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ABSTRACT: Seeking to increase the triboelectric charge
density on a friction layer is one of the most basic approaches
to improve the output performance of triboelectric nano-
generators (TENGs). Here, we studied the storage mechanism
of triboelectric charge in the friction layer and discussed the
function of carrier mobility and concentration in the charge-
storing process. As guided by these results, a kind of composite
structure is constructed in the friction layer to adjust the depth
distribution of the triboelectric charges and improve the output
performance of TENGs. To further elucidate this theory, a
simple TENG, whose negative friction layer is a composite
structure by integrating polystyrene (PS) and carbon nanotubes (CNTs) into polyvinylidene fluoride (PVDF), was
fabricated, and its performance test was also carried out. Comparing with a pure PVDF friction layer, the composite
friction layer can raise the triboelectric charge density by a factor of 11.2. The extended residence time of electrons in the
friction layer is attributed to a large sum of electron trap levels from PS.
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Recently, the triboelectric nanogenerator (TENG) based
on coupling of a triboelectric effect and electrostatic
induction has been extensively developed for harvesting

mechanical energy from ambient environment.1 Unlike a
traditional chemical battery with limited lifespan2 and the
need for frequent replacement or recharging, a TENG can
directly translate mechanical energy into electrical energy and
power the functional electronics instantly. Although many other
approaches based on different mechanisms have been
demonstrated for effectively harvesting mechanical energy,
such as piezoelectric nanogenerators,3−12 electromagnetic
generators,13,14 and electrostatic generators,15 TENGs are
more dominant in power output and energy conversion
efficiency.16−18 This makes TENGs most likely to be the
energy supply for portable electronics19−21 and even possibly to
be used for large-scale power generation in the near future.
The working process of TENGs can be basically divided into

two steps: separation process of positive and negative charges
caused by friction or contact and an electricity output process
induced by electrostatic induction. The latter step is mainly
related to the device structure design, which usually focuses on

solving the problem of the device’s adaptability in different
environments.22−24 The first step, however, is mostly important
for the output of TENG because both the current and voltage
output are proportional to the triboelectric charge density on
the friction layer. Research in recent years suggested that
matching appropriate materials and building surface micro-
structure can greatly increase the triboelectric charge density
and the output of a TENG.25−27 However, these results are
either experimental outcomes or simple, qualitative theoretical
analyses. Limited research is available about the fundamental
mechanism of the triboelectrification process. Therefore, we
have no definite guidelines on how to effectively adjust the
triboelectric charge density in the friction layer.
Actually, the triboelectrification process can be further

divided into three subprocesses: the generation of the
triboelectric charges, the storage of the charges, and the loss

Received: March 25, 2016
Accepted: April 29, 2016
Published: April 29, 2016

A
rtic

le
www.acsnano.org

© 2016 American Chemical Society 6131 DOI: 10.1021/acsnano.6b02076
ACS Nano 2016, 10, 6131−6138

D
ow

nl
oa

de
d 

vi
a 

L
A

N
Z

H
O

U
 U

N
IV

 o
n 

A
pr

il 
2,

 2
02

0 
at

 0
9:

25
:5

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.6b02076


of the charge, respectively. First, it is only possible to know the
tendency of materials to gain or lose electrons based on the
triboelectric series, but the issues of most concern are the exact
yield of triboelectric charges (TCY) in a certain condition as
well as its influence factor and extent. Second, after the positive
and negative charges are separated, the storage position of
triboelectric charges still needs to be considered. Third, our
previous experiments indicated that the triboelectric charge
stored in the friction layer will decay along with time. However,
the factors that affect the process and the influence degree are
still mysteries until now. If all of these problems can be figured
out, the performance of TENGs can be further improved.
In this work, the relationship between the friction layer

thickness and the transport process of triboelectric charges in a
polyvinylidene fluoride (PVDF) film are investigated in detail.
It is noticed that if the thickness of the friction layer is larger
than the storage depth, the stored charge can reach a maximum,
and the excess increase of the storage depth does not contribute
to the charge accumulation. More importantly, based on the
calculated results, a dielectric layer and a transport layer were
added between the PVDF layer and the electrode. This
multilayer structure design provided a factor of 11.2 improve-
ment for the output performance of the TENG. As a general
conclusion, the study of the transport process of triboelectric
charges in the friction layer provides a new efficient approach to
guide our work in TENG research.

RESULTS AND DISCUSSION
Monolayer Friction Layer. First, a model for the

generation, transport, and loss process of the triboelectric
charge was established. As seen in Figure 1a, the orange part
represents the negative friction layer, which will capture
electrons from the positive friction layer (top aluminum
electrode in Figure 1a) during the triboelectrification process.
As the electrons are accumulated on the contact surface, the
positive charges can be induced into the electrode. As shown in
the schematic, an electric field will be set up between the
contact surface and electrode, and the electric field direction is
vertically upward. Therefore, two electron transfer modes exist:
a drift process caused by the electric field and a diffusion
process caused by the concentration gradient of electrons. The
loss of the triboelectric electrons comes from two aspects: one
is adsorbing positively charged ions or particles from air and the
other one is the combination with the induced positive charges
on the electrode. In order to simplify the calculation, several
assumptions should be put forward:

(1) When the driving force is constant, the TCY is also
constant for a moment.

(2) Considering the actual electric field intensity is large
enough in our experiment, the diffusion process can be
neglected.

(3) We take into account only the charge loss caused by the
combination of electrons and the induced positive
charges on the electrode.

(4) We neglect the impact of the trap levels on the
triboelectric electrons temporarily.

Figure 1. (a) Schematic of the transport process of triboelectric electrons in the negative friction layer of a TENG. (b) Theoretical
triboelectric charge distribution in the friction layer. The red line is the result of only taking the carrier mobility μ0 into account, and the black
line is the result considering both carrier mobility μ0 and its intrinsic carrier density n0. (c) Theoretical relationship between the total storage
charge and the thickness of the friction layer. (d) Measured total surface charge in the PVDF friction layer with different thicknesses. The
corresponding short-circuit currents are shown in the inset.
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(5) Compared with the sample thickness, the area of the
contact surface is large enough that the sample can be
assumed as one-dimensional.

Under the above assumptions the electron drift process is
modeled by the drift equation and solved by the recursion
method. The details are shown in the Supporting Information.
As PVDF is one of the most commonly used negative

materials for TENGs, it will be the major research subject in
this work. The carrier mobility and intrinsic carrier density of
PVDF are μ0 = 1.2 × 10−10 cm2/V·s and n0 = 5.5 × 1016 cm−3,
respectively. The contact surface area is about 1 cm2. The TCY
is approximately equal to 0.1 nC/s (this is an average value
measured within 10 s after the TENG begins to work, taken
from our following experimental test, shown in Figure 6).
Figure 1b shows the theoretical triboelectric charge distribution
through the depth of the friction layer under enough friction
time. The red line is the result with only the PVDF carrier
mobility being taken into account, and the black line is the

result when considering both PVDF carrier mobility and its
intrinsic carrier density. Accounting for the carrier mobility
solely, the triboelectric charge density will decrease with an
increase in the depth of the PVDF layer but never reach zero.
Considering the relationship between total quantity of the
triboelectric charge and the thickness of the PVDF layer
(Figure 1c), it is noticed that the thicker the friction layer, the
more triboelectric charge that will be obtained. Actually, the
intrinsic carriers in PVDF can promote the combination of the
triboelectric electrons, leading to the conversion of triboelectric
charge density to zero quickly in the friction layer (black line in
Figure 1b). When the PVDF thickness reaches about 4 μm,
there is a maximum value for the total charge amount stored in
the PVDF layer, and the excess thickness does not contribute to
the charge accumulation.
To verify the calculated results through experiments, nine

TENGs were fabricated, in which the negative friction layers are
PVDF films with different thicknesses prepared by spin-coating
and the positive friction layers are all aluminum foil. With

Figure 2. (a and b) Theoretical relationship between the total storage charge and the thickness of the friction layer with different carrier
mobility and intrinsic carrier density. (c and d) Theoretical triboelectric charge distribution in the bistratal friction layer. (e and f) Theoretical
relationship between the total storage charge and the thickness of the bistratal friction layer.
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preparatory work completed, these TENGs were set to work
for 30 min under the same driving condition. The short-circuit

current of these devices was collected and are shown in the
inset of Figure 1d. Figure 1d shows the change rule of the areal

Figure 3. Short currents of device A (a), device B (b), and device C (c). Device A has a 12 μm thick PS friction layer and 3.5 μm thick PVDF
dielectric layer; device B has a 3.5 μm thick PVDF friction layer only, and device C has a 3.5 μm thick PVDF friction layer and 12 μm thick PS
dielectric layer. (d) Peak currents and total surface charge of these three devices.

Figure 4. Short currents (a) and total surface charge of a TENG with different thickness PVDF friction layers and a PS dielectric layer of 10
μm thickness. Short-circuit currents (c) and total surface charge of a TENG with different thickness PS dielectric layers and a PVDF friction
layer of 3.5 μm thickness.
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density of the total triboelectric charge with the increase of the
PVDF layer thickness. Similar to the theoretical calculation, the
triboelectric charge areal density in the PVDF layer increases
with increasing its thickness at the beginning and then reaches a
stable status. In the calculation process above, the theoretical
model has been simplified, leading to the deviation of the
results from the experimental outcomes. However, from their
similar variation trend, a further understanding of the
triboelectric charge transport and storage processes can be
obtained. Further analysis about the effect of the carrier
mobility and intrinsic carrier density on the storage of
triboelectric charge has been carried out, as shown in Figure
2. It is noticed that the triboelectric charge distribution changes
with adjusting these two parameters independently, as shown in
Figure S2. When the carrier mobility is reduced to 10%, the
total amount of the triboelectric charge stored in the PVDF
layer is increased about 7 times (Figure 2a). Then on reducing
the intrinsic carrier density, the storage depth is obviously

increased while the incremental amount of the triboelectric
charge is less than that in reducing the carrier mobility. This
means that a smaller intrinsic carrier density can significantly
increase the valid thickness of the friction layer (Figure 2b).
Therefore, an ideal material for TENG needs to have a larger
TCY, smaller carrier mobility, as well and smaller intrinsic
carrier density, but these requirements can hardly be met
simultaneously.

Double-Layer Composite Friction Layer. To assemble
the advantages of different materials into one, a composite
structure model is attempted to be established for the friction
layer. First, layer A is selected as the contact surface, whose
mobility and intrinsic carrier density are μ0 and n0, respectively.
Then a thick dielectric layer, layer B, is added between layer A
and the electrode. This dielectric layer should have a smaller
carrier mobility or smaller intrinsic carrier density. The
simulation calculation results are shown in Figure 2c−f. It is
proved theoretically that a composite layered structure can

Figure 5. (a) Theoretical triboelectric charge distribution in the friction layer for three different states: ideal states (no TCY decay) (black
line), considering the TCY decay (blue dotted line), and adding a transport layer on the surface (red dot-dashed line). (b) Theoretical
relationship between the total storage charge and the thickness of the friction layer for the three different states. (c−f) Measured total surface
charge in the friction layer of TENGs with different structures.
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improve the total storage charge and storage depth
dramatically. To verify the feasibility of this method, TENG
devices were prepared accordingly: device A has a PS friction
layer with a thickness of 12 μm and a PVDF dielectric layer
with a thickness of 3.5 μm. Device B has only a PVDF friction
layer with a thickness of 3.5 μm, while device C has a PVDF
friction layer with a thickness of 3.5 μm and a 12 μm PS
dielectric layer. The positive friction layers of these TENG
devices are all aluminum foils. After making these TENGs work
for 30 min under the same driving conditions, the short-circuit
current of these devices are collected respectively, as shown in
Figure 3a−c. Figure 3d illustrates the current peak values and
the surface charge density of the three devices. Compared with
PVDF, PS is not an ideal negative friction material for TENG
due to its weaker ability to capture electrons from the positive
friction layer; thus both the current peak and surface charge
density of device A are smaller than those of device B. The
intrinsic carrier density of PS is smaller than that of PVDF, and
the electron mobility of PS is also smaller than that of PVDF
because PS has abundant trap levels of electrons. These make
PS one of the most suitable dielectric materials. TENG device
C, with the PS dielectric layer, shows an amazing charge storage
ability that is 7 times as much as that in device B, with the pure
PVDF layer. To investigate the effect of the PVDF−PS
composite structure in depth, we prepared two groups of new
TENG devices. One group has a varied thickness of the PVDF
friction layer while keeping the PS layer the same. The other
group has a varied thickness of the PS dielectric layer while
keeping the PVDF layer the same. With preparatory work
completed, the outputs of these devices were obtained,
respectively. Figure 4a is the short-circuit currents of devices
in group 1, and Figure 4b shows the surface total charge
accumulated in the composite layer. Unlike the situation in

Figure 1d, the thickness variation of the PVDF layer does not
have a significant influence on the stored charges. From the
above results it can be surmised that most of the triboelectric
charges are stored in the PS dielectric layer, and this is soon
confirmed by the test results of devices in group 2 (Figure 4 c
and d). As the thickness of the PS layer was increased from 3.1
μm to 14 μm, the accumulated charge increases from 3 nC/cm2

to 7.3 nC/cm2 and then reaches a stable status. This trend is
completely consistent with the pure PVDF device (Figure 1d)
and the theoretical results (Figure 2c and d).

Three-Layer Composite Friction Layer. Although the
experimental result is well consistent with the calculated result
in the variation trend of triboelectric charges, there exists a
great gap between the total charge quantity of these two results.
With a pure PVDF device, for example, the calculated value of
the maximal stored charge is 8 nC/cm2, but the experimental
result is only 1.5 nC/cm2. In our opinion, this gap probably
comes from the simplification of the theoretical model. The
two most important points can be summarized as the
combination of triboelectric charge and ions or charged
particles in the air as well as the impact of the TCY. At
present, only the second point is addressed in this study. In the
previous calculation, the TCY is simply regarded as a constant.
However, the triboelectric charge that enters the friction layer
early would in turn block the entrance of other charges, as
shown in the left inset in Figure 5a. In this way, the TCY will
decrease gradually with the accumulation of triboelectric
charges. If there really exists an attenuation effect on the
TCY, the most important factors must be the quantity of
triboelectric charge and the distance between the contact
surface and the charge. The more the charges are accumulated,
the smaller the TCY. Also, the shallower the storage depth of
charges, the smaller the TCY. In order to solve the problem
theoretically, two assumptions should be put forward:

(1) Only the charge stored at a depth of 0 to 2 μm affects the
TCY, and all of these charges have the same impact
degree on the TCY.

(2) Along with the increase of the accumulated charge, the
TCY tends to decay exponentially. The attenuation
function can be described as

= × −I a q Aexp( / )c (1)

Here Ic is the actual TCY, a is the ideal maximum TCY, q is the
total charge quantity accumulated at a depth from 0 to 2 μm,
and A is an attenuation coefficient. When considering the
attenuation of TCY, the new calculated results (blue line in
Figure 5a and b) are significantly smaller than the early results
(black line in Figure 5a and b). The most important thing to
the TENG is its output performance. However, now the
charges close to the contact surface will restrain the entering of
new charges; thus a method to lead the superficial charges to a
deep position should be found. On the basis of the above
analysis, we can replace a thin layer on the very surface with a
new transport layer that has a high conductivity. In this way, the
accumulated charge in the top surface layer will become less,
and accordingly the attenuation effect on TCY will also be
weakened; the schematic is shown in the right inset in Figure
5a. The red lines in Figure 5a and b are the calculated results
when the carrier mobility and intrinsic carrier density of the
surface layer of a thickness of 2 μm decreased by 5 times
compared with the original value. The red line in Figure 5b
obviously shows that this adjustment is very effective.

Figure 6. (a) Improvement effects of different composite friction
layer structure. (b) Accumulation process and decay process of the
triboelectric charge for a pure PVDF TENG device (red circle) and
a PVDF-PS TENG device (black square).
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To form the transport layer mentioned above in the
following experiments, 0.7 wt % carbon nanotubes (CNTs)
were added into PVDF or PS. This transport layer should be
sandwiched between the friction layer and the dielectric layer
rather than put on the outermost layer; if not, triboelectric
charges will be lost through the transport layer. As shown in
Figure 5c, when the transport layer is put on the outermost
layer, the total accumulated charge (red point) is less than that
in the pure PVDF device (black point). If this transport layer is
added between two PVDF layers, the charge density in the
composite layer is improved significantly and is even larger than
the maximum charge density of the pure PVDF device, as
shown in Figure 5d. For the PVDF−PS composite layer device,
the transport layer, which is composed of 99.3 wt % PS and 0.7
wt % CNTs, was sandwiched between the PVDF layer and the
PS layer; the charge storage capacity of these devices is shown
in Figure 5e. The transport layer not only gives a better charge
storage capacity but also increases the storage depth of the
triboelectric charge. As we continue to increase the content of
CNTs in the PS transport layer, the total charge quantity
increases very slowly (Figure 5f), which means that the amount
of stored charge increases more and more slowly when
increasing the transport layer’s conductivity. This result is
also consistent with the calculation above. It is noticed that the
stored charge decreases slower and slower along with the
increase in carrier mobility or density, as shown in Figure 2 a
and b. In summary, the triboelectric charge density can go up 7
times by adding a PS dielectric layer and 11.2 times by building
a three-layer structure that includes a PVDF layer, a composite
transport layer, and a PS dielectric layer. However, in the
previous report, the PVDF nanowire structure can only increase
the charge density up to 4.1 times27 (Figure 6a).
In addition, the charge accumulation process and its decay

process over time for the two kinds of TENGspure PVDF
device (red circles in Figure 6b) and PVDF−PS composite
layer device (black squares in Figure 6b)were tested
accordingly. Here, a decay time τ is used to characterize the
electron storage capacity for different materials, which means
the time it takes for 1/e charge to remain. For a pure PVDF
device, the decay time τPVDF is only 22 min. However, when a
PS dielectric layer is introduced, the decay time τPVDF−PS
reaches up to 44 h. This is because most of the triboelectric
charges are stored in the PS layer; meanwhile, the abundant
trap levels of electrons in PS can bind the flowing electrons
effectively.

CONCLUSION
In summary, the transport and storage process of the
triboelectric charge in the friction layer was investigated
comprehensively. On the basis of the theoretical analysis, we
proposed two effective approaches to improve the output
performance of the TENG. The first one is to add a PS
dielectric layer between the PVDF friction layer and the
electrode. The areal density of the total triboelectric charge in
the new device is 6 times higher than that in the pure PVDF
device. The other approach is to add a transport layer between
the friction layer and the dielectric layer or increase the
conductivity of the middle layer by introducing a small amount
of carbon nanotubes. This method can increase the triboelectric
charge yield effectively, and as such, the total charge quantity in
the friction layer could be further increased by a factor of 1.6.
Aiming at improving the output performance, these two
approaches can be widely used to guide the fabrication of

TENGs, which provides a solid foundation for TENG research
and development.

METHODS
Preparation of the PVDF and PS Solutions. A 2.0 g amount of

PVDF was mixed with 8.0 g of N,N-dimethylformamide (DMF) in a
50 mL triangular flask. The solution was stirred at 60 °C for 3 h and
cooled to room temperature. A 3.0 g amount of PS was mixed with 8.0
g of DMF in a 50 mL triangular flask; then it was stirred for 3 h to
ensure the dissolution of PS. All reagents were analytically pure and
used without any further purification.

Fabrication of TENG Devices. First, to fabricate the negative
friction layer part of the TENG, a piece of glass slide with side length
of 2.5 cm was prepared as substrate. Then the corresponding size
aluminum foil was adhered on the surface of this substrate by double-
sided tape. After that, the negative friction layers were prepared on the
surface of the aluminum foil by the spin-coating method. By adjusting
the spin speed of coating, from 500 rpm to 4000 rpm, the thickness of
the friction layer can be controlled easily. For the purpose of
facilitating the comparison, all the different negative friciton layers
share a single positive friction layer part, which is composed of a glass
substrate with a side lengh of 1 cm and a piece of aluminum foil affixed
to it.
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