. (¢) Cyclic voltammetry measurement and (f) its plot in terms of log(scan rate)
vs log(peak current). (g) Cycle stability of the electrode. (h) Charge/discharge pro le and (i) cycle stability of fuel cell consisting of graphene

graphitic carbon materials and activated carbon.

printed graphene graphitic carbon electrodes on di erent
metal foils with enhanced catalytic and electrochemical
properties.

We evaluated the electrochemical performance of synthe-
sized graphene graphitic carbon on copper foil as the electrode
for lithium-ion cells. Note that the synthesized material was
directly adopted to electrochemical cells as electrodes without
any additional treatments. The galvanostatic measurement
shows that the electrode exhibits a speci ¢ capacity of 100 mAh
g !, which is comparable to the commercial electrochemical
supercapacitors such as activated carbon (Figure 4a).*%
Figure 4b shows the rate performance of graphene graphitic
carbon materials, retaining 55% of its capacity at the current
density of 5 A g %, which corresponds to 40 s of charge and
discharge (Figure 4c). This outstanding performance of
graphene graphitic carbon electrode excels other previously
reported carbon-based supercapacitors as shown in Ragone
plots (Figure 4d) in comparison with other supercapacitors
such as hierarchical porous graphitic carbon®* small-pore
carbon,** pistachio nustshell-derived microporous carbon,
and activated carbon.*

To better understand the energy-storage mechanism of the
graphene graphitic carbon electrode, we conducted cyclic
voltammetry (CV) tests with various voltage scan rates (0.1 10
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mV s 1) (Figure 4e), assuming that the current obeys a power-
law equation as follows,
i=al

where i is a measured peak current, v is a voltage sweep rate,
and a and b are adjustable parameters.*®*” The b value of 1.0
generally indicates a surface-limited (capacitive) reaction,
whereas the b value of 0.5 represents a di usion-controlled
reaction such as intercalation.**® The CV results of graphene
graphitic carbon show two distinctive peaks at 1.1 V vs Li/Li*
and 0.1 V vs Li/Li*. When they are plotted as log(scan rate)
vs log(peak current), each peak corresponds to the slopes of
0.95 and 0.78, respectively. (Figure 4f). The values of the slope
indicate that capacitive contribution is dominant in the rst
redox peak (1.1 V vs Li/Li*), and the following peak ( 0.1V
vs Li/Li*) exhibits not only capacitive reaction but also
di usion-controlled intercalation. These CV results are
consistent with the previous characterization of the material
in Figure 2d, which showed that the material consisted of
amorphous carbon as well as crystalline graphite. The
amorphous part, having a large surface area and defects,
would act as an active site for the capacitive charge storage,
while the crystalline part would serve as a host for Li*
intercalation. This can also be supported by the fact that Li*
intercalation in graphite occurs at 0.1 V vs Li/Li*, which

DOI: 10.1021/acsami.7b13741
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corresponds to the second peak position. The electrode could
exhibit high stability during the operation with nearly 100% of
the capacity retention after 3000 cycles (Figure 4g). For more
practical feasibility, we constructed a fuel cell composed of the
synthesized material as an anode and commercial activated
carbon (MSP-20) as a cathode. Note that the cathode contains
an excessive amount of activated carbon so that the voltage of
the cathode was assumed to be constant during the
electrochemical operation. The results show that graphene
graphitic carbon material exhibits a comparable capacity of 100
mAh g ! in fuel cells (Figure 4h) and stably operates for over
100 cycles (Figure 4i). Additionally, electrochemical perform-
ance of synthesized material on nickel foil was also tested,
showing comparable capacity, rate capability, and cycle stability
(Figure S6).

CONCLUSIONS

The graphene graphitic carbon materials were easily synthe-
sized by simple printing on metal foils with the consumer-grade
laser toner followed by an annealing process. The new type of
materials look like typical printed letters, as their shapes or
images are commonly found in documents. These synthesized
materials were adopted as electrochemical supercapacitors and
showed signi cantly high electrochemical performance com-
pared to the commercial carbon materials. It is remarkable that
the fabrication process described here removes the complicated
lithography processes, which are very expensive and time-
consuming, while enhancing the yield and e ciency of
compactly patterned supercapacitors on the large surface. In
addition, this technique enables graphene graphitic carbon on
metal foils to be used as supercapacitors without any additional
treatment such as making slurry with binders, conductive
additives, and current collectors that are usually required in
producing commercial supercapacitors. Thus, our new
technique holds the key to produce low-cost supercapacitors
in a large scale for a short time. Furthermore, graphene
graphitic carbon composites show superior mechanical,
chemical, and cycling stability. This is notable when compared
with micropatterned electrochemical devices whose nite
lifetime and instability could be major problems, especially
when they have to be inserted in forthcoming exible and
wearable electronics. Because of the simplicity and scalability,
future studies and ndings will be utilized for extending the
applications of the laser-printed power sources to various other
storage elds such as active radio frequency identi cation tags,
exible electronics embedded into clothing, and roll-up
portable large-area displays.

EXPERIMENTAL SECTION

Preparation and Fabrication of Graphene Graphitic Carbon
Supercapacitors. Patterned graphene graphitic carbon supercapa-
citors were produced by the direct laser writing using a consumer-
grade standard laser printer and toner (FUJI XEROX CP405 d). High-
purity copper foils (Alfa Aesar, 99.999%) were used instead of
conventional papers. The patterned carbon powder on the copper foils
was placed in the cold zone of annealing chamber owing with owing
50 sccm H, and 500 sccm Ar gas. When the center of the furnace
reached 800 °C, the samples were moved to the hot zone of the
furnace. After 30 min, the samples were left to cool down to room
temperature in argon circumstance for protection gas.

Characterization and Measurements. The microstructures and
morphologies of laser-printed patterns were investigated by eld-
emission scanning electron microscopy (FESEM, AURIGA Carl Zeiss)
and tunneling electron microscopy (TEM, JEOL JEM-2100). The
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Raman spectra were obtained by a Raman spectrometer (RM 1000-
Invia, Renishaw, 514 nm). Structure bonding in the structure is
analyzed by FT-IR and X-ray photoelectron spectroscopy (XPS). The
FT-IR spectra were obtained by using a Thermo Scienti ¢ Nicolet
6700 spectrometer, and XPS analysis was carried out with a KRATOS
AXIS-HSi model in Research Institute of Advanced Materials.
Electrochemical Measurements. The prepared graphene

graphitic carbon on copper foil was directly adopted as an electrode
without any additional treatment. Test cells were assembled in a
glovebox into a two-electrode con guration with a Li metal counter
electrode and 1M LiPFg in EC/DMC (1:1 vol %) as an electrolyte. A
separator of grade GF/F (Whatman, U.S.A.) was sonicated in acetone
and dried at 180 °C. Electrochemical pro les were obtained with a
voltage range of 3 to 0.01 V using a multichannel potentio-galvanosat
(WonATech).
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