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Abstract
In this manuscript, we develop printable graphene ink through a solvent-exchange method.
Printable graphene ink in ethanol and water free of any surfactant is dependent on matching
the surface tension of the cross-solvent with the graphene surface energy. Percolative transport
behavior is observed for films made of this printable ink. Optical conductivity is then
calculated based on sheet resistance, optical transmittance, and thickness. Upon analyzing the
ratio of dc/optical conductivity versus flake size/layer number, we report that our dc/optical
conductivity is among the highest of films based on direct deposited graphene ink. This is the
first demonstration of scalable, printable, surfactant-free graphene ink derived directly from
graphite.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene is a versatile material and has spurred enormous
interests in research dedicated to transparent electrodes [1–5],
high-speed transistors [6] and energy storages [7–12]. A
single layer of graphene without defects possesses an
optical transmittance of 97.7% and a sheet resistance of
∼100 � sq−1 [1, 13, 14]. A random network of graphene
flakes is promising for transparent conductor applications due
to its low percolation threshold and high DC conductivity.
Solution based graphene films also have a much lower cost.
Recent works on solution processed graphene films report
compelling results [8, 15–17]; however, the processes involve
the use of toxic solvents, high-temperature thermal reduction
from graphene oxide, or non-scalable film fabrication
methods. Scalable graphene ink with nontoxic solvents is
needed. A typical graphene solution is based on solvents
with high boiling points, e.g. N-methylpyrrolidone (NMP)
that needs a long drying time [18]. Aqueous dispersion is
preferred [19], but typically it has a high surface energy
that does not allow a good wetting or drying. Wetting
agents and surfactants, such as fluorosurfactant, sodium
dodecylbenzenesulfonate (SDBS), and Triton X100, are
needed to lower the surface energy of dispersion for coating
purposes [20, 21], but wetting agents and surfactants are

insulating and decrease the film conductivity. For certain
applications such as batteries, these agents may also cause
side reactions and need to be removed after film fabrication.
By virtue of a posted-treatment using a strong acid, excellent
optoelectronic properties were obtained for single-walled
carbon nanotubes (SWNT) on glass substrate [22]. Surfactant-
free graphene ink with a low surface energy and a low boiling
point that enables roll-to-roll printing is still needed.

Based on the principle that the surface energy of
graphene and the surface tension of dispersion solvent need
to balance, here we applied a cross-solvent to achieve
printable and stable graphene ink via solvent exchange.
We used a polydimethylsiloxane (PDMS)-transfer method to
investigate the fundamental optoelectronic properties. Optical
conductivity (opt) is calculated for films with obtained sheet
resistances and optical transmittances. Usually, either the
value of dc/opt conductivity ratio or T10/Rs (T: transmittance,
Rs: sheet resistance) can be used as a figure of merit (FOM) to
evaluate transparent conductive film properties [23, 24]. For
convenient comparison of our printing graphene films with
the values reported in literature, the dc/opt conductivity ratio
is employed as FOM in this work. The dc/opt conductivity
ratio clearly shows a strong dependence on the graphene flake
size. Scalable ink was demonstrated and applied on a flexible
plastic substrate to fabricate a transparent and conductive film.
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Figure 1. Schematic for printable graphene ink based on a
solvent-exchange approach with a cross-solvent. Graphite is
exfoliated and dispersed in NMP with the help of sonication, then
transferred in a water/ethanol mixed solvent by filtration and
re-dispersion. Surfactant-free graphene ink derived directly from
graphite can be coated on substrates with scalable methods followed
by infrared drying.

Dispersed graphene flakes in solution were obtained from
solution-phase exfoliation of graphite via sonication in NMP,
and then transferred into a cross-solvent of water/ethanol
(1:9, volume ratio) through filtration and re-dispersion. Note
that we do not use any surfactants for the transfer here,
which is favorable for many applications. Due to the quick
evaporation of the cross-solvent, the resulting dark solution
is easily coated on substrates (PET and glass) using a Meyer
rod. A few minutes of infrared light irradiation facilitates
the formation of a uniform film. Infrared light irradiation
is used to create a temperature gradient that can drive a
drying pattern toward a uniform film formation [25]. Figure 1
schematically illustrates the process for coating and drying.
Nanomanufacturing with roll-to-roll printing is an important
step for practical applications of devices that integrated
graphene films. Prior studies demonstrate the dispersions of
graphene (not graphene oxide) in organic solvents such as
NMP and DMF. Continuous graphene printing, however, is
not yet demonstrated with benign solvents.

2. Experimental section

2.1. Materials

Graphite flakes, anhydrous 1-methyl-2-pyrrolidinone (NMP)
and ethanol (proof 200) were purchased from Sigma-Aldrich.
Deionized water was used to prepare the cross-solvent of
water and ethanol.

2.2. Preparation of graphene solution in NMP

The preparation of graphene follows the literature with a
slight modification: liquid-phase exfoliation of graphite [26].

Typically, 200 ml of NMP and 0.66 g graphite is mixed in
250 ml flask and then sonicated in a bath sonicator for 90 h.
After standing overnight, the upper 150 ml solution is taken
out and kept for future transfer.

2.3. Transfer of graphene from NMP to water/ethanol
cross-solvent for printable ink

20 ml of the prepared graphene solution in NMP is first
vacuum-filtrated using a PTFE filter with a pore size of
0.45 µm, and then the resulting solid is put in a 50 ml
centrifuge tube containing 20 ml of water/ethanol (1:9,
volume ratio). After a few minutes of vortex and sonication,
the graphene can be re-dispersed into the water/ethanol
cross-solvent completely and the filter is ready to remove. The
process is performed three times to get the printable graphene
ink.

2.4. Fabrication of film and sheet resistance (Rs) and
transmittance tests

The film fabrication is done by Meyer rod coating. Normally
100 µl of the above graphene ink is dropped on the part
of substrates of PET or glass, following drawing using
Meyer rod (rod #18). To promote the film conductivity, the
coating is carried on several times. The sheet resistance (Rs)
is measured using the surface resistivity meter (RC2175,
EDTM, Inc.). The transmittance is recorded with a Lambda
35 UV/Vis spectrophotometer that uses an integrated sphere
(PerkinElmer).

2.5. TEM and SEM tests

Due to the quick evaporation of the cross-solvent, the TEM
sample is directly prepared by dropping 20 µl of the graphene
ink on a TEM grid. For SEM, the graphene film is observed on
an AAO filter by vacuum filtration, and also directly on PET
or glass after rod coating. To enable the samples conductivity,
carbon tape is used to connect the graphene sample’s top
surface with SEM sample stages. TEM is performed on a
JEOL JEM 2100 with an electron gun of LaB6, and SEM
images are on a Hitachi SU-70.

3. Results and discussion

We first investigated the lateral size, thickness, and the
quality of the graphene flakes in the dispersion, which
govern the transport and optoelectronic properties of graphene
films. A selective area electron diffraction (SAED) pattern
of transmission electron microscopy (TEM) in figure 2(a)
indicates a few-layer graphene in the graphene flakes.
To preserve their dimensions, graphene flakes on anodic
aluminum oxide (AAO) filters with a fast filtration process
were made to avoid the agglomeration during the drying
process. As shown in figure 2(b), the graphene flakes
on the AAO filter are transparent to electrons during the
scanning electron microscopy (SEM) test and the AAO
filter underneath can be observed clearly, which indicates
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Figure 2. (a) A TEM diffraction pattern of the graphene flakes.
(b) A SEM image of graphene flakes on an AAO filter. The average
size of graphene flakes is ∼1 µm. (c) Raman spectroscopy for a
free-standing graphene film. The low ID/IG ratio indicates the high
quality of the graphene flakes.

the graphene flakes are thin. It is estimated from the SEM
images that the average lateral size is 1 µm, which is
defined as the maximum length of the graphene flakes. The
average thickness measured is about 4.5 nm by using an
atomic force microscopy (AFM, not shown). Given that
individual graphene monolayers appear to be ∼1 nm thick
with AFM [27], the layer number for the graphene flakes
in our dispersion is ∼4–5. Raman spectroscopy is used to
characterize the quality of the graphene flakes [28]. As shown
in figure 2(c), the Raman spectrum for the graphene flakes
has two distinct peaks located at ∼1580 cm−1 (G) and
∼2680 cm−1 (G′). The D-peak at ∼1320 cm−1 is due to
the sp3 hybridization. The intensity ratio of the D-peak and

G-peak is widely used to quantify the quality of graphene.
Figure 2(c) displays our graphene samples have a high
intensity of G-peak, a sharp G′, and low ID/IG ratio (0.15),
which clearly indicate the high quality of graphene flakes
with a small thickness and little amount of defects in the
dispersion [29]. The weak D-peak mainly results from the
edge effect [26].

To explore the optoelectronic properties of the graphene
flakes, graphene stacked films were made using different
volumes (from 100 to 1000 µl) of ink by a vacuum filtration,
followed by PDMS transfer printing. This method has several
advantages for studying the optoelectronics properties of
flakes: (1) it preserves the dimension of flakes due to
the fast deposition; (2) it allows the precise control of
the film thickness and sheet resistance; (3) it allows the
measurement of a film’s optical properties because of the
transparency of PMDS. Figure 3(a) shows a graphene film
on a transparent PDMS stamp, which is transferred from
graphene film filtrated on an AAO filter by vacuum filtration.
This method has been used for evaluating the performance of
other transparent conductors [30]. A FOM can be obtained
by measuring the optical transmittance and sheet resistance.
The FOM in this study is defined as σdc/σopt, where σdc
and σopt are dc and optical conductivity, separately. Optical
transmittance and sheet resistance can be described with
equation (1):

T =

(
1+

1
2Rs

√
µ0

ε0

σopt

σdc

)−2

=

(
1+

188 (�)
Rs

σopt

σdc

)−2

(1)

where T is the optical transmittance and Rs is the sheet
resistance. Sheet resistance and optical transmittance in the
visible and near infrared range are presented in figures 3(c)
and (d) for films made of different ink volumes. The
concentration of the graphene ink is 0.43 mg ml−1. As
the volume increases from 100 to 1000 µl, the optical
transmittance at 550 nm decreases from 82% to 7%. The
sheet resistance changes from an insurmountable quantity
to 1000 � sq−1. A two-dimensional percolation behavior
of randomly distributed conductive objectives is expected,
which predicts that the conductance versus surface coverage
of conductive objects follows equation (2) [31]:

G ∼ (A− A0)
α (2)

where G = 1/Rs is the sheet conductance, A is the surface
coverage, A0 is the critical surface coverage to form a
percolative conductive path, and α is a constant for the power
law. α equals 4/3 for a 2D system, and 2 for a 3D system [23].
Surface coverage of the graphene network is proportional
to the amount of dispersion used for the film fabrication;
therefore we can re-write the percolation equation (2) as

G = G0(V − V0)
α (3)

where V is the volume of dispersion, V0 is the critical volume
to form a percolative conductive path, and G0 the percolative
conductance. We fit our data using equation (3), as shown
in figure 3(d). The measured data fits well with the 2D
percolation model, with G0 = 4.95 × 10−8 S,V0 = 170 µl,
and α = 1.46.
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Figure 3. (a) A transparent and conductive graphene film transferred onto a PDMS stamp. The University of Maryland (UMD) logo under
the graphene-PDMS film is clearly visible, which illustrates the optical transparency of the transferred film. Note that the PDMS stamp is
with a smaller area than the AAO filter. (b) The cross-section of graphene showing that the flakes are interconnected to form a 2D conductive
network. (c) Conductance versus the graphene ink volume with a percolation behavior. The data fits well with the 2D percolation model.
(d) The optical transmittance of graphene films with a tunable range on a PDMS stamp, where the transmittance of PMDS was excluded.

Figure 4. (a) T−1/2
− 1 versus Z0/2Rs based on an optical transmittance at 550 nm and sheet resistance with Z0 = 376 for graphene. The

two slopes (σop/σdc) indicate a 2D to 3D transition in graphene films as the thickness increases. (b) A schematic to illustrate the coupling of
current flow on a single sheet of multi-layer graphene. (c) The FOM (σdc/σop) versus size/layer number for graphene films. As the aspect
ratio increases, the FOM increases. The FOMs for graphene films fabricated with other methods are calculated from previous data given in
the literature [33–37].

We further investigate the optoelectronic properties of
graphene films on PDMS in order to understand the quality
of the flakes based on FOM of the transparent films. Data of

the conductance and optical transmittance at 550 nm from
figures 3(c) and (d) for films based on different dispersion
volumes is plotted in figure 4(a). From equation (1), the slope
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Figure 5. A Meyer rod coating of graphene ink with different water/ethanol ratio. As ethanol fraction increases, the surface tension
decreases, which leads to an improved coating.

of T−1/2
− 1 versus 188/Rs is 1/FOM. The data in figure 4(a)

clearly indicates that there are two regions with different
FOMs. The FOM is 0.02 for a thin film and 0.083 for a thick
film. The transition from thin to thick region corresponds to a
transition of 2D to 3D, which is observed in carbon nanotube
and graphene networks [32]. This transition is due to the
interlayer coupling of the graphene flakes. The thickness of
graphene flakes in our dispersion is ∼4.5 nm, corresponding
to a layer number of ∼5. It is important to obtain a large
aspect ratio, the lateral size versus the layer number in order to
achieve a smaller percolation threshold. The layer number is
also critical since the current will require a certain distance to
couple into the inner layers. As shown in figure 4(b), current
will start from the outer layers at junctions and couple into
the inner layers. For dense networks, the layer–layer distance
is less than the coupling distance. The current, therefore, will
mainly flow along the outer layers. The inner layers will not
contribute much to the electrical conductance, but instead
absorb or reflect the light.

We have evaluated the FOM, σdc/σop, for transparent
graphene films made of different methods. The sheet
resistance, optical transmittance, lateral size, and the layer
number were obtained from literature [33–37]. There is a clear
trend that the FOM increases as the size/layer number ratio
increases (the dashed line is for clarity of the trend). There are
many other factors that affect the performance of the films,
such as the graphene–graphene contact and the defects on
graphene flakes. The most important parameter for achieving
transparent graphene films with a high FOM is the aspect
ratio. Chemical vapor deposition (CVD) creates a graphene
film size of up to a centimeter. Reduced graphene oxide
typically leads to a size of 1–20 µm [35, 38, 39]. Graphene
from direct dispersion typically has a much smaller aspect
ratio and leads to a much smaller FOM. Graphene derived
directly from graphite is important for many applications,
especially when cost and post-process compatibility are
important. For example, most reduction methods for graphene
oxide are not compatible with plastic substrates. For energy
storage devices, the reduction step cannot be applied for the

electrode composites. The FOM of our graphene film, 0.08,
is comparable with the values based on other non-printable
solvents [33].

The above analysis shows that our graphene dispersion
consists of flakes with excellent properties, which is
comparable to the best values reported in literature. Opposed
to previous directly exfoliated graphene inks reported in the
literature [33, 36], our graphene dispersion based on water
and ethanol mixed solvent is printable. Also, the as-obtained
graphene ink was rather stable for at least half a year,
especially when the graphene concentration was less than
0.5 mg ml−1. Graphene ink with a higher concentration was
not as stable and some precipitate formed in the bottom
of the container after a few days. After the precipitation,
the color of the top portion of the solution is still dark
(graphene flakes dispersion) and stable for several months.
We speculate that the stabilization is related to the effect of
cross-solvent and possibly a trace amount of NMP residual.
Water has a high surface tension (72.8 dynes cm−1 at 20 ◦C)
and ethanol has a low value (22.3 dynes cm−1 at 20 ◦C).
The surface tension of the mixture with water and ethanol is
likely to match closely the surface free energy of graphene
(46 mJ m−2) and natural graphite (54.8 mJ m−2) at room
temperature [40]. Not only graphene can disperse but also
graphite can be exfoliated in the cross-solvent. We tested the
exfoliation effect of the cross-solvents with various ratios of
ethanol and water. The results confirm that the cross-solvents
lead to exfoliation and can disperse graphite (not shown here).
When transferring graphene from NMP to the cross-solvent
for printing purposes, the water to ethanol volume ratio needs
to be optimized. Both the wetting and drying dynamics are
critical for achieving a uniform graphene film on a substrate.
We carried out coating experiments on mixed solvents with
various water/ethanol ratios. As the ethanol amount increases
from 1:0 to 1:1 (water/ethanol), the wetting of graphene ink
on a plastic PET substrate improves dramatically, however
the ethanol evaporates much faster than water, many droplets
were formed during the drying (figures 5(a) and (b)), and
finally coffin rings left. When the ethanol amount increased
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Figure 6. (a) A picture of scalable and printable graphene ink with a volume of 500 ml transferred from NMP solution. The transfer yield is
nearly 100%. Uniform graphene coating on plastic (b) and glass (c) substrates with a size of 3 cm× 3 cm, respectively. (d) Sheet resistance
versus coating pass number on polyethylene terephthalate (PET) substrate. (e) SEM image of printed graphene flakes in (b).

up to 1:9 (water/ethanol), both the wetting and drying were
uniform (figure 5(c)). When transferring to pure ethanol,
the graphene ink can be still coated and dried on PET
substrate uniformly (figure 5(d)). However the dispersion of
graphene in pure ethanol is non-stable, and graphene flake
aggregation is formed in a few hours. Thus the presence of
a small amount of water in the solution (forming co-solvent)
is important for the solution stability. The ratio of water to
ethanol needs to be optimized to achieve good stability and
good coating capability. This is the first demonstration of
continuous printable ink that is based on a benign solvent with
a low surface energy. No surfactant is used, which avoids the
post-processing usually necessary for the film treatment.

After transferring from a NMP solution to water/ethanol
(1:9, v/v), the graphene ink shown in figure 6(a) is fully
printable, which enables large-scale nanomanufacturing. The
transfer yield is nearly 100%. Meyer rod coating allows us
to control the wet thickness precisely, which is widely used
in industry for large-scale manufacturing [41]. The process
is easily scaled to industrial levels with the low-cost solvent
and raw graphite material. We applied the graphene ink on
flexible plastic (figure 6(b)) and normal glass (figure 6(c)) to
demonstrate a scalable printing on different substrates.

To evaluate the film resistance versus coating pass
number, the functional relationship is recorded in figure 6(d)
that the logarithmic sheet resistance (Rs) is in direct
proportion to the pass number (coating repetition times). The
SEM image in figure 6(e) displays the films with pass number
6 are highly uniform. The Meyer rod number is 18, which
forms a wet thickness of 45.7 µm for each individual coating
pass. The sheet resistance decreases dramatically as the
coating number increases. Typically, the concentration for the

graphene ink is 0.43 mg ml−1. Optical transmittances of 40%
are achieved with directly printed films on a plastic substrate
by multiple rod-coating steps. The transmittance is more than
90% with a much higher resistance for a single coating.
Adhesion of film on a substrate is critical for film handling
and device applications with a good stability. Since no binders
are used in the dispersion, the obtained graphene film has
a delamination problem. This delamination problem can be
solved by a surface coating with a thin layer of conductive
binder, which has been widely used for SWNT films [42].
A similar polymer coating can be applied on our graphene
films. Our graphene ink has a very low viscosity close to water
due to its graphene concentration. The patterning resolution
with such inks will not only depend on the substrate choice,
but also on the printing and drying processes. We expect a
∼10 µm resolution is readily available with an ink jet printing
method, similar to printed SWNT films with inks of a low
viscosity [13]. For flexible electronics applications, a few tests
are important, including the resistance change over bending
with a different radius and the performance under different
external loading conditions. Flexibility and stretchability
of graphene films on substrates have been demonstrated
before [43–45]. SEM images examine the surface morphology
of the graphene flakes coated on plastic substrate (figure 6(e)).
The performance of the transparent electrode directly coated
with the printable ink enables anti-static coating [32]. Further
improvement mostly relies on increasing the aspect ratio for
graphene flakes in the dispersion, which may be achieved by
optimizing the sonication process, the choice of solvent, and
some other new methods for fabricating large-area graphene
flakes without cutting the lateral dimensions.
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4. Conclusion

We successfully demonstrate printable and surfactant-free
graphene ink with a solvent-exchange method to switch from
NMP to a water/ethanol cross-solvent. A percolation behavior
was observed in the random network of graphene flakes. Sheet
resistance and optical transmittance data adhere to a printed
graphene film, with two distinct op/dc regions corresponding
to a transition from 2D to 3D. We also demonstrate scalable
rod coating on plastic and glass substrates, which enables
roll-to-roll coating and thus promotes large scalability.
The graphene size needs to increase to form a lower
percolation threshold and achieve a higher performance. The
surfactant-free graphene ink in a water/ethanol mixed solvent
is applicable to flexible electronics, energy storage devices,
and biological devices.
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