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Inspired by the interesting phenomenon that biological systems have the inherent skill to generate
significant bioelectricity when the salt content in fluids flows over highly selective ion channels on cell
membranes, in this study, the flow-induced voltage is investigated by driving the pure bulk room-
temperature ionic liquid (RTIL) 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF,]) flowing over
a graphene nano-channel consisting of two parallel single-layered graphene sheets using molecular
dynamics simulation for the first time. Considering the combined effect of cations and anions in the
adsorbed layer on the free charge carriers of the graphene surfaces (the interactions are 12.0 and
7.0 kJ mol™? per cation/anion and graphene, respectively) and the characteristic of Coulomb's law, we
have developed an advanced equation that can effectively and accurately calculate the flow-induced
voltage of RTIL and graphene nano-channel system on the nano-scale. A maximum flow-induced
voltage of 2.3 nV is obtained from this nano-scaled system because the free charge carrier on the
graphene channel surfaces is dragged along the pure bulk RTIL's direction of movement. A saturation of
the flow-induced voltage with increased flow velocity is observed, and this saturation can be attributed
to the balance between the external driving force and viscous resistance arising from the internal RTIL

and graphene nano-channel. Further analysis shows that the flow-induced voltages gradually increase
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Accepted 24th May 2018 towards saturation from 1.9 to 2.1 uV or decrease from 2.3 to 2.1 uV when the distance between the two

parallel single-layered graphene or the area of single-layered graphene of the nano-channel increases
DOI- 10.1039/c8ta02629g from 1 to 5 nm or from 1 to 25 nm?, respectively. Additionally, the influence of the system temperature

rsc.li/materials-a (viscosity) and average flow velocity on the flow-induced voltage is investigated.

peak flow-induced voltage of 17.2 mV was obtained from water

1 Introduction _ ‘age ot
flowing on SWCNT with a diameter of 0.814 nm and length of

The potential applications of flow-induced voltage in nano-
scaled self-powered devices as nano-electromechanical
systems (NEMSs) have attracted widespread attention of
researchers.”™ In 2009, Zhao and coworkers? first employed the
structure of water-filled single-walled carbon nano-tubes
(SWCNTs) to investigate the generation of flow-induced
voltage using the mutual iterative method of density func-
tional theory (DFT) and molecular dynamics (MD) simulation. A
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1.23 nm. The main mechanism of flow-induced voltage gener-
ation is attributed to charge redistribution in a SWCNT caused
by interactions between the water dipole chains and charge
carriers in a tube. Chen and Xu® explored the flow-induced
voltage through the flow of 0.9 M hydrochloric acid (HCl)-
water solution through a SWCNT with a diameter of 2.712 nm
and length of 10.7 nm at room temperature using MD simula-
tion. According to an equation used to calculate the flow-
induced voltage developed by Ueba and coworkers® and only
taking into account the effect of anions (Cl~ ions) on the flow-
induced voltage, a flow-induced voltage of ~2 uv was ob-
tained because the Cl~ ions showed a stick-slip motion near the
wall owing to their strong interaction with carbon atoms and
adjacent water molecules. Since nano-confined liquids exhibit
an unexpectedly fast flow velocity, which benefits the induced
voltage generation,*” Koratkar et al.* have confined the 0.6 M
HCI solution into the graphene nano-channel consisting of two
parallel single-layered graphene sheets (4.26 x 2.46 nm?) and
obtained a flow-induced voltage of ~2.5 uV by driving the 0.6 M
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HCl solution flowing over the graphene nano-channel using MD
simulation. The research results confirmed that the coupling of
the free charges that are present in graphene with the mobile
surface charges (i.e., adsorbed ions) is the main mechanism
responsible for power generation from the flow, that is, the
power generation is primarily caused by a net drift velocity of
adsorbed Cl™ ions on the continuous graphene film surface.
Meanwhile, they also drove the ~0.6 M HCI solution flowing
over a ~30 x 16 um?> graphene film and experimentally
measured a peak flow-induced voltage of ~30 mV.

In 2001, a flow-induced electric current was first experi-
mentally obtained from metallic carbon nano-tubes immersed
in liquids flowing along them;® subsequently, flow-induced
voltages were also observed from flowing water, HCI solution,
methanol, and glycerol on SWCNT bundles in 2003.° Subse-
quently, different experiments have been reported*'**° at the
micron scale, which revealed the actual causes of flow-induced
voltage or electric current generation,”******* such as electron
drag.® However, the liquids used in all the above-mentioned
works are deionization water, inorganic HCI solution, organic
methanol/ethanol aqueous solutions, etc. These common
liquids are generally volatile, virose, and caustic, which limit
their application in energy harvesting systems. Room temper-
ature ionic liquids (RTILs) are environmentally friendly,
healthy, safe, and highly thermostable because of which they
have been widely investigated as novel solvents, electrolytes,
and soft functional materials as liquids in liquid-flow-induced
energy harvesting systems.”**** On the other hand, it is very
difficult to experimentally observe the microscopic details on
the nano-scale due to the limitations of the experimental
equipment and increased technical complexity. Therefore, in
our previous work,” a structure consisting of a nano-sized
imidazolium-based RTIL droplet and monolayer graphene
sheet with dimensions of 8.64 x 7.46 nm> was employed to
explore the phenomenon of voltage generation using MD
simulation. A flow-induced voltage of ~2.5 uV was obtained by
accelerating this droplet along the monolayer graphene sheet.

In this study, flow-induced voltage is investigated by driving
pure bulk RTIL 1-ethyl-3-methylimidazolium tetrafluoroborate
([Emim][BF,]) flowing over a graphene nano-channel consisting
of two parallel single-layered graphene sheets using MD simu-
lation for the first time. Because the distance between two
parallel single-layered graphene sheets and area of single-
layered graphene directly affect the distribution of anions and
cations in the adsorbed layer, considering the combined effect
of anions and cations in the adsorbed layer on the free charge
carrier of the graphene surfaces (interactions are 12.0 and
7.0 k] mol " per cation/anion and graphene, respectively) and
the characteristic of Coulomb's law, we have developed an
advanced equation that can effectively and accurately calculate
the flow-induced voltage of RTIL and graphene nano-channel
system on the nano-scale. Based on our developed advanced
equation, a maximal flow-induced voltage of 2.3 pvV was ob-
tained from such nano-scaled energy harvesting system;
meanwhile, the mechanism of flow-induced voltage generation
is revealed as the free charge carriers on the graphene nano-
channel surface are dragged along pure bulk RTIL's direction
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of movement, thereby generating flow-induced voltage. A satu-
ration of flow-induced voltage with increase of flow velocity is
observed, and we attribute this saturation mechanism to the
balance between the external driving force and viscous resis-
tance arising from internal RTIL and graphene nano-channels.
Moreover, the influence of the distance between two parallel
single-layered graphene sheets of the graphene nano-channel,
single-layered graphene area, system temperature (viscosity),
and average flow velocity on the flow-induced voltage is also
investigated.

2 Molecular models and simulation
methods

2.1 Molecular models

In this study, the imidazolium-based RTIL [Emim][BF,] flowing
over a graphene nano-channel under acceleration to generate
flow-induced voltage is studied by using MD simulation. Molec-
ular structures of the cations and anions used are shown in Fig. 1.
The energy harvesting mechanism was examined by simulating
the RTIL to flow over the graphene nano-channel and observing
the flow-induced voltage generation. Pure bulk RTILs comprise
some ion pairs, initially stacked in a simple cubic structure,
making use of the PACKMOL software,*® where the initial struc-
ture of a single RTIL pair is derived from the Cambridge Crys-
tallographic Data Centre (CCDC). For the MD simulation
presented in this paper, the lengths of all the used cubic bulk
RTIL droplets are 1, 2, 3, 4 and 5 nm. The numbers of [Emim]
[BF,] ion pairs under different graphene areas and graphene
nano-channel sizes are presented in Table 1. The graphene nano-
channel consists of two single-layered graphene sheets with
dimensions ranging from 1 to 25 nm? The graphene planes are
flexible, but their centres of mass (COMs) are fixed to prevent the
graphene from shifting under simulation. Fig. 2 shows the
ensemble structure with the initial cubic bulk including 450

Fig. 1 Molecular structures of 1-ethyl-3-methylimidazolium (Emim*)
and tetrafluoroborate (BF; 7).

This journal is © The Royal Society of Chemistry 2018
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Table 1 [Emim][BF,] ion pairs under different graphene areas and
nano-channel sizes

Size = 5 nm

Area (nm?) 1 4 9 16 25
Pairs (N) 18 72 162 288 450
Area = 25 nm”

Size (nm) 1 2 3 4 5
Pairs (N) 64 160 257 353 450

[Emim][BF,] ion pairs obtained from a separate MD simulation,
and the length of the side of the cubic bulk RTIL is 5 nm. The
dimensions of the simulation box are set as 5.0 x 5.0 x 10.0 nm?
to avoid interactions with neighboring cells (z direction). The
ensemble structure is the centre of the simulation box. Ortho-
rhombic periodic boundary conditions (PBC) were applied to all
the three directions of the simulated box during the entire
simulation.

2.2 Simulation methods

All the MD simulations were carried out using the general
purpose parallel MD simulation open-source package DL_POLY
4.08.”” Intra- and intermolecular interactions were represented
using a non-polarizable all-atom force field developed by Wang
et al. with the functional form for potential energy U:***°

Utotal = Ubonds + Uangles + Udihedrals + Unonbond

= Z[(,(r —r)’ + ZK(;(Q — )’

bonds angles
+ 3 Ko costng - v)) W
dihedrals 2

12 6
9y gi 4iq;
e | | = _ (X
" ;{ K |:(’l]) (V,'j) :| + 41‘5808,;’,-]}

the first three terms represent bonded interactions, i.e., bonds,
angles, and dihedrals. The non-bonded interactions are
described in the last term, including van der Waals (VDW, in the
Lennard-Jones (LJ) 12-6 form) and coulombic interactions of
atom-centred point charges. Electrostatic and VDW interactions
are calculated only between the atoms in different molecules or

Fig. 2 Initial structure of the ensemble including cubic bulk RTIL
droplets and graphene nano-channels.
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for the atoms in the same molecule separated by at least three
bonds. The VDW interaction parameters between different
atoms are obtained from the Lorentz-Berthelot combining
rules.*® For the carbon atoms of the graphene nano-channel, the
12-6 L] potential parameters are 0.4056 k] mol " and 0.34 nm.**
The Tersoff-Brenner covalent potential®*=** that successfully
describe the mechanical properties of carbon nano-tubes® is
used to describe the interaction between the carbon atoms of
the graphene sheet: the parameters are listed in Table 2.3

The Newton's equation of motion is integrated using
a velocity Verlet algorithm with an integration time of 2.0 fs
under the NVT ensemble. A Nosé-Hoover thermostat***” with
a relaxation time constant of 1.0 ps is applied to the system to
maintain a desired constant temperature corresponding to the
melting point of liquid of the respective system, and the
simulation temperature ranges from 300 to 375 K for the
studied RTILs. The initial velocities are randomly assigned to
the atoms according to the system's temperature. The cutoff of
the LJ and electrostatic interactions is taken as 1.5 nm. Long-
range coulombic interactions are treated using the smooth
particle mesh Ewald (PME) method.*®

The initial pure bulk RTIL configurations are equilibrated
at the appropriate temperature under the NPT ensemble until
the experimental value of the liquid density is obtained and
the total energy of the system converges to a constant
(Fig. S1t). In the results presented below, the initial configu-
rations are firstly equilibrated at T = 1000 K for 1 ns. The
equilibrated configuration at this temperature is then cooled
down sequentially to 300 K, with an interval of 100 K. At each
temperature, the system is equilibrated with the NVT simu-
lation for 1 ns. The obtained configuration at 7= 300 K is then
allowed to run for 10 ns to ensure a better equilibrium state.
After equilibration, a series of acceleration values ranging
from 0.001 to 0.2 nm ps~ > imposed only along the y direction
are applied on the pure bulk RTIL to collect corresponding
data taken every 1000 time steps in the next 10 ns. Similar
simulation procedures are performed with regard to temper-
atures above 300 K. After the simulation, the physical prop-
erties are characterized using the DL_POLY analysis tools, and
the structures are visualized with a molecular graphics soft-
ware named visual molecular dynamics (VMD).*®

Table 2 Parameters in Tersoff potential for graphene

Parameter Carbon

A (K)) 1.3446 x 10°
B (K]) 3.3451 x 10°
A(nm™h) 34.879

u (nm™) 22.119

8 1.5724 x 1077
n 7.2571 x 107"
c 3.8049 x 10*
d 4.3840

h —5.7058 x 10"
R (nm) 0.18

S (nm) 0.21

Xc-c 1.0
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3 Results and discussion

When the simulation systems reach equilibrium, the VDW
interactions between the cations/anions and graphene nano-
channel compel the cations and anions to aggregate on the
graphene surface, forming a stronger adsorbed layer; this can
be visually seen from Fig. 3a. By analysing the mean number
densities of anions and cations obtained from the position of
their COMs in the direction perpendicular to the graphene
surfaces (z direction), we find that these densities exhibit larger
fluctuations, reaching maximal values near the graphene
surfaces (Fig. 3b); this confirms the formation of a strongly
adsorbed layer near the graphene surfaces. Nevertheless, for the
direction parallel to the graphene surfaces (x and y directions),
the mean number densities of cations and anions fluctuates
across a fixed value, and no distinct layers occur close to the
graphene surfaces (Fig. S2t). Therefore, only the influence of
ion distribution along the z direction is considered when we
calculated the flow-induced voltage in this study, the ion
distributions of RTILs in the x and y directions are not
considered.

(a)

(b) 20

Anions
------ Cations

srrssssmase-

Mean number density (n/nm°)

T T T T T T T
25 20 -15 -10 -05 00 05 1.0 15 20 25

Z-Height (nm)

Fig. 3 (a) Equilibrium structure of the RTILs [Emim][BF,4] and graphene
nano-channel, (b) mean number densities of anions and cations in the
z direction: red solid line denotes anions; blue dashed line denotes
cations.
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Under acceleration, the anions and cations of bulk RTILs
move along the graphene nano-channel. On the basis of the
simulation results, we estimate the accumulated displacements
of anions and cations in each direction and find the accumu-
lated displacements in the x and z directions are much less than
that in the y direction, which indicates that when an external
force is applied along the y direction, the cations and anions are
driven along the graphene nano-channel in the y direction.
Fig. 4 shows the accumulated displacement of anions and
cations inside the graphene nano-channel (Fig. 3a). It is evident
that the slope of the accumulated displacement curves of the
anions and cations increases with time, tending toward a fixed
value. This means the average flow velocity of the anions and
cations nonlinearly increases to saturation with time, which is
consistent with previous research results.>*** As the average
flow velocity is eventually almost a constant, the effect of self-
consistent voltage generation can be neglected.>* According to
the accumulated displacements in the y direction, we calculate
the average flow velocities of anions and cations in the flow
direction under different applied acceleration values, as shown
in Fig. 5.

Fig. 5 depicts that the average flow velocities of anions and
cations have a nonlinear increase with time, ultimately reaching
a level of saturation. Under applied acceleration, the anions and
cations move along the direction of external force in the gra-
phene nano-channel and the flow velocity gradually increases.
Generally, constant acceleration applied to anions and cations
can make their velocities continuously increase linearly, and the
saturation phenomenon is not observed. However, the velocity
of anions and cations moving along the graphene nano-channel
exhibits an obvious saturation trend under applied accelera-
tion; this saturation can be attributed to the viscous resistance
arising from internal RTILs and graphene nano-channels. It is
well known that the viscous resistance is directly proportional to
the moving velocity of the object in liquid. When the anions and

Anions
------ Cations

Accumulated displacements (nm)

0 T T T T
0 200 400 600 800 1000

Time (ps)

Fig. 4 Accumulated displacements of anions and cations inside the
graphene nano-channel at applied acceleration of 0.15 nm ps~2,
where the system temperature is 300 K and the size of graphene

nano-channel is 5 nm.
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Fig.5 Average flow velocity of cations Emim™ in (a) and anions BF; ™ in
(b), varying with time under different applied acceleration values at
300 K.

cations flow over the graphene nano-channel under accelera-
tion, the viscous resistance gradually increases with the velocity
of anions and cations until the viscous resistance is equal to the
external driving force developed by this acceleration. At this
time, the restriction coming from the viscous resistance makes
the velocity of anions and cations no longer increase, tending
toward saturation. Fig. 5 also demonstrates that larger accel-
eration can make the velocity of anions and cations reach
a threshold value in a short period of time, but the ultimate
velocity of the anions and cations is basically the same under
different acceleration values.

Under steady flow, the anions and cations move along the
graphene nano-channel and then drag the free charge carriers
drifting along the graphene surfaces due to their strong inter-
actions with the adjacent anions/cations and graphene. These
carriers drifting along the graphene surfaces can generate
a flow-induced voltage. As shown in previous works, when the
HCI solution is moved along CNTs or graphene, only the anions
are involved in the generation of flow-induced voltage and the
cations are not considered due to their weaker interactions with

This journal is © The Royal Society of Chemistry 2018

View Article Online

Journal of Materials Chemistry A

the CNTs or graphene.** The flow-induced voltage was generally
estimated by®

V = RI = RoeLv (2)

where R = pL/S is the graphene sheet resistance; p, resistivity of
graphene of 10~ % Qm; L and S, contact length and contact area
of the droplet with graphene sheet, respectively; o, range of the
average free charge carrier density of graphene and is within
10'°-10”° m™?; e, electronic charge of 1.6 x 10~'° C; and v,
average drifting velocities of anions (Cl).

For the anions and cations of RTILs moving along the gra-
phene surface, the VDW interaction between these ions and
graphene compels them to accumulate on the graphene
surface, forming a strong adsorption layer owing to the complex
structures and larger volumes of cations and anions in RTILs.
Therefore, the effect of anions and cations should be entirely
taken into consideration when calculating flow-induced volt-
ages. This is because the anions and cations form the adsorbed
layers together near the graphene nano-channel surfaces (Fig. 3)
and contribute toward the generation of flow-induced voltage.
That is, the anions and cations in the adsorbed layer together
drag the free charge carrier on the graphene surface drifting
along the force direction, and all of them contribute toward the
generation of flow-induced voltage. Although the cations and
anions in the adsorbed layers are drifting in the same direction
under the applied acceleration, the drifting anions can induce
a current in the opposite direction of anions' and cations’
movement, which cancels out or reduces the current flow
resulting from the drifting of cations along the direction of
movement. Moreover, the strengths of coulombic interactions
between the anions/cations and graphene are directly propor-
tional to the charge and inversely proportional to the square of
the distance. Therefore, based on the aforementioned results
and taking the combined effect of anions and cations in the
adsorbed layer into consideration (the interactions are 12.0 and
7.0 k] mol ™" per cation/anion and graphene, respectively), we
developed the traditional equation to calculate the flow-induced
voltage as follows:

by
J 2P (z)dz

a

V =RI = RoeL| v — Vo 3)
"1
J, Z—z/ﬁ (2)dz

a

where v" and v~ are the average drifting velocities of cations and
anions, respectively. Further, p" and p~ are the charge densities

of cations and anions along the coordinate perpendicular to the
b

graphene surface, respectively. J (z)dz represents the

_ p7
a zz
. . . .1
integral of the modified anions charge density — p~ (z) from a to
z

b, which is the range of the adsorbed layer (Fig. 6); this term is
based on the combined effect of anions and cations in the
adsorbed layer on the free charge carrier of the graphene

. 1., ..
surfaces. The coefficient ) is based on the coulombic interac-

tions strength between the anions/cations and graphene, which
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Fig. 6 Charge density of anions and cations in the z direction: red
solid line denotes the anions and blue dashed line denotes the cations.

is inversely proportional to the square of the distance. Likely,

b

1 . . .

the J Z—Zp+ (z)dz in the denominator represents the integral of
a

1
the modified cations' charge density Z—2p+(z) from a to b.

According to our developed equation, we estimate the flow-
induced voltage for different average charge carrier densities
of graphene, and the results are presented in Fig. 7. From this
figure, it is evident that the flow-induced voltages of about 0.21-
2.1 pV are generated from relatively small dimensioned models
of nano-sized pure bulk RTIL [Emim][BF,] moving along the
graphene nano-channel at 300 K in our simulations. These
values are very close to the flow-induced voltage values gener-
ated from a nano-sized RTIL droplet flowing over monolayer
graphene,” while the slight difference in the flow-induced
voltages rising from these two different energy harvesting
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Fig.7 Flow-induced voltage as a function of the average flow velocity
under applied acceleration of 0.15 nm ps~2 at 300 K. The lines are
drawn only for guidance purposes.
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systems can be attributed to the additional viscous resistance
coming from the graphene nano-channel imposing on pure
bulk RTILs. Similarly, the saturation phenomenon of the flow-
induced voltage is also observed (Fig. 7), which is qualitatively
similar to previous results>*** and caused by the force balance
between the external applied force and the internal viscous
resistance arising from internal RTILs and the graphene nano-
channel. In a previous work,* about 85 nW of output power was
generated from ~0.6 M HCI solution at the rate of ~0.01 m s~*
flowing over a graphene film with dimension of ~30 x 16 um,
which equates to a power per unit area of ~175 W m™ 2. If the
energy harvesting systems have the same size, pure bulk RTILs
flowing over graphene nano-channels can produce up to 88 nW
of output power, as per our simulations, which equates to
a power per unit area of ~183 W m 2 This shows an
improvement of about 5% in the power per unit area when
compared to that obtained from ~0.6 M HCI solution flowing
over a graphene nano-channel.

Nano-fluidic behaviour is greatly dependent on the temper-
ature because temperature directly affects the viscosity of nano-

(a) 25
@
g
B —e— Anions, T=300K
2154 —aA— Cations, T=300K
° —u— Anions, T=375K
g ; —p— Cations, T=375K
&= 10 4
kP
o
s k
L
-
< 5
1
0 T T T T
0 200 400 600 800 1000
Time (ps)
(b)ys
204
>
=
o —u— T=300K
S 1.5 —e—T=375K
S
=
o
3]
5 1.0
R=
B
K=
™ 0.5+
0.0 T T T T
0 5 10 15 20 25

Average flow velocity (m/s)

Fig. 8 Average flow velocity of anions and cations at T = 300/375 K in
(a) and flow-induced voltage as a function of the average flow velocity
under applied acceleration of 0.15 nm ps~2 at T = 300/375 K in (b). The
lines are drawn only for guidance purposes.
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Fig. 9 MSDs of cations and anions for RTILs [Emim][BF4] at T = 300
and 375 K.

confined liquids.” Therefore, the influence of temperature on
the flow-induced voltage is investigated at 7' = 300 and 375 K.
Fig. 8a shows that the average flow velocities of cations and
anions at 7= 375 K exhibit an obvious increase when compared
with the average flow velocities of cations and anions at 7= 300
K. With the increase in temperature, the viscosity of RTILs
confined in the graphene nano-channel decreases. Conse-
quently, the effect of viscous resistance arising from internal
RTILs on cations and anions is impaired and the ions move at
larger velocities because of good fluidity and mobility. The
mobilities of cations and anions can be seen from the mean
square displacements (MSDs)** derived from the MD simulation
runs. Fig. 9 intuitively illustrates that the MSDs of cations and
anions at T = 375 K exhibit a clear increase when compared
with those at 7= 300 K. This increase indicates that the cations
and anions can more easily come out of their initial positions
and achieve larger velocities; this is consistent with the average
flow velocity presented in Fig. 8a. Likewise, we estimate the
flow-induced voltage on the basis of the average flow velocities
of cations and anions at T = 375 K, as shown in Fig. 8b. From
Fig. 8b, it is evident that the flow-induced voltage has a signifi-
cant increase at T'= 375 K, and a flow-induced voltage of 2.35 uv
has been obtained from flowing RTILs in the graphene nano-
channel. It is noteworthy that the flow-induced voltage tends
to be saturated as the average flow velocity reaches the level of
saturation caused by the constraint arising from the viscous
resistance.

The distance between two parallel single-layered graphene
sheets of the graphene nano-channel clearly affects the degree
of nano-confinement, and therefore, the average flow velocities
of cations and anions. Following a similar procedure, the
influence of the distance between two parallel single-layered
graphene sheets of the graphene nano-channel on the flow-
induced voltage is investigated by employing different gra-
phene nano-channel sizes such as 1, 2, 3, 4, and 5 nm. Fig. 10
shows that the average flow velocities of cations and anions
increase as the graphene nano-channel size increases,
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Fig. 10 Average flow velocity of cations Emim™ in (a) and anions BF,~
in (b), varying with time under applied acceleration of 0.15 nm ps~2 at
300 K.

eventually tending toward saturation. An increase in the
distance between the two parallel graphene sheets in the gra-
phene nano-channel may decrease the number of collisions per
unit volume, and also, increase the fraction of ions that are away
from the surface and increase the flow velocities.”*® On the
other hand, an increase in the graphene nano-channel size
weakens the interaction between graphene and cations/anions
and increases the flow velocity of cations and anions; this is
quantified by the MD simulation results using the radial
distribution function (RDF) plotted in Fig. 11. From this figure,
we can determine that the number of cations and anions
decreases as the graphene nano-channel size increases,
revealing that the interaction between graphene and cations/
anions is weakened with an increase in the distance between
two parallel single-layered graphene sheets of the graphene
nano-channel. Therefore, the viscous resistance of the graphene
nano-channel toward the cations and anions of RTILs is weak-
ened, too, and the cations and anions move with larger flow
velocities. Nevertheless, the average flow velocity does not
continuously increase as the graphene nano-channel size
increases because the viscous resistance arising from the
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internal RTILs plays a dominant role in larger graphene nano-
channel size and constrains the increase in the average flow
velocities. When the viscous resistance arising from the internal
RTILs is balanced by the external driving force developed by
acceleration, the average flow velocity no longer increases and
tends to become saturated. Due to the increase in the average
flow velocities of cations and anions toward saturation with an
increase in the graphene nano-channel size, according to our
developed eqn (3), the flow-induced voltages also increase as the
graphene nano-channel size increases, tending toward satura-
tion, as shown in Fig. 12.

Additionally, the generation of the flow-induced voltage is
dependent on the area of single-layered graphene in a graphene
nano-channel. The MD simulations performed for single-
layered graphene with areas of 1, 4, 9, 16, and 25 nm?* would
allow for the interference of the effect of single-layered gra-
phene area on the flow-induced voltage. The average flow
velocities of cations and anions are presented in Fig. 13, which
show that the average flow velocities of cations and anions
decrease as the single-layered graphene area increases, even-
tually tending toward saturation. With increasing single-layered
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graphene area, the contact area of RTILs and graphene nano-
channel also increases. Therefore, the viscous resistance of
the graphene nano-channel toward cations and anions of RTILs
is enhanced, too, which is imposed on the cations and anions of
RTILs, thereby reducing the fluidity of RTILs and mobilities of
cations and anions. The fluidity of RTILs and mobilities of
cations and anions are quantified by the MSDs of cations and
anions for different single-layered graphene areas, as shown in
Fig. 14. From this figure, it is evident that the MSDs of cations
and anions show larger values and decrease with an increase in
the single-layered graphene area; this indicates that the fluidity
of RTILs and mobilities of cations and anions reduce and the
cations and anions in a smaller area of single-layered graphene
can achieve larger flow velocities. Likewise, the average flow
velocity does not continuously increase as the area of single-
layered graphene decreases owing to the viscous resistance
arising from the internal RTILs and graphene nano-channel,
which hinders the increase in the average flow velocities. On
the basis of our developed eqn (3), we calculated the flow-
induced voltage in different single-layered graphene areas, as
shown in Fig. 15.

4 Conclusions

In summary, flow-induced voltage is investigated by driving
pure bulk RTIL [Emim][BF,] flowing over a graphene nano-
channel consisting of two parallel single-layered graphene
sheets using MD simulations for the first time. Considering the
combined effect of anions and cations in the adsorbed layer on
the free charge carriers of the graphene surfaces and the char-
acteristic of Coulomb's law, we develop an advanced equation
that can effectively and accurately calculate the flow-induced
voltage of this RTIL and graphene nano-channel system on
the nano-scale. According to our developed equation, a maximal
flow-induced voltage of 2.3 pV is obtained from such a nano-
scaled system because the free charge carrier on the graphene
channel surfaces is dragged along the pure bulk RTIL's direc-
tion of movement. A saturation of flow-induced voltage with an
increase in the flow velocity is observed, and this saturation can
be attributed toward the balance between the external driving
force and viscous resistance arising from internal RTIL and
graphene nano-channel. Excitingly and feasibly, the power per
unit area exhibits a 5% improvement when compared to ~0.6 M
HCI solution flowing over the graphene nano-channel consist-
ing of two parallel single-layered graphene planes (4.26 x 2.46
nm?). Further analysis shows that the flow-induced voltages
gradually increase toward saturation from 1.9 to 2.1 pV or
decrease from 2.3 to 2.1 uV when the distance between the two
parallel single-layered graphene or the area of a single layer of
the graphene nano-channel increases from 1 to 5 nm or from 1
to 25 nm?, respectively. Moreover, studies have shown that the
flow-induced voltage increases with the applied acceleration
(average flow velocity) and temperature (viscosity), and these
trends are attributable to the competition between the external
driving force developed by the acceleration and the viscous
resistance arising from internal RTIL and graphene nano-
channel. We anticipate that the study presented here provides
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a deeper understanding of energy harvesting on the nano-scale
and can promote the development and application of NEMSs
based on RTILs and graphene.
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