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raphene,' an atom-thick graphite,
G has attracted intensive interest due

to its two-dimensional and unique
physical properties, such as high intrinsic
carrier mobility (~200 000 cm?/V-s),% excel-
lent mechanical strength, and elasticity and
superior thermal conductivity. Modern elec-
tronic devices, including touch screens, flex-
ible displays, printable electronics, light
emitters, and solar cells, rely on transparent
conducting oxides (TCOs), such as indium
tin oxide (ITO) and ZnO/Al(Zn0).2 However,
the brittleness of these films severely limits
their applications in flexible devices. In ad-
dition, the indium (In) is expected to be
depleted in a few years; therefore, it is
urgent to seek promising replacements.
Graphene is an optically transparent, ab-
sorbing only 2.3% of visible light, and highly
conducting material. Hence, it is considered
as highly promising for replacing ITO
materials.

Mechanically exfoliated and epitaxially
grown graphene films*~¢ exhibit high qual-
ity but are not suitable for large-scale pro-
duction. Recent works on CVD methods
using catalytic metal substrates have shown
the capability of growing large-area gra-
phene, greatly encouraging their applica-
tions in highly transparent and flexible
conducting films,”~ ® although more efforts
should be made to lower the production
costs, particularly those associated with the
high-temperature process and expensive
substrates. Chemical exfoliation methods
based on the Hummers' method, oxidation
of graphite into thin graphene oxide (GO),
followed by chemical or thermal reduction,
have recently drawn much attention due to
the advantages of potentially low-cost and
solution-processed fabrication."'2* How-
ever, the oxidation process severely
damages the honeycomb lattices of gra-
phene. Also, the subsequent reduction
of GO sheets typically involves high
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ABSTRACT Flexible and ultratransparent conductors based on graphene sheets have been

considered as one promising candidate for replacing currently used indium tin oxide films that are

unlikely to satisfy future needs due to their increasing cost and losses in conductivity on bending.

Here we demonstrate a simple and fast electrochemical method to exfoliate graphite into thin

graphene sheets, mainly AB-stacked bilayered graphene with a large lateral size (several to several

tens of micrometers). The electrical properties of these exfoliated sheets are readily superior to

commonly used reduced graphene oxide, which preparation typically requires many steps including

oxidation of graphite and high temperature reduction. These graphene sheets dissolve in dimethyl

formamide (DMF), and they can self-aggregate at air—DMF interfaces after adding water as an

antisolvent due to their strong surface hydrophobicity. Interestingly, the continuous films obtained

exhibit ultratransparency (~96% transmittance), and their sheet resistance is <1k €2/sq after a

simple HNO; treatment, superior to those based on reduced graphene oxide or graphene sheets by

other exfoliation methods. Raman and STM characterizations corroborate that the graphene sheets

exfoliated by our electrochemical method preserve the intrinsic structure of graphene.
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temperature to recover the graphitic
structure.* 3! Moreover, the resistance of
the films obtained from reported reduced
GO (rGO), ranging from 1k to 70k €2/sq
(<80% transmittance)?’>>* or from 31k
to19M Q/sq (at 95% transmittance), 2927313
is still much higher than that of ITO. Several
other exfoliation methods attempting to
obtain highly conductive graphene sheets
have also been realized: (1) liquid-phase
exfoliation of graphite by extended sonica-
tion,*°~*° and (2) intercalation and expan-
sion of graphite with volatile agents.*'~*°
However, the size of graphene sheets ob-
tained by liquid-phase exfoliation or inter-
calation of graphite is normally smaller than
1 um?. The transparent conducting (TC) film
made by such small sheets exhibits trans-
parency from 83 to 90% and resistance
from 8000 to 5000 Q/5q.%**%#*" The high
resistance of these TC films is caused by
the damage during exfoliation and large
amounts of intersheet junctions. Here we
demonstrate a novel one-step approach of
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Figure 1. (a) Schematic illustration and photo for electrochemical exfoliation of graphite. (b) Photos of the graphite flakes
before and after electrochemical exfoliation. (c) Photo of the dispersed graphene sheets in a DMF solution.

obtaining high-quality graphene thin sheets by elec-
trochemical exfoliation of graphite. The lateral size of
the exfoliated graphene sheets ranges from several up
to 30 um, which significantly reduces the number of
intersheet junctions for making percolative TC films.
The TC film made by these exfoliated graphene sheets
exhibits excellent conductivity (sheet resistance is 210
ohm/sq at 96% transparency). Moreover, the effective
field-effect mobility extracted from the single-sheet
device is readily up to 17 cm?/V-s.

RESULTS AND DISCUSSION

In the past, expandable graphite was prepared by
the chemical intercalation of formic acid or sulfuric acid
followed by fast heating, where the graphite was
violently expanded by gaseous species released from
the intercalant (i.e., SO,).***” However, the majority of
the exfoliated graphene flakes was still relatively thick.
In this study, we performed the electrochemical ex-
foliation of graphite in sulfuric acid to obtain high-
quality and large-area graphene thin sheets. Figure 1a
schematically illustrates our experimental setup, where
natural graphite flake (NGF) or highly oriented pyroly-
tic graphite was employed as an electrode and source
of graphene for electrochemical exfoliation. A Pt wire
was chosen as a grounded electrode. Many different
electrolytes for the electrochemical exfoliation, includ-
ing HBr, HCI, HNOs, and H,SO,, have been examined,
and only the electrolytes containing H,SO, exhibit
ideal exfoliation efficiency (see Supporting Information
Table S1 for details). When H,SO, solution (4.8 g of 98%
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H,SO, diluted in 100 mL of deionized (DI) water) was
used as an electrolyte, the static bias of +1 V was first
applied to the graphite for 5—10 min, followed by
ramping the bias to +10 V for another 1 min. The initial
low bias helps to wet the sample and likely causes
gentle intercalation of SO, ions to the grain bound-
ary of graphite.*®*” Before applying a high bias of
+10 V, the graphite still remained as a single piece.
Once the high bias was applied, the graphite was
quickly dissociated into small pieces and spread in
the solution surface, as shown in Figure 1b. These
exfoliated graphene sheets and related products were
collected using filtration and redispersed in dimethyl-
formamide (DMF) solution (see Experimental Section
for details). Figure 1c shows the photo of the dispersed
graphene sheets in DMF solution. We notice that the
electrochemical exfoliation of graphene using H,SO,
solution is very efficient as the whole exfoliation
process can be finished in a few minutes (see Support-
ing Information video clip 1), but it generally produces
thin sheets with high defect level (see Supporting
Information Figure S1 for STM, Raman, and ATR-FTIR
results) due to the fact that the H,SO, itself also results
in strong oxidation of graphite. To reduce the oxidation
by H,S0,, KOH was added to the H,SO, solution to
lower the acidity of the electrolyte solution (2.4 g of
98% H,SO, in 100 mL of DI water, and added with
11 mL of 30% KOH solution to make its pH value
around 1.2). Meanwhile, the exfoliation conditions
have also been further optimized: The low bias of
+2.5 V was applied for 1 min, and then high voltages

)
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Figure 2. (a) Typical AFM image for an electrochemically exfoliated graphene thin sheet cast on a SiO, substrate. (b) Statistical
thickness analysis for the graphene sheet ensemble (randomly selected 58 sheets were measured by AFM). (c) Typical TEM
image for an exfoliated bilayered graphene. (d) Corresponding STM image of a bilayered graphene, where hexagons indicate
the atom configuration of the two layers. (e) ATR-FTIR spectrum acquired from the graphene sheet ensemble.

were applied (alternating between +10 and —10 V)
until one obtained desired amounts of exfoliated
sheets (see Supporting Information for the video clip
2 showing the electrochemical exfoliation process).
The subsequent results and discussions were all based
on the exfoliated graphene sheets using this optimized
method. Note that the +10 V activated the exfoliation
and oxidized the graphene sheets. The produced
functional groups are reduced when the bias is
switched to —10 V. In the Supporting Information Table
S1, we summarize the electrolytes and exfoliation
conditions which have been tested. The effects of
working voltage and pH dependence on the products
are also concluded.

Figure 2a shows a typical AFM image for an electro-
chemically exfoliated graphene thin sheet (~1.5 nm)
drop-cast on a SiO, substrate. In Figure 2b, the statis-
tical thickness analysis for the graphene sheet ensem-
ble shows that all of the graphene sheets had a
thickness lower than 3 nm and more than 65% of the
sheets were thinner than 2 nm. The lateral size of these
electrochemically exfoliated graphene sheets ranges
from 1 to 40 um (see Supporting Information Figure S2
for details), significantly larger than those exfoliated in
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liquid phases with extended sonication.>*~*' It is noted
that the total yield of the graphene thin sheets is ~5 to
8 wt %. Figure 2c shows the TEM image typically seen
for exfoliated graphene sheet. Our TEM observation
reveals that the layer number of these electrochemi-
cally exfoliated graphene ranges from 1 to 4 with the
most frequently seen graphene as bilayer (see Sup-
porting Information Figure S3 for more TEM analysis).
The interlayer distance obtained from high-resolution
TEM is about 0.45 nm, which is larger than that of
ordinary graphite (0.335 nm). Supporting Information
Figure S4 shows more TEM images and statistical
analysis for the interlayer distance. Similar phenomen-
on is also observed in expanded graphite, where the
intercalating fluorinated compounds increase the gra-
phene interlayer spacing.** Figure 2d shows the STM
image from the selected area of this graphene sheet,
where the bright lattice pattern marked with circles
and spots suggests that the bilayer graphene exhibits
A—B stacking (i.e., Bernal stacking).*® It is worth noting
that the STM pattern can be seen in the local areas
where top and bottom graphene layers strongly inter-
act with each other. For most of the area, we can only
see a hexagonal carbon lattice, as shown in Figure 4a,
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Figure 3. (a) Raman spectrum (excited by 473 nm laser) for
the selected graphene with the measured AFM thickness
of ~1.6 nm, where D, G, and 2D bands are indicated in the
figure. (b) XPS characterizations (C1s binding energy) for
the electrochemically exfoliated graphene thin sheets
before and after 450 °C thermal annealing.

which could be due to the fact that the interlayer
distance is increased and only the top layer graphene
can be visualized. The attenuated total reflection Four-
ier transform infrared (ATR-FTIR) spectrum for the
graphene films shown in Figure 2e proves the pre-
sence of free (nonbonded) SO, (at 985, 995, and
1001 ¢cm™ "), C—O—C (at 1062 and 1250 cm '), and
C—OH (at 1365 cm™ ' and a broad absorption band at
3000—3500 cm™").**°° The SO, ions are expected to
be adsorbed on the surface of exfoliated graphene. The
presence of functional groups expands the layer spa-
cing in our graphene sheets, which also explains that
the measured AFM thickness for our double-layered
graphene (1.5 nm) is slightly larger than the reported
value (0.9 to 1.2 nm).”’

Figure 3a shows the Raman spectrum (excited by
473 nm laser) for the selected graphene with the
measured thickness of ~1.6 nm by AFM. It is clearly
seen that the graphene sheet exhibits an intense 2D
band at around 2720 cm™". Although the 2D/G ratio
(the integrated peak ratio for 2D over G bands) for a
bilayered graphene is known to be lower than that for a
monolayered graphene,®'* the 2D/G for our bi-
layered graphene is already significantly higher than
those for the reduced graphene oxide monolayer. Note
that the 2D/G ratio has been shown to be related to the
degree of recovery for sp? C=C bonds (graphitization)
in graphitic structures.>® Therefore, the quality of the
graphene obtained from the electrochemical exfolia-
tion is better than rGO. However, we also notice that a
pronounced D band exists in the Raman spectra, which
is likely attributed to the unavoidable oxidation by
sulfuric acid and the positive electrical potential

SUETAL.

applied for exfoliation. The presence of the XPS Cis
binding energy profile at 286.7 eV (C—0) and 288.9 eV
(C=0) for the as-prepared graphene ensemble in
Figure 3b proves that there exist small amounts of
oxygenated carbon species in the carbon lattice struc-
ture. We have also performed 450 °C thermal anneal-
ing (30 min in 20% H,/Ar environment) on the
graphene sheets, and XPS shows slight decrease of
C—0 and C=0 signatures. To further access the quality
of the exfoliated graphene sheet, Figure 4a displays the
typical STM image obtained from a thin graphene
sheet (~1.6 nm thick by AFM measurement), where
the hexagonally arranged carbon atomic structure can
be readily identified even without performing the
noise correction to the image, corroborating the good
quality of the exfoliated graphene. The fuzzy area in
the STM image is attributed to the surface functional
groups, such as C—OH as identified in our XPS and ATR-
FTIR spectra, on the basal plane of graphene sheet (also
see Figure S1b for more severely oxidized graphene
exfoliated with H,SO, solution). To evaluate the elec-
trical performance of these graphene sheets, bottom-
gate-operated transistors were fabricated by evapor-
ating Au electrodes directly on top of the exfoliated
graphene sheets, which were previously deposited on
SiO,/Si substrates. Figure 4b demonstrates the transfer
curve (drain current /g vs gate voltage V) for the device
prepared from an as-prepared single graphene sheet.
Inset shows the top view of the device. The field-effect
mobility of holes was extracted based on the slope Aly4/
AV fitted to the linear regime of the transfer curves
using the equation u = (L/WCuVq)(Alg/AVy), where L
and W are the channel length and width and C,, the
gate capacitance.®® The mobility for the exfoliated
graphene sheet ranges from 55 to 17 cm?/V-s in
ambient, which is at least an order of magnitude higher
than the reported ~0.1—1 cm?/V-s based on rGO
materials.'®*%3" The statistical analysis for the gra-
phene sheets (with thickness 1.5 to 2 nm), for both
as-prepared and after thermal annealing, is shown in
Figure 4c. The 450 °C annealing only results in slight
improvement in mobility and hence film quality, which
agrees with the conclusion drawn from XPS measure-
ment (Figure 3b). We note that the neutrality point
(valley point of the transfer curve) for most of our
devices is beyond 100 V (the maxima Vg we applied),
suggesting that the graphene sheets are heavily
p-doped. Thermal annealing removes some of the
chemical defects as evidenced by XPS studies
(Figure 3b) but does obviously left-shift the neutrality
point. We believe that this is due to the presence of
impurity charges (negatively charged ions such as
S0,%~ or other impurities from chemicals), which
causes the effective p-doping of the graphene sheets.
The immediate application of these exfoliated large-
size graphene sheets is for ultrathin transparent con-
ducting electrodes. For the preparation of electrodes,
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Figure 4. (a) Typical STMimage obtained from a thin graphene sheet (~1.5 nm thick), where the hexagonally arranged atomic
carbon structure is clearly identified. (b) Transfer curve (drain current /4 vs gate voltage V,) for a device prepared from a single
graphene sheet. Inset shows the photograph of the device. (c) Statistical analysis for the graphene sheets (with thickness 1.5
to 2 nm), as-prepared and after thermal annealing. Only graphene sheets with a regular size were selected for the

convenience of extracting their effective field-effect mobility.
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Figure 5. (a) Optical image of the cast thin-conducting
electrodes on quartz substrates. (b) Sheet resistance values
of as-prepared thin films (with 96% transmittance) and
those after acid treatment and after thermal annealing.
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a graphene solution with the concentration of 0.085
mg/mL in DMF was dropped (~500 uL) on the sub-
strate, followed by adding small amounts (<200 uL) of
water until the very thin graphene aggregation can be
visualized at the air—DMF interface (see Experimental
Section for details). The sample was then dried in air.
Figure 5a shows the optical microscopic image for the
thin film formed on a quartz substrate (also see Sup-
porting Information Figure S5 for photos at different
length scales). With the careful control for the film
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formulation process, the exfoliated thin sheets nicely
aggregate to form a percolative thin film, in which
there are fewer intersheet junctions due to the large
size of our sheets. It is therefore beneficial for electrical
conduction. Figure 5b shows the sheet resistance
values for the thin films (with ~96% transmittance)
measured using a four-point-probe system. The sheet
resistance for the as-prepared sample is 43200 Q2/sq,
and it is largely reduced to ~660 2/sq after simple
treatment in a 69% of HNOs solution (see Experimental
Section). This can be simply explained by the hole
carrier density increase caused by neutralizing the
electron doping from the solvent DMF*® and also
the hole doping by HNOs itself. The sheet resistance
can be further lowered to ~210 €/sq after 450 °C
thermal annealing while maintaining its ultrahigh
transmittance. We also observed that the film thickness
can be adjusted by controlling the poor solvent/
solvent (water/DMF) volume ratio used in the segrega-
tion process (see Supporting Information Figure S6a).
Moreover, the thin films can be transferred onto a
flexible and transparent substrate by a roll-to-roll
process (see Figure S7 for details). Such low-resistance
and high-transparency characteristics likely make
these thin films promising for replacing currently used
high-cost ITO electrodes in the future.

CONCLUSIONS

In conclusion, a one-step method of obtaining high-
quality graphene sheets is demonstrated by elec-
trochemical exfoliation of graphite. The exfoliated
graphene sheets exhibit lateral size up to 30 um.
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Most (>60%) of the obtained sheets are bilayered
graphene with A—B stacking. The field-effect mobility
is up to 17 cm?/V-s, and the TC film made by self-
assembled graphene sheets exhibits excellent con-
ductivity (sheet resistance is ~210 ohm/sq at 96%

EXPERIMENTAL SECTION

Electrochemical Exfoliation of Graphene from Graphite. Natural
graphite flakes (NGF) (average size ~5—20 mm from NGS,
Germany) or highly oriented pyrolytic graphite (HOPG; 1.5 cm
x 1.5 ¢cm x 0.3 mm) was employed as an electrode and source
of graphene for electrochemical exfoliation. The graphite flake
was adhered to a tungsten wire by a silver pad and then was
inserted as anode into the ionic solution. Note that the only
graphite was immersed into the solution. A grounded Pt wire
was placed parallel to the graphite flake with a separation of
5 cm. The ionic solution was prepared by taking 4.8 g of sulfuric
acid (Sigma-Aldrich; 98%) and diluted in 100 mL of DI water. The
electrochemical exfoliation process was carried out by applying
DC bias on graphite electrode (from —10 to +10 V). To prepare
the graphene sheet suspension, the exfoliated graphene sheets
were collected with a 100 nm porous filter and washed with DI
water by vacuum filtration. After drying, they were dispersed in
DMF solution by gentle water-bath sonication for 5 min. To
remove unwanted large graphite particles produced in the
exfoliation, the suspension was subjected to centrifugation at
2500 rpm. The centrifuged suspension can then be used for
further characterizations and film preparation. All of these
electrochemical exfoliation experiments were performed at
room temperature (25 + 3 °C).

Characterizations. The AFM images were performed in a
Veeco Dimension-Icon system. Raman spectra were collected
in a NT-MDT confocal Raman microscopic system (laser wave-
length 473 nm and laser spot-size is ~0.5 um). The Si peak at 520
cm™ " was used as reference for wavenumber calibration. STM
analysis was carried out on a Veeco STM base in ambient
condition. The UV—vis—NIR transmittance spectra were ob-
tained using a Dynamica PR-10 spectrophotometer. XPS mea-
surements were carried out by a Ulvac-PHI 1600 spectrometer
with monochromatic Al Ka X-ray radiation (1486.6 eV). The ATR-
IR spectra were collected in Perkin-Elmer IR spectrometer.
Conductivity measurements of graphene-assembled film were
carried out on a Napson RT-70 using a four-point-probe head
with a pin distance of about 1 mm. The nanostructure of
exfoliated graphene sheets was investigated in a JEOL-2010F
TEM with accelerating voltage of 200 keV.

Fabrication of Field-Effect Transistor Devices. The exfoliated gra-
phene sheets were deposited onto the silicon substrates with a
300 nm silicon oxide layer by the dip-coating method, followed
by a baking at 190 °C to remove solvent. The field-effect
transistor device was fabricated by evaporating Au electrodes
(30 nm thick) directly on top of the selected, regularly shaped
graphene sheets using a copper grid (200 mesh, 20 um spacing)
as a hardmask. The typically obtained channel length between
source and drain electrodes was around 20 um. The electrical
measurements were performed in ambient conditions using a
Keithley semiconductor parameter analyzer, model 4200-SCS.

Preparation of Thin-Film Electrodes. For preparing electrodes,
quartz or glass substrates were first cleaned with a Piranha
solution to remove undesired impurities and to make the
surface hydrophilic. The graphene solution with the concentra-
tion of 0.085 mg/mL in DMF was dropped (~500 uL) onto the
cleaned substrate, followed by adding a drop (100—600 uL) of
deionized (DI) water. The thin graphene film was then self-
aggregated at the solution surface. After that, the substrates
were heated on a hot plate at 190 °C for 30 min to evaporate the
residual DMF. To treat the thin-film electrode with HNO3, the
as-prepared samples were dipped in a 69% of HNOs solution at
80 °C for 1 h. For the thermal annealing process, the samples
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transparency). This work provides an efficient ap-
proach to obtain high-quality, cost-effective, and
scalable production of “graphene ink”, which may
pave a way toward future applications in flexible
electronics.

were loaded into a quartz tube in a furnace, where a mixture gas
of Hy/Ar (20 sccm/80 sccm) was directed into the quartz tube at
450 °C for 30 min (pressure fixed at 500 Torr).
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