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ABSTRACT: Harvesting flow-induced energy for powering
nanoelectromechanical systems offers much promise for
nanotechnology. Motivated by the electric eel, which is
capable of generating considerable electric shocks with highly
selective ion channels and pumps on its cell membrane,
herein, we employed molecular dynamics simulations to
investigate the flow-induced energy harvesting through
flowing three kinds of imidazolium-based ionic liquids (ILs)
over single-walled carbon nanotubes (SWCNTs) with
diameters varied from 1.22 to 4.07 nm at temperatures
ranging from 300 to 375 K. The results show that ILs inside a
SWCNT with a diameter of 3.39 nm flow at a speed of ∼19
m/s resulting in a considerable flow-induced voltage (FIV) up
to 2.22 μV, and the maximal FIVs increase from 1.91 to 2.34 μV as the diameter of the SWCNT varies from 1.22 to 4.07 nm at
300 K. Further analysis shows that this FIV arises from the free charge carriers on the inner surface of SWCNTs drifting along
the flow direction of ILs under the drag of the Coulomb field, and the FIV increases to saturation with increased average flow
velocity of ILs which is caused by the balance between internal resistance arising from the ILs and SWCNTs and the external
driving force. This work also demonstrates an advanced equation to appropriately and effectively calculate the FIV of flowing
ILs inside SWCNTs on the nanoscale which involves the effect of Coulomb field present in ILs on the free charge carriers of the
SWCNT inner surfaces and the characteristic of Coulomb interactions. Moreover, the dependence of FIV on anion species,
temperature, and average flow velocity of ILs is also investigated.

■ INTRODUCTION

With the rise of nanoscience and nanotechnology, harvesting
clean energy directly from the ambient environment offers
much promise for powering nanoelectromechanical sys-
tems.1−6 Since the electron drag of nanotube in flowing
liquids was proposed in 2001,7 theoretical8−10 and exper-
imental studies10−17 have illustrated that a flow-induced
voltage (FIV) or electric current can be generated from
flowing water and other polar liquids over carbon nanotubes
(CNTs) along the flow direction. For experimental studies,
flowing hydrochloric acid (HCl) solution over single-walled
CNT (SWCNT) bulks filled between two metal electrodes
with 1 mm spacing was reported to generate a FIV up to 10
mV along the flow direction. The generated FIV increases to
saturation with increased average flow velocity (AFV) of the
HCl solution, and the saturated value is significantly dependent
on the polarity of the liquids and ionic conductivity but is
about ten times smaller in multiwalled CNTs (MWCNTs).11

In contrast, it was later reported that even flowing pure water
over aligned MWCNTs films can generate a FIV up to 20 mV

and higher in flowing mild sodium chloride solutions.12

Meanwhile, the research results also confirmed that the FIV
also sensitively depends on the type of CNT, and flowing
potassium chloride (KCl) solutions over the semiconducting
SWCNTs film can generate a FIV three times higher than
metallic SWCNTs film.18 For theoretical studies, although
several different mechanisms, such as electron drag,7 streaming
potential model,8 surface ions hopping (electronic friction
against free electrons),19 pulsating asymmetric ratcheting,11

and the mutual coupling of mobile dipoles and free charge
carrier,13,14 have been proposed to elucidate the generation of
the FIV in CNTs in the above-mentioned experiments, none of
them can offer a satisfactory explanation for all observed
phenomena.7−12,14,20

However, the defects of the common liquids (methanol/
ethanol aqueous solutions, KCl solutions, HCl solution, etc.)
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applied in the above-mentioned experimental studies, such as
being volatile, caustic, and virose, make it difficult to further
apply the flow-induced energy harvesting system in health and
related fields. Room temperature ionic liquids (ILs) are health-
safe, environmentally friendly, and highly thermostable soft
functional materials that can act as liquids in flow-induced
energy harvesting systems,21−23 which can overcome the
defects of common liquids and promote the further application
of a flow-induced energy harvesting system. As reported in
previous work, the ILs confined in SWCNTs exhibit an
ultrafast diffusion due to low friction, molecular stacking, and
cooperative dynamics effects, which benefits the FIV
generation.24 Moreover, the great technical complexity and
experimental equipment make it difficult to observe the
microscopic details of the nanoscale through experiments,
while the molecular dynamics (MD) simulation is a powerful
tool to understand molecular or atomic details and has been
widely employed to various fields, such as the nanofluids,
vibrational spectrum, and nanoconfined liquids.22

Therefore, in this work, MD simulation is employed to
probe the FIV generation by flowing three kinds of
imidazolium-based ILs inside SWCNTs on the nanoscale.
Flowing ILs inside SWCNT can generate a considerable FIV
up to 2.22 μV. We propose that this potential stems from the
free charge carriers (FCCs) on the inner surfaces of SWCNTs
drifting along the flow direction under the drag of the
Coulomb field produced by ILs. Importantly, this work
demonstrates an advanced equation, which can appropriately
and effectively calculate the FIV of flowing ILs inside
SWCNTs on the nanoscale taking the characteristic of
Coulomb interactions and the effect of Coulomb field

produced by ILs on the FCCs of the SWCNT inner surfaces
into consideration. In addition, this work also investigates the
dependence of the FIV on anion species, temperature, and
AFV, and the flow-induced energy harvesting system has great
application potential in self-powered devices and systems.

■ MOLECULAR MODELS AND SIMULATION
METHODS

In this work, MD simulation is employed to investigate the
generation of the FIV through flowing ILs inside the SWCNTs
under an acceleration. The molecular structures of three kinds
of imidazolium-based ILs (1-ethyl-3-methylimidazolium chlor-
ide ([Emim][Cl]), 1-ethyl-3-methylimidazolium tetrafluoro-
borate ([Emim][BF4]), and 1-ethyl-3-methylimidazolium
hexafluorophosphate ([Emim][PF6])) simulated in this work
and an initial ensemble structure consisting of the cylindrical
bulk ILs and a SWCNT are presented in Figure 1a,b,
respectively. The main reason for choosing these three kinds
of ILs is that they have the same cations, while the anions have
a symmetrical structure (a center of inversion or tetrahedral
symmetry). As shown in Figure 1b, the initially cylindrical
structures are stochastically comprised of some ion pairs of ILs
using the PACKMOL software.25 The SWCNTs are selected
from a segment of (9,9), (12,12), (16,16), (20,20), (25,25),
and (30,30) CNTs with diameter of 1.220, 1.627, 2.170, 2.712,
3.390, and 4.068 nm and length of 10.944 nm. For the MD
simulation presented in this work, the number of ion pairs is
calculated taking the effective diameter of the SWCNT into
consideration. The effective diameter of the SWCNT for
occupancy of cations and anions is estimated as Deff = DCNT −
2σc, where σc is the van der Waals (vdW) radius of carbon

Figure 1. (a) The molecular structures of the ions constituting the ILs studied in this work, (b) an initial computational model of ILs [Emim][BF4]
flowing inside a (25,25) SWCNT, (c) the radial equilibrium structure of the ILs [Emim][BF4] inside a (25,25) SWCNT at T = 300 K, and (d)
contour plots of radial number density (atoms × nm−3) of the ILs [Emim][BF4].
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(0.17 nm). The ion pairs of ILs inside different SWCNTs are
presented in Table 1. The SWCNTs are flexible, but their

centers of mass are fixed to prevent the SWCNTs from shifting
in the simulation. The size of the simulation box is set as 11.0
× 11.0 × 11.0 nm3 to avoid interactions with neighbor cells (x
and z directions). The ensemble structure is the center of the
simulation box.
The MD simulation package DL_POLY 4.08 is employed to

all MD simulations in this work.26 An all-atom force field
developed by Wang and co-workers is used for intra- and
intermolecular interactions.27 The vdW parameters for unlike
atoms are mixed by the Lorentz−Berthelot combining rule.28

The 12-6 Lennard−Jones potential parameters of carbon
atoms in SWCNTs are 0.4056 kJ·mol−1 and 0.34 nm.19 The
velocity verlet algorithm is used to integrate the Newton’s
motion equation. The Nose−́Hoover thermostat29,30 with a
relaxation time constant of 1.0 ps is employed to maintain a
desired system temperature (varying from 300 to 375 K). The
distance of the Lennard−Jones and electrostatic interactions is
cut off in 1.5 nm. The smooth particle mesh Ewald method is
used to deal with the long-range Coulomb interaction.31

Periodic boundary conditions are applied to all directions of
the simulated box.
The simulated ILs are equilibrated by a simulated annealing

procedure as follows. The initial random configuration goes
through a series of NPT simulations at a constant pressure P =
100 atm and different temperatures from T = 1000 K down to
800, 600, 400, and 300 K. At each temperature, the system is
simulated for 1 ns. The last configuration was then equilibrated
with a 5 ns NPT simulation at P = 1 atm and T = 300 K to
obtain the average simulation volume V. After that, the ILs
further go through another simulated annealing procedure in
the NVT ensemble with the same temperature sequence and
the determined V. After 20 ns of NVT simulation, the total
energy of the simulated system slightly fluctuates around a
fixed value (Figure S1) and the system reaches equilibration.
The obtained ILs equilibrium configuration and SWCNT are
then allowed to run for 20 ns to ensure a better equilibrium
state under the NVT ensemble at T = 300 K. Then, a series of
accelerations (from 0.001 to 0.2 nm·ps−2) are applied only in
the axial direction of the SWCNT for another 20 ns simulation
to make the simulation system reach a better equilibration
state. When the ILs show a steady flow in the SWCNT, the
corresponding statistical average data are collected and
analyzed. For the simulation systems at other temperatures
(T = 325, 350, and 375 K), similar procedures are adopted.
Thus, this can ensure the reliability of the results. The
DL_POLY analysis package32 and the visual molecular
dynamics (VMD) software33 are used to characterize the
physical properties and visualize the structures of simulated
systems, respectively.

■ RESULTS AND DISCUSSION

Number Density Distribution. After the simulated
systems reach the equilibration, the ions distribution inside
the SWCNT is first investigated because it directly determines
the FIV generation. Taking the [Emim][BF4] ILs inside a
(25,25) SWCNT as a representative example, the equilibrated
system structure is shown in Figure 1c. As can be seen from
Figure 1c, more anions and cations aggregate on the inner
surface of SWCNT to form the stronger adsorbed layers (the
shaded region in Figure 1c) that are generally called the first
solvation shell (FSS); this is confirmed by the radial number
density of the [Emim][BF4] ILs presented in Figure 1d. Figure
1d indicates the radial number density of ions exhibits larger
fluctuations and reaches maximal values near the inner surface
of SWCNT. The radial number density of ions near the inner
surface of SWCNT almost doubles compared to the bulk
number density in central region of SWCNT which could be
attributed to the vdW interactions between ILs and SWCNT.
Meanwhile, we also calculate the axial number density of
cations and anions and find it fluctuates across a constant value
and the distinct layers do not occur in the axial direction
(Figure S2b). Therefore, only the influence of ions distribution
in the radial direction is involved in calculating the FIV in this
work, and the axial distribution of cations and anions is not
considered.

Calculated Equation for Flow-Induced Voltage. In this
work, the charged cations and anions naturally and inevitably
lead to Coulomb field presented around them. When the
cations and anions move inside a (25,25) SWCNT at a
constant velocity, the fluctuating Coulomb field presented
around the ILs drags the FCCs on the SWCNT’s surface to
drift in the direction of ILs flow. Thus, this generates a FIV due
to FCCs drifting along the SWCNT surfaces. Under these
circumstances, the previous reported equation16 only taking
the effect of the anions in the generation of FIV into
consideration is not appropriate for calculating this FIV of
flowing ILs in a SWCNT because the FCCs on the inner
surface of the SWCNT drift along the flow direction under the
drag of the Coulomb field produced by cations and anions in
the FSS together and they all devote to the generation of the
FIV. It is worth noting that the driving anions could generate a
current in the opposite flow direction, which could counteract
or reduce the current generated by driving cations along the
flow direction. Thus, the FIV of flowing ILs in a SWCNT
could be estimated considering the effect of cations as

V R eL v kv( )σ= −+ − (1)

where the resistance R is dependent on the CNT structure as R
= 4R0L/(πD

2), R0 is the reference resistance of 400 Ω·nm, and
D is the diameter of the SWCNT.34 σ represents the average
FCCs density of the SWCNT and is about 0.89 × 1020 m−2; e
is the electronic charge (1.6 × 10−19 C). L is the length of the
SWCNT. v+ and v− are the AFVs of cations and anions,
respectively. k is a correction term introduced by the converse
contribution of anions to the generation of FIV.
On the other hand, flowing ILs inside the SWCNT can

make cations and anions accumulate on the inner surface of
the SWCNT to form the FSS (Figure 1c) due to the vdW
interactions between SWCNT and ILs. The radial number
density of ions in the FSS almost doubles compared to the bulk
number density in the central region of the SWCNT, and this
makes the radial charge densities of cations and anions (ρ+(r)

Table 1. Ion Pairs of Three Kinds of ILs for Different
SWCNTs

(9,9) (12,12) (16,16) (20,20) (25,25) (30,30)

[Emim][BF4] 26 55 111 186 308 460
[Emim][PF6] 22 47 96 161 266 397
[Emim][Cl] 30 65 131 220 363 543
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and ρ−(r)) exhibit larger and different values (Figure 2). Thus,
the correction term k in eq 1 could be expressed as

k
r
r

( )
( )

ρ
ρ

=
−

+ (2)

Furthermore, Coulomb interaction strengths between ILs
and the FCCs on the inner surface of the SWCNT are directly
proportional to the charge and inversely proportional to the
square of the distance. Considering this characteristic of
Coulomb interactions, the radial charge densities of anions and
cations can be modified as r( )

r
1
2 ρ− and r( )

r
1
2 ρ+ . Nevertheless,

since the factor
r
1 has been considered in calculating radial

charge densities of cations and anions, the modified radial
charge densities for anions and cations should be expressed as

r( )
r
1 ρ− and r( )

r
1 ρ+ . Last but not least, all the effect of the

Coulomb field generated by cations and anions in the FSS and
bulk on the FCCs should be considered. That is, the modified
radial charge densities should be integrated in the range of
Coulomb field effect on FCCs (from r0 to r, r = r0 + rcut).
Therefore, eq 2 could be further expressed as
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Replacing k in eq 1 using eq 3, we obtain the compact
expression to calculate the FIVs of flowing ILs inside a
SWCNT as
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Flow-Induced Voltage Generation. To drive the ILs
flowing along the SWCNT, an acceleration is exerted on the
ILs in the axial direction. Under an acceleration, the cations
and anions of ILs are driven to move along the axial direction
of the SWCNT. According to the simulated results, the
accumulated displacements of cations and anions inside a

(25,25) SWCNT under an applied acceleration of 0.15 nm·
ps−2 in axial and radial direction are calculated and the axial
accumulated displacements are much larger than that in the
radial direction. This means that an external driving force
(EDF) is applied in the axial direction and drives the cations
and anions to move inside a (25,25) SWCNT along the axial
direction. The accumulated displacements of cations and
anions in the axial direction are calculated and shown in Figure
3. It can be clearly seen from Figure 3 that the growth rate of

accumulated displacements of cations and anions gradually
increases to a constant over time; that is, the slope of the
accumulated displacements curves of cations and anions
increases with time and then tends to a fixed value. These
results indicate that the AFVs of cations and anions nonlinearly
increase and then tend to saturation over time, which provides
an analogous result with previous study.16,35 Meanwhile,
Figure 3 also indicates that the accumulated displacements of
cations are slightly greater than the anions. The larger
accumulated displacements of cations could be caused by the
different viscous drag produced by internal ILs and friction
generated by SWCNT for cations and anions. Due to a flatter
structure of the cation than the anion, the cation receives less
viscous drag compared to the anion. On the other hand, the
symmetry of the cation may allow for its faster movement in
the imidazolium ring plane (axial direction) than in the normal
to the imidazolium ring direction (radial direction).36 To
further understand the difference of accumulated displace-
ments between cations and anions, we calculate the mean
square displacements (MSDs) of cations and anions inside a
(25,25) SWCNT and find the MSDs of cations are slightly
greater than anions; the results are presented in Figure S3.
On the basis of the accumulated displacements in the axial

direction, the AFVs of cations and anions in flow direction at
different accelerations are calculated and presented in Figure 4.
It is shown that the AFVs of cations and anions nonlinearly
increase in the initial stage under an applied acceleration and
then gradually tend to be saturated over time. Generally
speaking, the velocity of the object is proportional to the
acceleration it receives and will continually increase under an
acceleration over time. However, the AFVs of cations and
anions shown in Figure 4 exhibit a saturation rather than a
continuous linear increase. In fact, when the cations and anions

Figure 2. Radial charge density of ions at T = 300 K, where the inset
shows the range (rcut) of Coulomb field effect on FCCs.

Figure 3. Accumulated displacements of ions inside a (25,25)
SWCNT under a 0.15 nm·ps−2 acceleration at T = 300 K.
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move inside a SWCNT, the cations and anions are subject to
EDF arising from applied acceleration, the viscous drag
generated by internal ILs, and friction produced by SWCNT.
The balance between viscous drag, friction, and EDF leads to
this saturation phenomenon. As a universal principle, viscous
drag is proportional to the velocity at which an object moves in
a liquid. Under an acceleration, the AFVs of cations and anions
increase over time, and meanwhile, the viscous drag also
increases. When the sum of viscous drag and friction is
equivalent to the EDF, the AFVs of cations and anions do not
further increase and thus show a saturation trend. Figure 4 also
demonstrates that the ultrasaturated AFVs of cations and
anions increase as the applied acceleration increases. A larger
acceleration means that a larger EDF is imposed on the cations
and anions, and to overcome this larger EDF, a larger viscous
drag is needed. Consequentially, the AFVs of cations and
anions will increase and produce a larger viscous drag to
balance a larger EDF.
On the basis of the above-mentioned advanced eq 4, the FIV

for the ILs [Emim][BF4] flowing inside a (25,25) SWCNT is
calculated and the result is presented in Figure 5. As is clear
from Figure 5, the relatively small size model of ILs
[Emim][BF4] flowing in a (25, 25) SWCNT produces a FIV
of about 2.22 μV at T = 300 K. This value is slightly less than
the FIV (2.32 μV) produced by a nanoscale ILs [Emim][BF4]
droplet flowing over a single-layered graphene,35 and the small

difference could be caused by the extra larger viscous drag and
friction from the SWCNT applied to the ILs. Meanwhile,
Figure 5 also demonstrates that the FIV exhibits an
approximately linear increase and then tends to saturation as
the AFV increases, which is qualitatively similar to previous
experimental and computational results10,11,16,35,37 and arises
from the balance between viscous drag from internal ILs,
friction from SWCNT, and EDF from an applied acceleration.
When cations and anions move along the axial direction of
SWCNT under an applied acceleration, the cations and anions
also hop in the radial direction of SWCNT. This leads to a
smaller radial displacement of cations and anions; thus, the
flow-induced voltage exhibits an approximately linear increase.

Diameter of SWCNT Effect. It is well-known that the
diameter of the SWCNT significantly affects the extent of
nanoconfinement, thus affecting the AFVs of cations and
anions. Employing different diameters, such as 1.220, 1.627,
2.170, 2.712, 3.390, and 4.068 nm, would allow for interference
of the effect of the SWCNT diameter on the FIV. The
equilibrated structures of ILs [Emim][BF4] inside SWCNTs of
different diameters at T = 300 K are presented in Figure S4,
and the average number and charge density in the radial
direction are shown in Figure S5. Under a 0.15 nm·ps−2

acceleration, the cations and anions inside different SWCNTs
obtained different AFVs and the AFVs of cations and anions
increase as the diameter of the SWCNT increases (Figure S6).
A larger diameter of the SWCNT may result in the larger
numbers of ions, which are away from the inner surface of the
SWCNT, and the smaller numbers of collisions per unit
volume to increase the AFVs.22,37,38 Meanwhile, the inter-
actions between the SWCNT and ions decrease as the
diameter of the SWCNT increases, and thus, cations and
anions obtain the larger AFVs. The tendency can be quantified
by the radial distribution function (RDF) arising from the MD
simulation results presented in Figure S7, and the peak values
of the RDFs decrease as the diameter of the SWCNT
increases. This weakens the interaction between SWCNT and
ILs and the friction from the SWCNT toward the cations and
anions and increases the AFVs of cations and anions. However,
as the diameter of the SWCNT increases, the AFVs do not
continue to increase because the viscous drag caused by the
internal ILs plays a significant role in the larger diameter
SWCNTs and imposes restriction on the increase in the AFVs.

Figure 4. AFV of cations and anions in (a) and (b), changing with
simulated time under different accelerations at T = 300 K.

Figure 5. FIV as a function of varying AFV under a 0.15 nm·ps−2

acceleration at T = 300 K.
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When the viscous drag caused by the internal ILs and the
friction generated by the SWCNT are equal to the EDF
produced by the applied acceleration, the AFVs do not further
increase and then exhibit a saturation trend. Since the AFVs of
cations and anions increase as the diameter of the SWCNT
increases, according to the advanced eq 4 we developed, the
FIVs also increase as the diameter of the SWCNT increases
and then tend to saturation, as shown in Figure 6.

Anion Species Effect. The anion species largely determine
the transport properties of ILs39,40 and thus affect the AFVs of
cations and anions. In this work, three kinds of imidazolium-
based ILs including different anions (BF4

−, PF6
−, and Cl−)

filled inside (25,25) SWCNTs are carried out to anatomize the
influence of anion species on the FIV generation. The same
temperature (T = 375 K) is employed for all ILs to ensure the
reliability of the simulation results. For three equilibrated
systems, more cations and anions aggregate on the inner
surface of SWCNTs to form the FSS due to the strong
interaction between ILs and SWCNTs; the radial number
density of ions exhibits larger fluctuations and reaches maximal
values near the inner surface of SWCNTs which almost
doubles compared to the bulk phase. Considering the
distribution of cations and anions of three kinds of ILs, we
calculate the AFVs of cations and anions for three kinds of ILs
inside (25,25) SWCNTs and the results are presented in
Figure S8. By comparing the calculated AFVs of cations and
anions for three kinds of ILs inside (25,25) SWCNTs, we find
that the AFVs of anions follow the order Cl− > BF4

− > PF6
−

(Figure S8b). Since these three kinds of ILs have the same
cation and the anions have a center of inversion or tetrahedral
symmetry, according to previously reported results,38,39,41 the
diffusion of these three kinds of ILs is mainly dependent on the
volume of anion. Obviously, the volumes of anions follow the
order Cl− < BF4

− < PF6
−.42 As the anion volume increases, the

viscous drag arising from surrounding anions and cations also
increases. Thus, the transfer ability of the anion decreases, and
the AFV of anion decreases. Due to the stronger interaction
between cation and anion, the transfer ability of the
corresponding cation decreases and the AFV of the cation
also decreases. That is, the AFVs of cations also follow the

order [Emim][Cl] > [Emim][BF4] > [Emim][PF6] (Figure
S8a). On the basis of the AFVs of cations and anions and our
developed advanced eq 4, the FIVs are calculated and
presented in Figure 7. The effect of microstructural changes

of these three kinds of ILs inside (25,25) SWCNTs on the
FIVs is considered in calculating the radial charge density of
cations and anions in eq 4. From Figure 7, we can find that the
FIVs of different ILs inside a (25,25) SWCNT also increase to
saturation as the AFVs increase.

System Temperature Effect. Due to the high sensitivity
of physicochemical properties of nanoconfined ILs toward
temperature,22 probing the dependence of the FIV on
temperature is a significant point. Therefore, the dependence
of the FIV on temperature is probed at T = 300, 325, 350, and
375 K in this work. Following a similar procedure, the AFVs of
cations and anions are calculated in accordance with the
accumulated displacements and the results are presented in
Figure S9. As the temperature increases, the increased distance
between cations and anions makes the binding effect of
Coulomb interactions in ILs on cations and anions be
weakened and the ions obtain good mobilities. Thus, the
cations and anions drift at larger AFVs inside a (25,25)
SWCNT. The mobilities of cations and anions can be
confirmed by the MSDs21,28,37 of themselves originated from
the simulated results. Figure S10 shows the calculated MSDs of
ions, and it visually shows that the MSDs of ions exhibit an
increase as the temperature increases from 300 to 375 K. This
increase manifests that the ions can more easily exit from their
start positions to get larger velocities, which is confirmed by
the AFVs plotted in Figure S9. Similarly, the FIVs are
calculated according to the AFVs of cations and anions from
300 to 375 K, and the results are presented in Figure 8.
Obviously, the AFVs increase as the temperature increases
from 300 to 375 K, and a 2.60 μV peak FIV generates from
flowing ILs inside a (25,25) SWCNT at T = 375 K which has a
16% increase compared to the value at T = 300 K. It is worth
noting that a similar saturation trend also exists as the AFVs
increase to saturation; this could be attributed to the viscous
drag generated by inner ILs and friction arising from SWCNT.

Figure 6. FIV as a function of the AFV for different SWCNTs under a
0.15 nm·ps−2 acceleration and T = 300 K.

Figure 7. FIV as a function of the AFV for different anion species
under a 0.15 nm·ps−2 acceleration and T = 375 K.
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■ CONCLUSION
In summary, the generation of FIV is probed through flowing
three kinds of imidazolium-based ILs inside SWCNTs using
MD simulations on the nanoscale. The simulated results show
that flowing ILs [Emim][BF4] inside a (25,25) SWCNT at a
speed of ∼19 m/s can generate a considerable FIV up to 2.22
μV at T = 300 K. This potential arises from the FCCs on the
inner surfaces of SWCNTs drifting along the flow direction
under the drag of the Coulomb field produced by ILs. The FIV
increases to saturation as the AFV increases which is caused by
the balance among the EDF coming from applied acceleration,
internal viscous drag generated by inner ILs, and friction
produced by SWCNT. Significantly, an advanced equation is
modified to appropriately and effectively calculate the FIV of
flowing ILs inside SWCNTs on the nanoscale involving the
effect of Coulomb field produced by ILs on the FCCs of the
SWCNT inner surfaces and the characteristic of Coulomb
interactions. Analyzing the simulated results confirms that the
FIVs increase from 1.91 to 2.34 μV as the diameters of
SWCNTs vary from 1.22 to 4.07 nm at T = 300 K, and
meanwhile, the FIV also increases as the volume of anion
decreases (PF6

− > BF4
− > Cl−). Additionally, the simulated

results also indicate that the FIV increases as AFV and
temperature increase which is caused by the cooperative effect
among the EDF arising from applied acceleration, the viscous
drag generated by internal ILs, and friction produced by
SWCNT, and a 2.60 μV peak FIV generates from flowing ILs
inside a (25,25) SWCNT at T = 375 K which has a 16%
increase compared to the value at T = 300 K. We hope this
work will greatly enhance understanding of the FIV on the
nanoscale and accelerate the process of the flow-induced
energy harvesting in self-powered devices and systems.
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