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a b s t r a c t

The comparison of different suspensions, obtained from the same material source subjected to elec-
trochemical exfoliation and to analogous auxiliary treatments, but in different solutions, allowed
choosing the most effective approach to obtaining graphene suspensions. It was found for the layers with
a thickness of 10e20 nm printed from a water-based suspension that the sheet resistance was 5e10 kU/
,, and the carrier mobility was equal to 30e40 cm2/V$s. The most important parameter determining the
mobility of carriers in the films obtained from suspensions is found to be the flake thickness. The carrier
mobility strongly decreased from ~100 to 0.05 cm2/V$s when the flake thickness changed from one
monolayer to few monolayers (up to ~ 4e5 nm). This effect is most likely associated with the quality of
the connection between the flakes. Only monolayer - bilayer flakes are capable of forming real con-
nections in the film due to van-der-Waals forces.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Due to the increasing number of materials used in printed elec-
tronics, it is becoming a universal platform for electronic industry,
allowing one to create cheap, lightweight devices with a wide range
of applications [1]. Printed technologies have several attractive fea-
tures, such as direct (mask-free) patterning, purely additive opera-
tion, compatibilitywith traditionalmaterials and scalability to large-
area manufacturing [2]. Moreover, two-dimensional (2D) printed
technologies serve as base for the development of flexible, foldable,
wearable, transparent electronics [1e5].

2D layered materials, such as graphene and reduced graphene
oxide due to their excellent mechanical properties, are widely used
for conductive layers on flexible substrates. Graphene is known as a
materialwhich can sustain up to 25% in-plane tensile elastic strains. A
strain applied to graphene can change its electronic structure and
electric properties [6e8]. This theory was supported by experiments
showing that the resistance of a graphene film transferred to a PDMS
substrate isotropically stretched by 12% does not practically change,
and significant resistivitychanges start for a uniaxial stretching above
25% [9]. Generally, due to a unique combination of graphene prop-
erties (high carrier mobility, high thermal conductivity, transparency
chuk).
in a wide range of wavelengths, etc., graphene-based printed layers
are expected to be very promising in flexible and printed electronics
[3]. Indeed, graphene and a reduced graphene oxide, due to their
excellent mechanical properties, are widely used for conductive and
functional layers in flexible devices. Among them are, for example,
all-printed heterostructures biocompatible 2D crystal inks [10], the
flexible graphene micro-transistors for brain activity mapping [11],
ultrathin photodetector devices with graphene electrodes [12],
enhanced performance of light-controlled conductive switching in
hybrid cuprous oxide/reduced graphene oxide (Cu2O/rGO) nano-
composites [13], 3D graphene nanostructures for the creation of low-
cost and disposable graphene-based electrochemical electrodes for
myriad applications including sensors, biosensors, fuel cells [14], etc.

One of the conductive film parameters, which is important for
electronic applications, is carrier mobility in the printed films. The
maximal carrier mobility values observed in the printed layers are
92e95 cm2/V$s [15,16]. On the other hand, the carrier mobility in
the printed graphene or reduced graphene oxide layers is often
very low (<1 cm2/V$s) [17e19].

In the present study we have not only found a promising
approach to create a water-based graphene suspension for printed
technologies but also compared the parameters of the films formed
from a wide spectrum of suspensions created with the use of the
known approaches (ethanol and propanol based liquid phase
exfoliation). This comparison allows finding the main parameter
determining the carrier mobility in the printed layers. Even when
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Table 1
Suspension and layer description, graphene flakes (lateral size l and thickness h)
parameters, films created by drops: resistivity rmeasured by 4-probe methods, and
carrier mobility m measured for transistor structures using a silicon substrate as a
gate.

Suspension Solution l, nm h, nm r, kU/,
4 probe

m, cm2/V$s

G-1a H2O þ Surfactant 90e200 3e5 0.2e1.1 1.8
G-1b H2O þ Surfactant 60e150 1e2 0.06e0.7 4.8
G-1c H2O þ Surfactant 50e100 0.4e1.0 2.3e2.9 10e50
G-2a Ethanol: H2O (30:70) 130e140 ~1 0.5e1,0 9
G-2b Ethanol: H2O (70:30) 80e300 0.4e3 8e12 32
G -3 IS 1000 5e20 45e120 0.02e0.3
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we fabricated relatively thick printed layers (20e40 nm) the flake
thickness had to be of 1e2 monolayers to provide a high carrier
mobility in the printed layers to ensure a reliable connection be-
tween the flakes.

2. Experimental

A method for obtaining graphene-based ink by electrochemical
exfoliation in the liquid phase in environmentally safe media, such
as water (H2O), isopropyl alcohol (IS) and the mixture of ethanol
with water, followed by centrifugation and ultrasonic treatment is
described in the present article. We have used the same highly
oriented pyrolitic graphite (HOPG) as pristine materials, the same
regime of electrochemical exfoliation and cleaning procedures, the
same ultrasonic and centrifugation regimes for additional treat-
ments. It allows us to compare the properties of suspensions and
the layers created from these suspensions.

The electrochemical exfoliation of graphite occurred in the acid
water solution and allowed obtaining flakes in a wide range of
lateral sizes and thicknesses [20]. As the resulting material inheri-
ted the defects of the original substance, the carbon source was
HOPG. The electrolyte, in which the cleavage occurred, was an acid
solution (NH4)2S2O8 of 0.15 g per 100 ml of water.

After the electrochemical exfoliation of graphite the flakes di-
mensions lie in awide range, and that is not suitable for their use in
printing. The nanoparticles dispersed in the ink should be much
smaller than the size of the printhead nozzle to prevent its clogging
and blockage [15]. It is known that the lateral dimensions of the
particles have to make up ~1/50 of the nozzle diameter (20 mm in
our case), i.e., the flake size should be less than 400 nm. Therefore,
to further reduce the flake size, the suspensions were additionally
treated using ultrasound and centrifugation, which increase the
efficiency of the presented method. It is important that the results
obtained by the flakes electrochemical exfoliation contain a large
number of intercalated gases, which greatly facilitates their sub-
sequent exfoliation [4]. The ultrasonication of the suspensions was
carried out on the setup with a capacity of 100 W for 24 h. Sub-
sequent centrifugation occurred at 9000 revolutions per minute for
2 h. In the course of additional processing, the solution was added
with surface active materials (surfactants) to improve the size
reduction efficiency. The variation of surfactant concentration
enabled a further investigation of the surfactants influence on the
electric properties of the resulting graphene films. After obtaining
the suspension the acid solution was replaced by water.

The suspension created as described above is further designated
as G-1. In this work, we used three modified suspensions in which
surfactants were added at different technological stages. As a result,
three types of suspensions were obtained and designated as (G-1a,
G-1b, G-1c); in them the surfactant at a concentration of
~0.01e0.02% was added at the final stages of centrifuging, in the
middle of the technological process and in its initial phase,
respectively. The surfactants addition at the initial stage of the
suspension production was found to result in obtaining flakes with
a thickness of 1e2 monolayers. In other cases the flake thickness
was higher. The suspensions parameters are shown in Table 1.

The following suspensions were fabricated for comparison. G-2
is a suspension, obtained by exfoliation in an aqueous ethanol so-
lution. In accordance with the data of work [21], two types of so-
lutions with different exfoliation efficiencies were used (see
Table 1). As expected, the thinnest (monolayer) particles were ob-
tained in the solution when the ratio of ethanol and water was
70:30, however, in this case therewas a significant number of flakes
with a thickness of up to 3 nm. At the solution composition of 30:70
the major amount of particles had a thickness of ~1 nm. Suspension
G-3 was obtained in isopropyl alcohol solution. In this case it is
known [22] that the exfoliation is not effective, and the thickness of
the particles is rather large, i.e. 5e20 nm.

After all treatment processes the ready drops of suspensions
were deposited on silicon substrates with 300 nm SiO2 and
annealed at a temperature of 60e120 оС for 1 h for drying, and the
resulting film was used for further study of the structure, surface
morphology and electrical properties. For electrical measurements
on the surface the contacts using the silver paste were created.

A Solver PRO NT-MDT scanning microscope was used for
obtaining Atomic force microscopy (AFM) images of the suspension
flakes, film surfaces and for determining the film thickness. The
measurements were performed in both contact and semi-contact
modes. Raman spectra were recorded at room temperature, the
excitation wavelength being 514.5 nm (2.41 eV argon ion laser). In
order to avoid the heating of samples with laser emitted radiation,
the laser beam power was decreased to 2e3mW. Scanning electron
microscopy (SEM) images were obtained using a JEOLJSM-7800F
scanning electron microscope with the energy of primary elec-
trons equal to 2 keV. Sheet resistance of the films was studied with
the use of the four-probe JANDEL equipment and HM21 Test Unit.
For measuring capacitanceevoltage (C-V) and currentevoltage (I-
V) characteristics, an E7-20 immitancemeter and a Keithley
picoamperemeter (model 6485) were used. The printer Dimatix
FUJIFILM DMP-2831 was used for printing.

3. Experimental results

3.1. Structural properties: Raman spectroscopy

To study the structure of the obtained samples the Raman spec-
troscopy was used. Fig. 1 shows the Raman spectrum for the struc-
ture printed with graphene-based ink on a SiO2/Si substrate. The
peak positions detected on the spectra are as follows. D ~1350 cm�1,
G ~1580 cm�1, G’ (or D0) ~ 1620 cm�1, 2D ~ 2700 cm�1, 2D’ (or
DþG) ~ 2940 cm�1. The peak positions, in general, are characteristic
of the suspensions, obtained by electrochemical exfoliation of
graphite [23]. The G band have FWHM (full width at half maximum)
values ~ 35 cm�1.

Dmode is related to defects in graphene [24], however, this does
not mean that the exfoliated graphene contains defects of the
plane, since the edges are also defects. In order to identify the
quality of the flakes it is necessary to determine whether D mode is
correlated with planar or edge defects, so at an increase in the
frequency of the centrifuge rotation, the intensity of D peak in-
creases, since the growth of the number of flakes increases the
number of edge states. The ratio of intensities of the D/G peaks is
known to be proportional to the inverse lateral size of the flakes
[25].

Raman spectroscopy may be used to characterize the properties
of graphene, such as the edge of the graphene flake. Due to the
hexagonal structure of the graphene lattice, the ordered crystal



Fig. 1. Typical Raman spectra for layer printed with graphene inks G-1a with aqueous
based composition. Different spectra correspond to various points on the printed layer.
Layer thickness was 16 nm.
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edges may have two basic structures: zigzag and armchair. How-
ever, only the edges of arm-chairs are capable of elastic scattering of
charge carriers, which results in the appearance of a D band. It has
been shown that a strong D band appears near the edges of the
flakes of arm-chair type under polarized laser irradiation, directed
along the edge line [26]. Therefore, it may be assumed that the
weak intensity of the D band in our case is a case of dominance of
the flakes of zigzag type in the bulk.

The nature of defects in graphene may be investigated by using
the ratio of intensities of D and D0 bands [7,27]. Compared to the
above articles, the obtained correlations of peaks lie in the expected
region for boundary effects. Thus, the defects that have a strong
influence on the D peak, are the boundary conditions. The intensity
of the 2D mode is also affected by defects, and with their increase
the amplitude of the 2D band decreases [28].

It is known that the electrochemical exfoliation does not
introduce additional defects, apart from the boundary ones. Thus
the ultimate suspension inherits the defects of the source material,
and in our case it was almost defect-free HOPG. This also proves the
fact that our final suspensions have mostly edge defects.

The intensity of the 2D0 band unexpectedly turned out to be
dominant. The 2D0 band have FWHM (full width at half maximum)
values ~ 53 cm�1. The key to explain the brightness of the 2D band,
and other overtone bands in Raman spectra is based on Kramers-
Heisenberg-Dirac theory [29]. E. Heller demonstrates that transi-
tion sliding (sliding phonon production) explains graphene's
extremely bright overtone 2D band, and in the case of small-flake
graphene suspension the brightness of 2D’ (or D þ G) band with
position ~ 2940 cm�1 also can be observed. Spectra of this type
were found for the first time, and their interpretation requires
additional research.
3.2. Structural properties: film morphology

Typical dimensions of flakes in the suspension, used for print-
ing, were determined using atomic force microscope. AFM analysis
of the suspension G-1c obtained in the acid aqueous solution
(Fig. 2(a) and (b)) has shown that a significant part of flakes have a
thickness of 1e3monolayer (~0.4e1.0 nm). In general, the thickness
of the flakes varied with low concentrationwithin 3 nm. The lateral
dimensions of the resulting flakes ranged from 50 to 400 nm.
Adding a surfactant prior to centrifugation and ultrasonic
treatment allows improving the exfoliation efficiency, as the
smallest flakes were obtained in this case.

The increase in surfactant concentration allowed reducing the
characteristic thicknesses of the flakes, but, as it will be shown
below, this led to an increase in the resistance of layers obtained
from such a suspension.

The parameters of the suspensions obtained with the use of
other solutions are also given in Table 1. The use of an aqueous
solution of ethanol enabled obtaining suspensions G-2 with similar
parameters as G-1. An aqueous solution of isopropyl alcohol (G-3)
in this case did not lead to efficient exfoliation of the graphite.

3.3. Electrical properties of layers created from suspension

The sheet resistance of the films created from the suspension by
drop casting, or by printing, was measured in two ways: with the
four-probe method or the two contact one. The results obtained in
different ways, well agreed with each other.

The resistance of the films fabricated from suspensions with
different content of surfactant was compared. As a result, the sheet
resistance of the film obtained from the suspension without sur-
factant was 3 kU/,, and after adding 0.17% surfactant the resis-
tance increased to 31 kU/,. It is seen that substances stabilizing
flakes and furthering their exfoliation to thinner ones, necessary for
further use of suspensions as printing inks, reduce the conductivity
of the suspensions.

Fig. 3(a) presents current e voltage characteristics of the layers
obtained from different suspensions. It is seen that in all cases,
these characteristics are linear. The resistances of the layers
calculated from these characteristics are given in Table 1. The least
resistance was 70 Ohm/,, and was obtained in solution G-1b.

The carrier mobility was determined by the transfer character-
istic of the transistor structure (Fig. 3(b) and (c)). As drain and
source we used Ag contacts, and the gate was a low-resistivity
silicon substrate with the gate dielectric of 300 nm SiO2. In order
to estimate mobility transfer characteristics (drainesource current
as the function of the gate voltage) were measured. A constant
voltage of 100 mV was applied between the drain and the source,
and the dependences of the drain current on the gate voltage were
obtained. From transfer characteristics one can extract values of
hole and electron mobilities calculated for linear parts of charac-
teristic by the following formula:

m ¼ L
CgWVDS

DIDS
DVg

; (1)

where L is the transistor channel length; W is its width; Cg is the
specific capacity of the gate dielectric; VDS is the drain-source
voltage; and DIDS and DVg are the increments of the drain current
and the gate voltage, respectively. The best carrier mobility
~50 cm2/V$s for holes and electrons was obtained for the suspen-
sion G-1c.

The dependence of carrier mobility in the films created from
different suspensions on the flakes thickness, presented in Fig. 4,
shows that with a decrease in thickness the mobility increases. For
the sake of completeness, Fig. 4 was addedwith the data Ref [15] for
the case when monolayer particles dominate in the suspension
(mobility of 95 cm2/V$s), and with carrier mobility for the films
from suspensions, obtained by intercalation of N-methyl-
pyrrolidone (NMP), Ref. [4].

It is also shown that the isochronous annealing of samples at
300 �C improves the conductivity by two orders of magnitude
(Fig. 3(d)); this is due to the removal of surfactants and other im-
purities associated with the use of chemicals in the suspension
production.



Fig. 2. (а) AFM image of the suspension flakes G-1с and (b) thickness profiles for the two flakes.

Fig. 3. (a) Lateral current e voltage characteristics for layers obtained from different suspensions and given in different scales ((a) gives the I-V in the logarithmic scale and Insert in
the linear scale). (b,c) Transfer characteristics of transistor structures, obtained from the suspension G-1b, the mobility of electrons in this case amounted to 4.8 cm2/V$s, and the
structure from suspensions of G-1c with the mobility of ~51 cm2/V$s. (d) A change in the surface resistance of the film, obtained from the suspension G-1b after annealing.
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3.4. The parameters of printed layers on rigid and flexible
substrates

Suspensions G-1b were used for printing on a flexible substrate
of polyethylene terephthalate (PET), paper and SiO2/Si coated with
a film of polyvinyl alcohol (PVA) to ensure the surface
hydrophilicity, which is necessary in printing with water-based
inks (Fig. 5). The morphology of the film in Fig. 5(b) is associated
with partial dissolution of the PVA film during printing. The used
ink composition was slightly different from the one of G-1 sus-
pensions. Ink of water based graphene should contain additives
providing stability of solution and a certain combination of such



Fig. 4. The dependence of the carrier mobility in the films obtained from suspensions
of different types. Points 1 and 2 correspond to the data from Refs. [4,15], respectively.
Sketch of sample measurement is given in insert.
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parameters as viscosity, surface tension, density, etc. to ensure the
conditions for the formation of droplets during printing and solid
films without coffee ring effect in drying. Fig. 5 demonstrates
possible fabrication of thin continuous films using ink from the
water-based suspension G-1b. The thickness of the printed films
was 8e16 nm.

Fig. 6 shows images of the individual printed drops. For the drop
Fig. 5. (a) AFM images of graphene films with a thickness of 16 nm on PET substrates and (
Thickness of the printed films ranged from 8 to 16 nm.
with a thickness of 2e3 nm, printed on the SiO2/Si substrate and
annealed at 350 �C for 20 min in inertial atmosphere, the contacts
were made from silver paste, and I-V characteristics were
measured. The measured sheet resistance of a thin printed filmwas
16 MU/,, which corresponds to resistivity of 4.8 U cm. The resis-
tance of layers, printed on paper (Fig. 5(c)) was slightly higher
80 MU/,, and after annealing at 200оС (the maximum possible
annealing temperature for paper) the resistance decreased to 700
kU/, (resistivity of ~1.1 U cm). The relatively high resistance of
layers printed on paper is due to low annealing temperature, and
the effect of a high paper relief on the conductivity of the thin
printed layer. The resistance of layers with a thickness of 15e20 nm
on the SiO2/Si substrate after annealing at 350 �C was already 5e10
kU/, (resistivity of (0.8e1.6)�10�2 U cm). The carrier mobility
measured for few structures at this last case was 30e40 cm2/V$s.
For thick layers (100e200 nm) electrical properties of the water-
based suspensions give the minimum resistance value of 200 U/,.
4. Discussion

Flakes and nanoparticles dispersed in the ink should be less than
the size of the printhead nozzles to prevent clogging. In our case
this means that the size should be less than 400 nm. On the other
hand when reducing the lateral dimensions the number of joints
between the flakes increases, and as a consequence the total loss in
electrical properties increases. These contradictory conditions limit
the resulting characteristics of the printed layers [15].

Electrochemical exfoliation of graphite in liquid phase allows
obtaining graphene flakes with a thickness of up to one - two layers
b) PVA - SiO2/Si. (c) Optical and (d) AFM images of a graphene layer printed on paper.



Fig. 6. (a) SEM images of individual printed drops (drop size ~ 50 mm) and (b) measurement of I-V characteristics on the drop with a thickness of ~3 nm. The sheet resistance of the
drop was 16 MU/,, which correspond to resistivity of 4.8 U cm. Insert shows image of the drop with Ag contacts on the 300 nm SiO2/Si substrate.
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and without oxidation. Earlier electrochemical exfoliation of
graphite for subsequent ink production occurred in organic sol-
vents with addition of extra stabilizing agents, which reduces initial
electrical properties of graphene and adds unwanted contamina-
tion and impurities [30]. Electrochemical exfoliation does not
introduce additional defects, therefore the quality of the final ma-
terial depends on the initial substance. Variation in the solution for
electrochemical exfoliation is known to leads to oxidation of the
graphene flakes [31]. Relatively high conductivity of our suspension
without annealing, and the Raman spectra with a narrow G peak
demonstrated that, in our (NH4)2S2O8 solution, oxidation is not a
pronounced process.

It is known that with the increasing layer thickness from gra-
phene to graphite there is an increase in the specific resistivity of the
material in the range from 1.0 mU cm [3,32] to 250e500 mU cm [33]
and a decrease in the carrier mobility from 200 000e230 000 cm2/
V$s [34,35] at room temperature to 200 cm2/V$s [36]. The mobility
dependence on the thickness obtained theoretically predicts a 4e5
times decrease in carrier mobility in the transition from a mono-
layer to a layer thickness of ~4 nm. The similar resultswere obtained
in the theoretical and experimental study [37] where the decrease
in carrier mobility was connected with the increase of the carrier
mobility in thicker films. Experimentally, in the case of suspensions,
we observed the range of 100e0.01 cm2/V$s [4,15,38] for the same
range of flakes thickness. The comparison of various suspensions
properties, according to different publications, is difficult because of
the changes in quite a large number of parameters. A similar
approach applied in this study and using the same type of the
original graphite and one type of surfactant, etc. allowed obtaining
the experimental dependence of the carriers mobility in the films
obtained from suspensions, depending on the flake suspension
thickness. It turned out that this parameter largely determines the
carriersmobility in thefilm: it varies in the range of ~100e0.05 cm2/
V$s when the flakes thickness changes from 0.4 nm (monolayer) to
several nanometers.

The carrier mobility in our film is limited by the disorder of each
flake and the flake-to-flake junctions. The reason for sharp a
decrease in the mobility observed in our study is, most likely,
dependent on the quality of the connection between the flakes. The
dominant effect of the flexibility for the properties of the films
created from the few-layer graphene flakes is observed in different
aspects and, for instance, for the specific heat of the N-layer system
[39]. Generally, as it is demonstrated in Fig. 4 and by Dhar [39] the
properties depended on the flexibility decreasewith the increase in
flakes thickness ~ N�1. As a result, only monolayer or bilayer flakes
can form a film with good connections due to the excellent flexi-
bility of such flakes. As a result, strong van-der-Waals forces appear
only in the last case.

The results showed that to obtain relatively high carriermobility
in relatively thick (tens of nanometers) printed films there is a need
in the suspension with flakes thickness of no more than 1e2
monolayers.

It should be also noted that the layer conductivity is largely
determined not only by the thickness of flakes, but by a number of
other parameters, in particular the amount of added surfactant, etc.
5. Conclusion

Comparison of different suspensions, obtained from the same
source material subjected to electrochemical exfoliation and anal-
ogous auxiliary treatments, with the same surfactants, etc., but in
different solutions, allowed choosing the most effective approach
to obtain the suspensions. It turned out that the highest conduc-
tivity and mobility of charge carriers was detected in the films,
obtained for water-based graphene suspensions. Moreover, the
smallest flake thickness resulted from electrochemical exfoliation
in water, followed by ultrasonic treatment. It were found for the
layers with thickness of 15e20 nm printed from this suspension on
the SiO2/Si substrate after annealing at 350 �C that sheet resistance
was 5e10 kU/, (resistivity of (0.8e1.6)�10�2 U cm), and the car-
rier mobility was 30e40 cm2/V$s. Inks based on a mixture of water
and ethyl alcohol showed somewhat worse electrical properties of
printed layers at treatments for the same time. The worst charac-
teristics, as expected, appeared for films, printed with ink fabri-
cated with use of isopropyl alcohol.

It was found that one of the most important parameter deter-
mining the mobility of carriers in the films obtained from sus-
pensions is the flake thickness. The carrier mobility varies in the
range ~100e0.05 cm2/V$s at flake thickness changing from 0.4 nm
(monolayer) to several nanometers (~4e5 nm), which is most likely
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associated with the quality of the connection between the flakes.
Only monolayer - bilayer flakes are capable of forming fair con-
nections in the film due to van der Waals forces.
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