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Generating electricity by moving a droplet of ionic
liquid along graphene

Jun Yin, Xuemei Li, Jin Yu, Zhuhua Zhang, Jianxin Zhou and Wanlin Guo*

Since the early nineteenth century, it has been known that an electric potential can be generated by driving an ionic liquid
through fine channels or holes under a pressure gradient. More recently, it has been reported that carbon nanotubes can
generate a voltage when immersed in flowing liquids, but the exact origin of these observations is unclear, and generating
electricity without a pressure gradient remains a challenge. Here, we show that a voltage of a few millivolts can be
produced by moving a droplet of sea water or ionic solution over a strip of monolayer graphene under ambient conditions.
Through experiments and density functional theory calculations, we find that a pseudocapacitor is formed at the
droplet/graphene interface, which is driven forward by the moving droplet, charging and discharging at the front and rear
of the droplet. This gives rise to an electric potential that is proportional to the velocity and number of droplets. The
potential is also found to be dependent on the concentration and ionic species of the droplet, and decreases sharply with
an increasing number of graphene layers. We illustrate the potential of this electrokinetic phenomenon by using it to
create a handwriting sensor and an energy-harvesting device.

water are important in a variety of fields, including the harvest-

ing of electric power, the characterization of electrochemical
properties, and real-time medical diagnostics'%. These devices
rely principally on streaming potential, an electrokinetic phenom-
enon in which an electric potential is generated when an electrolyte
is driven through narrow pores or gaps by a pressure gradient,
but they are limited to specific cases!. In 2001 it was theoretically
proposed that carbon nanotubes in flowing liquids could
generate an electric current’, and since then there have been a
number of experimental demonstrations of such effects®™*.
However, there are significant discrepancies in the reported
results, and competing explanations for the observed effects have
been proposed®3.

Although graphene is extremely sensitive to external stimu-
lations and adsorptions®2, we recently showed that immersed gra-
phene cannot generate a voltage from a flowing liquid'*!*. This
result was subsequently confirmed by work! in which graphene
transistors were constructed to detect the streaming potential,
and no fluid-flow-induced electrical currents were observed in
the graphene. These results are in agreement with the classical elec-
trokinetic theory for streaming potential: that is, a potential cannot
be induced by a flowing liquid without a pressure gradient.
Coulomb drag, a process in which repulsive interactions between
electrons in spatially separated conductors allow a current
flowing in one of the conductors to induce a voltage drop in the
other', is also of particular interest in layered or two-dimensional
systems such as graphene!’"!°. However, in graphene/liquid
systems, electrokinetic phenomena (rather than Coulomb drag)
should occur, because an electrical double layer will form at the
interface of ionic liquids and graphene. In this Article, we show
that a voltage on the order of a few millivolts can be induced by
moving a droplet of ionic solution along a strip of graphene. We
refer to this effect as a drawing potential. The drawing potential
is generated by moving a unique pseudocapacitor formed at the

Flow sensors and devices that can collect electricity from flowing

interface of the droplet and graphene along the strip. The
drawing potential is proportional to the velocity of the droplet in
all the tested salt, acid and alkali solutions.

Drawing potential in graphene

Our monolayer graphene samples were grown on electrochemical
polished copper foil by low-pressure chemical vapour depo-
sition?®, and the high quality of the samples was identified by
Raman characterization (Supplementary Fig. 1). Graphene strips
with dimensions of ~5 x 110 mm” were then transferred onto a
polyester terephthalate (PET) substrate with unavoidable folded
regions by a poly(methyl methacrylate) (PMMA) mediated
method??. Multilayer graphene samples were obtained by superpos-
ing the monolayer graphene, without an organic contamination
trapped interlayer, using an improved stacking method (see
Methods). Two terminals of the graphene strip were connected
with metal wires using silver epoxy to form an ohmic contact
(Supplementary Fig. 2).

The experimental set-up is presented in Fig. 1. A droplet of 0.6 M
NaCl aqueous solution (simulated sea water) was sandwiched
between the graphene surface and a 5 x 5mm’ SiO,/Si wafer,
which was placed 1 mm above the graphene surface and was able
to move along a track at fixed separation. The liquid droplet could
be drawn by the SiO,/Si wafer to move on the graphene surface
facilely with advancing and receding contact angles (6, and 6) of
~91.9° and ~60.2°, respectively (Fig. 1, inset). The velocity and
direction of movement on the wafer were controlled by a variable-
speed motor. The area outside the graphene strip was coated with
a thin hydrophobic layer of wax to confine the droplet on the gra-
phene strip. The voltage signal was recorded in real time by a
Keithley 2010 multimeter, with its positive terminal connected to
the right end of the strips.

A typical voltage response to the movement of a droplet on the
graphene strip is shown in Fig. 2a. When a droplet (43 ul in
volume, unless indicated otherwise) of 0.6 M NaCl solution is
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Figure 1| lllustration of the experimental set-up. A liquid droplet is
sandwiched between graphene and a SiO./Si wafer, and drawn by the wafer
at specific velocities. Inset: a droplet of 0.6 M NaCl solution on a graphene
surface with advancing and receding contact angles of ~91.9° and ~60.2°,
respectively.

drawn from the left to right end of the strip at a constant velocity of
2.25 cms” ', a voltage of ~0.15 mV is produced. The slight delay in
the voltage response to the movement of the droplet is attributed to
contact angle hysteresis. When the droplet stops, the voltage drops
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sharply to zero. When the droplet moves back from right to left at
the same velocity, the induced voltage has the same magnitude,
but with reversed sign. The distinguishable step in the induced
voltage at constant velocity should reflect the changing properties
or quality of the graphene sample along the strip length, while the
slight fluctuation of the induced voltage can be attributed to fluctu-
ations in droplet movement.

The induced voltage increases linearly with increasing velocity of
the droplet (Fig. 2b) in our testing range. For one droplet of 0.6 M
NaCl solution, the induced voltage increases from 0.09 mV at
1.3cms ' to 0.59 mV at 8.55cm s~ and can be fitted perfectly
to V= Av, with a slope of A=6.9 mV s m™". It is interesting that
the voltage can be multiplied by drawing multiple droplets simul-
taneously. The induced voltage is in exact proportion to the
number of droplets of the same size, and still increases linearly
with the moving velocity. The fitting slope A is nearly two and
three times that of a single droplet for two and three droplets,
respectively. When two droplets on a single graphene sheet are
moving in opposite directions, the voltage generated by each indi-
vidual droplet would offset the other (Supplementary Fig. 3).
However, the dependence of the induced voltage on the ion con-
centration of the solution is not monotonic (Supplementary
Fig. 4). We have also shown that the magnitude of the induced
voltage can be enlarged by increasing the size of the droplet
(Supplementary Fig. 5).

Based on the robust linear relationship between the voltage and
velocity, graphene can be used to sense the velocity of a moving
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Figure 2 | Voltage induced in graphene by drawing one or more droplets of 0.6 M NaCl solution. a, Typical voltage signal produced by drawing a droplet on
a graphene strip from left (L) to right (R) ends and then back. The inset highlights the voltage signal during the movement of the droplet. b, Voltage induced
by moving one, two and three droplets. Dashed lines are curves linearly fitted to the measured data. The error bars represent the amplitudes of fluctuation

in the voltage signal as highlighted by the inset in a. ¢,d, Voltage response to triangular-wave-like (¢) and sine-wave-like (d) velocity of movement

(red dashed lines) of a droplet.
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Figure 3 | Mechanism for the drawing potential. a, DFT results for the distribution of differential charge near monolayer graphene caused by adsorbing one
to three rows of hydrated sodium cations, and the corresponding adsorption energy (,). b, Schematic illustration of the pseudocapacitance formed by a
static droplet on graphene. ¢, Schematic illustration of the potential difference induced by a moving droplet. d, Equivalent circuit for €. Solid arrows indicate
the flow direction of electrons in graphene and Na™ ions in the droplet. e, Simplified circuit of the system. f, Schematic illustration and equivalent circuit for
three moving droplets on graphene. g, Drawing potential and resistance change with number of graphene layers. Inset: Advancing and receding contact
angles of the solution on single-, bi- and trilayer graphene. h, Equivalent circuit for a moving droplet on trilayer graphene.

droplet on it. Figure 2c shows that the induced voltage can excel-
lently reflect the triangular-wave-like velocity (dashed lines) of a
droplet of 0.6 M NaCl on graphene. When the droplet moves sinu-
soidally in terms of velocity, a sine-wave-like voltage response can be
detected (Fig. 2d).

Mechanism

According to classic electrokinetic theory, when a solid surface is in
touch with an ionic solution, a layer of ions, either cations or anions,
will adsorb to the surface due to an electrochemical interaction, and
a second layer comprising counter-ions will be attracted to the
first layer via the Coulomb force, thereby forming an electrical
double layer?. Simultaneously, reversible Faradaic charge transfer
occurs near the solid surface at the adsorbed first layer of ions,
leading to pseudocapacitance at the liquid-solid interface. Specific
to the graphene in contact with a NaCl aqueous solution, our
density functional theory (DFT) calculations show that a hydrated
Na*t ion can be adsorbed on the graphene with an adsorption
energy of over 2 eV (Fig. 3a), while a hydrated Cl ™ anion is repulsive
to graphene because of its negative adsorption energy®’.
The ionic adsorption is physisorption, as the surrounding
water molecules can impede the direct interaction between
the graphene and ions. Our DFT calculations show that the
adsorbed hydrated sodium cations draw image electrons from
the graphene, causing significant electron accumulation on the
upper surface of the graphene, as shown by the distribution of
differential charge in Fig. 3a. With increasing number of adsorbed
hydrated Na*, a thin electron accumulation layer extends along
the upper surface of the graphene, forming a pseudocapacitor
with the adsorbed Na™ layer. As the interlayer distance between
the positive hydrated Na™ layer and the negative electron layer is
only ~0.4 nm, the formed pseudocapacitance is remarkable.
The accumulation of electrons on the upper surface of the
graphene drawn by the adsorbed sodium cation layer leads to
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depletion of electrons at the other side of the graphene and
around the cation-covered region.

For a static NaCl droplet on graphene, the charge redistributes
symmetrically on both sides of the droplet on the graphene, and
there is no potential difference between its left and right sides
(Fig. 3b). When the droplet is drawn into moving on the graphene,
ions are adsorbed at the front end, advancing the pseudocapacitor
forward and drawing electrons in the graphene. Meanwhile,
ions are being desorbed at the rear of the droplet, discharging the
pseudocapacitor and releasing the electrons to the graphene. This
entire process gives rise to an increase/decrease in electron density
behind/ahead of the moving droplet (as illustrated schematically
in Fig. 3¢) compared to the static state, resulting in a higher potential
at the front than at the rear.

Considering the dynamic front and rear boundaries of the
droplet as capacitors C; and Cp in charging and discharging
modes, respectively, the dynamical process can be described by
the equivalent electrical circuit in Fig. 3d, where R, Ryjand R _ rep-
resent the resistances across the liquid, the graphene under the
droplet, and the graphene outside the droplet combined with the
contact resistance, respectively. The charging of C; and simul-
taneous discharging of Cy drive the free electron moving from the
rear to the front end, across the graphene under the droplet.
Taking the pseudocapacitance per unit area, C,, to be determined
by the graphene-solution system, the changing rates of the
pseudocapacitance at the front and rear can be calculated as
dCy/dt = CyWv and dCy/dt=—CyWv for a droplet moving at
velocity v from left to right, where W is the width of the graphene
strip under the droplet. An equivalent current across the graphene
section under the droplet can then be evaluated from the rate of
transferred electrons dg./dt as

p__da_ 4G G

a = Va T g T YWYy M

NATURE NANOTECHNOLOGY | VOL 9 | MAY 2014 | www.nature.com/naturenanotechnology

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2014.56
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dbol: 10.1038/NNANO.2014.56

ARTICLES

where i is defined as the equivalent surface potential of graphene
relative to the adsorbed hydrated Na™ layer. Then, the induced
open-circuit voltage is given by

V =Ryl = —LRYC,V )

where R, is the square resistance of the graphene and L is the length
of the droplet. For convenience, the equivalent circuit for voltage
generation in the system can be further simplified to a current
source I with an internal resistance R;, as shown in Fig. 3e.
Consistent with the model, the developed voltage is proportional
to the velocity of the droplet with a slope of A= —LR ¢C, and
can be enlarged by a droplet with larger volume, which increases
the contact length L. For the narrow gap between the positive and
negative charged layers, C, should be exceptionally high. This can
explain why drawing a tiny droplet on graphene can produce
voltage up to millivolt order. According to the proposed model,
the multiplying of the induced voltage by an array of droplets can
be considered as a series connection of multiple current sources
with internal resistances, as shown in Fig. 3f.

To further check the proposed mechanism and the equivalent
circuit, we conducted an experiment on few-layer graphene strips.
Because the few-layer graphene shows the same advancing and reced-
ing contact angles as the monolayer graphene (Fig. 3g, inset), it is
reasonable to assume that the contact area to a droplet of the same
volume and the formed pseudocapacitance remain unchanged.
Therefore, according to the model, the induced voltage should be pro-
portionally reduced by the decrease in sheet resistance. It is shown
that the slopes of the voltage-velocity curves for the mono-, bi-
and trilayer graphene samples decrease in proportion to the square
resistance of the samples (Fig. 3g). Additional graphene layers
provide additional channels for electron flow back from the rear to
the front, reducing the drawing potential in the graphene, as shown
in Fig. 3h. This strong layer-dependence of the drawing potential sup-
ports the proposed mechanism and equivalent circuit well. Although
it is possible that other conductive and semiconductor materials may
show similar voltages when an ionic liquid droplet passes over them
(in accordance with the mechanism), we have not been able to find a
candidate material that can satisfy the strict requirements for this,
including suitable wettability and resistance, stability under ambient
conditions, and sufficiently thin to eliminate possible channels for
the circumfluence of charge.

As is expected from the electric double-layer theory, the drawing
potential should depend on the ion species. We therefore conducted
further experiments using aqueous solutions of different salts, acid
and alkali. Although the advancing and receding contact angles of
the liquids on the graphene remain nearly unaffected by ion
species (except for HCI solution, Fig. 4a), the drawing potential in
the graphene shows a strong dependence on ion species (Fig. 4b).
Compared with the case of NaCl, the drawing potential shows
large differences in magnitude, and even in sign. No detectable
drawing potential for deionized water can be found, even at vel-
ocities up to 8.55 cm's~ ' (Supplementary Fig. 6), as nearly no ion
presents to form the pseudocapacitance. The voltage induced by
three droplets of NH;-H,O and MgCl, is ~2.6 and ~1.5 times
that induced by the same number of NaCl droplets, suggesting
that these droplets can draw larger amounts of image electrons.
The sign of the voltage induced by droplets of HCI solution is
reversed. We have previously shown that hydronium H,O" ions
in HCI solution can absorb much more strongly on a graphene
surface’®. This exceptionally high adsorption energy is also con-
sidered to be the reason for the smaller advancing and receding
contact angles of HCI solution on graphene compared with other
ionic solutions. Once wetted by HCI solution, the graphene
surface would absorb a layer of H;0" to behave like a positively
charged sheet, which attracts Cl~ anions. So the dynamic
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Figure 4 | Contact angles and drawing potential for various ionic solutions
on monolayer graphene. a, Advancing and receding contact angles of
deionized water and different 0.6 M solutions on graphene. b, Voltage
induced by three droplets of different solutions. ¢, Fitted slope A= V/v for
three droplets of different chloride and sodium salts.

pseudocapacitance should be dominated by the Cl, resulting in a
voltage with reversed direction. The strong adsorption of the
H,0" on graphene, even after removing the droplet, can be
proven by the reduced water contact angle on graphene that has
been wetted by HCI solution, even after rinsing with deionized
water for 30 min (Supplementary Fig. 7).

The voltage slopes induced by drawing droplets of solutions of
chloride salts with different alkali metal cations and sodium salts
with different halide anions are compared in Fig. 4c. It is interesting
that the induced voltage decreases with increasing atomic number
for both the cations in chloride salts and anions in sodium salts.
We attribute this to the different abilities of alkali metal cations to
draw electrons from graphene and the weaker screening effect
induced by F~ compared to CI” and Br, despite the fact that
they have the same concentration.

Demonstration of applications

To demonstrate possible applications of the drawing potential, we
used a square graphene sheet to sense handwriting using a
Chinese brush dipped in 0.01 M NaCl solution. Two pairs of elec-
trodes, E1T-E1~ (right-left) and E2"-E2~ (bottom-top), were pat-
terned perpendicularly on the four sides of the graphene to
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Figure 5 | Applications of the drawing potential. a, Photograph of handwriting with a Chinese brush on graphene. b, Sensing the stroke directions (arrows)
by the drawing potentials between electrodes E17- E1™ and E2*- E2™ as shown in a. ¢,d, Voltage (c) and power (d) produced by dropping droplets of 0.6 M
CuCl,, solution onto graphene at an angle of 70° (inset) from a height of 15 cm. The output power is measured through a connected load R = 17.4 k().

distinguish the handwriting direction (Fig. 5a). The voltage induced
between the electrodes shows different characteristics for different
drawing directions, as shown in Fig. 5b. The induced voltage V;
between E1* and E1™ can sense the horizontal component as posi-
tive for left-to-right drawing, while voltage V, between E2* and E2~
senses the vertical component as positive for top-to-down drawing.
For example, a drawing from bottom left to top right produces posi-
tive V; and negative V,, and so on. Based on the detected voltage,
the basic strokes written on the graphene surface can be recognized
easily. Furthermore, the magnitudes of the induced voltages also
contain rich information, yet to be explored, about the sharpness
of the pen tip and the force and speed of the handwriting. The
microvolt order of the handwriting-induced voltage is mainly due
to the large size of the graphene in comparison to the width of
the strokes, as the graphene outside the drawing path serves as an
additional channel to release the drawing potential, similar to the
function of additional graphene layers. Compared to arrays of con-
ductivity sensors that need a power supply, the prototype shows
notable advantages in terms of its simple structure and energy-
harvesting character.

Finally, a prototype of an energy-harvesting device was demon-
strated. As shown in Fig. 5c, dropping a droplet of 80 pl 0.6 M
CuCl, solution onto a 70° tilted graphene surface from 15 cm
above the contact point under gravity can generate a pulse voltage
of ~30mV, with a corresponding short-circuit current of
~1.7 pA. Connecting a load of 17.4 k(), the measured output
power can reach 19.2 nW with a corresponding efficiency of ~1%
(Supplementary Section 2), as shown in Fig. 5d. This enhanced
voltage and output power can be attributed to the larger velocity
of the droplet as well as the greater droplet size when crashed
onto the tilted graphene surface. In practice, many alternative
ways can also be adopted for this energy harvesting, such as a
droplet flowing in the valley of folded paper.

382

Conclusions

We have reported a drawing potential effect in graphene. Droplets of
ionic liquids moving on graphene can generate electricity due to a
novel electrokinetic phenomenon in which a pseudocapacitor
formed under the droplet is driven forward, charging and dischar-
ging at the boundary of the droplet. This mechanism allows the cre-
ation of various prototypes, including a velocity sensor, a
handwriting sensor and an energy-harvesting device.

Methods

Fabrication of graphene and devices. Monolayer graphene samples were grown on
Cu foil (Alfa Aesar, item no.13382) using methane as the carbon source. Before the
growth, the Cu foil was pretreated by electrochemical polishing to remove surface
contamination. The as-grown graphene samples were then transferred onto a
PET substrate according to the method developed by Ruoff and colleagues®*.
Multilayer graphene samples were obtained by superposing monolayer graphene
sheets. Graphene/Cu was used as a substrate to load the monolayer-
graphene/PMMA film using a standard transferring procedure, and the Cu was then
etched away. This procedure was repeated several times until the desired layer
number was achieved. Finally, the multilayer-graphene/PMMA was transferred to
the PET substrate and the PMMA removed with hot acetone. As the underlayer of
graphene was never in contact with the PMMA throughout the procedure, there
was no trapped interlayer of organic residue.

Voltage measurements. The voltage signal between two terminals of the
graphene sample was recorded in real time using a Keithley 2010 multimeter,
which was controlled by a LabView-based data acquisition system with a
sampling rate of ~20 s .

DFT calculations. All calculations were performed using the plane-wave formalism
Vienna ab initio simulation package (VASP)?*?*. The generalized gradient
approximation with the Perdew-Burke-Ernzerhof exchange-correlation
functional®® was adopted. The projector augmented wave potentials?’” were used
with a kinetic energy cutoff of 500 eV. Brillouin zone integration was sampled by a
5 x 5 k mesh. The charged Na* was simulated by adjusting the charge neutrality
level with a uniform jellium countercharge. Each Na* ion was hydrated with four
water molecules?®. The system was simulated with a periodic boundary condition by
placing hydrated Na™ on the surface of a 4 x 14 supercell of graphene sheet, spaced
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by 20 A along the normal direction (Supplementary Fig. 8). Dipole correction® was
considered to exclude the artificial dipole-dipole interaction between adjacent
images in repeated units. The geometry was fully relaxed without any constraint by
using the conjugate gradient method until the force on each atom was less than
0.01 eV A™". The adsorption energy for hydrated ions adsorbed on graphene was
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