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devices[1–4] is a good choice to solve the
energy crisis. Nowadays, a notable technological trend is the rapid growth of selfpowered electronics for applications in
communication, personal health care,
and environmental monitoring, especially
applying in harsh environments, such as
under high/low temperature,[5,6] high humidity,[7,8] or corrosive conditions.[9,10] In
recent years, many studies have proved that
the TENG is a simple and attractive
approach for converting ambient mechanical energy into electricity,[11–14] which can
be used as a potentially competitive power
source for self-powered electronic devices.[15–18] It is very important and interesting to explore the effect of temperature on
the electrical performance of TENG, especially when the self-powered electronics
powered by TENG are used in some
extreme conditions such as the frigid
zones, and desert regions. However, there
are few studies about this temperature
effect on the output performance of TENG.
Although several publications showed that
the dependence of electrical output of
TENG at different temperature conditions,[19,20] the principle how the temperature affects the
electrical performance of the TENG is still not clear.
Here, a TENG which worked in single-electrode mode was used
to reveal the output characteristics of TENG in various temperature
environments. Its short-circuit current and output power ranges
from 1.45 to 0.875 mA and from 0.3943 to 0.1157 W m2,
respectively, under a low working frequency of 3 Hz when the
temperature varies from 20 to 150  C. The affecting principle of
the temperature on the electrical outputs was investigated by
measuring the relative permittivity of PTFE sheet, the theoretical
calculations, and the characterizations of PTFE surface. The
results proved that the output performance of TENG at different
temperature conditions is associated with the gaining/storing
electron ability of PTFE sheet. This work will provide a reference
for the application of wearable electronics in harsh environments.

The triboelectric nanogenerator (TENG) is a promising energy harvesting
technology that can convert mechanical energy into electricity and can be
used as self-powered active sensors. However, previous studies are mostly
carried out at room temperature without considering the temperature effect
on the electrical performance of TENGs, which is critical for the application
of electronics powered by TENGs in different regions in the world. In the
present work, a TENG that worked in the single-electrode and contactseparation mode is utilized to reveal the influence of environment temperature on the electrical performance of TENG. The electrical performance of the
TENG shows a decreasing tendency, as the temperature rises from 20 to
150  C, which is controlled by the temperature-induced changes in the ability
of storing and gaining electrons for polytetrafluoroethylene (PTFE). The
storing electron ability change of PTFE is attributed to two aspects: one is
the reduction of relative permittivity of PTFE sheet as the temperature
increases, and the other is the variations of effective defects such as the
escape of trapped charges in shallow traps and surface oxidation under the
effect of temperature perturbation. This work can provide useful information
for the application of TENG in both electric power generation and selfpowered sensors in the harsh environment.

1. Introduction
With the growing threat of limited fossil fuels and related
environmental issues, searching for renewable energy sources
from ambient environment becomes necessary for the sustainable development of human civilization. Harvesting neglected
energy of the ambient environment to power electronic
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2. Experimental Section
Fabrication of the TENG: The TENG in this work was made up of a Al foil
(55  55  1 mm), polyethylene terephthalate (PET) insulation tapes,
PTFE sheets (55  55  3 mm). The PTFE sheet is a commercial product
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that was purchased from DuPont Company. It was used as one of two
friction layers for its outstanding electronegativity,[21] low frictional
coefficient,[22,23] and high thermostability.[24] The Al foil that has excellent
electrical conductivity serves as an electrode and another friction layer. As
shown in Figure 1a, the PTFE sheet and Al foil were fixed on two
supporting plates with the help of PET insulation tape. The component of
PTFE and its supporting plate attached to a push rod of linear vibration
generator serves as the movable part. The linear vibration generator with
tunable frequency and amplitude acted as the vibration source that
provides the mechanical vibration for the TENG.
Electrical Measurement of the TENG: To investigate the electrical output
performance of TENG devices in various temperatures, the whole device
was placed in a high-low temperature-testing chamber (Wuxi ZhongTian,
GDW-50L). To keep the testing temperature stable, an interval of 10 min
was reserved to re-establish the thermal equilibrium in the chamber
during the test process. Five hundred and forty cycles were performed at
each test to ensure the stability of electric output. The output frequency of
vibration source was set to be 3 Hz. Throughout the testing process, the
relative humidity in chamber was controlled within 10  2%. The shortcircuit current, open-circuit voltage, and transferred charge were
measured by the current amplifier (Keithley 6514, USA), oscilloscope
(Agilent DSO-X 2014A, USA) and low-noise preamplifier (Keithley SR570,
USA), respectively.
Relative Permittivity Test: The relative permittivity of the PTFE sheet was
tested through a LCR meter (4263B, Agilent, USA) in a variable
temperature system. Firstly, the PTFE sheet was inserted between two
Parallel plate electrodes to form a plate capacitor. Then, the capacitances
were tested under a frequency of 100 KHz. Finally, the relative permittivity
of PTFE sheets was obtained by the parallel-plate capacitor formula.
Characterization of the PTFE Sheets: The physical, chemical, and
structural properties of the PTFE surface were studied by the means of IR,
SEM, and XPS.
Finite Element Method Simulations: In the finite element method
(FEM) simulations, we used the “electrostatics” module of COMSOL to
calculate the electric potential distribution through the “stationary”
study. First, we constructed the model of TENG used for simulation in
this work. The geometry parameters of the parts of model are as follows:
the length and width of both friction materials are 55 and 55 mm,
respectively; the thickness of aluminum foil and PTFE sheet,
respectively, are 0.4 and 3 mm. The gap between aluminum foil and
PTFE is 10 mm. Second, in the “material” section, we selected the

aluminum and PTFE materials. The relative permittivity of PTFE was set
to be 2.0. Third, the boundary conditions such as the surface charge
density was be set and the mesh was built on the model by subdivision
triangular grid. Finally, we could implement the computation to obtain
the electric potential information.

3. Result and Discussion
3.1. Working Principle of the TENG
The working principle of TENG in one cycle has been
schematically depicted in Figure 1b–e. In this paper, the term
surface is referred to a thin surface layer that thickness is small,
compared to the PTFE sheet thickness. Owing to the fact that
two contacting materials have different abilities to attract
electrons,[25] the surface charge transfer will take place on the
contact interface between Al electrode and PTFE during a
contact process. More speciﬁcally, the PTFE has higher electron
afﬁnity and higher work function than aluminum,[26,27]
negative triboelectric charges would be injected from Al to
PTFE sheet, and equal positive charges will be left on Al
electrode during the contact process shown in Figure 1b. Other
works have revealed that dielectric materials such as PTFE
could keep charges for a long time.[25,28,29] The negative charges
on the PTFE sheet could induce positive charges on the Al
electrode. The positive inductive charges on the Al electrode
will be reduced when the PTFE sheet move upwards to add the
distance between two materials, as shown in Figure 1c. The
decrease in positive induced charges on the Al electrode can be
understood as a consequence of being counteracted by same
amount of electrons that ﬂow from ground to Al electrode
through external circuit. Figure 1d describes the inductive
charges on the Al electrode is reduced further as the distance
between two materials continues to augment. On the contrary,

Figure 1. a) Schematic diagram of experimental set-up. b–e) The working principle of the TENG during one cycle: b) The PTFE sheet contacted with the
Al electrode. c) The PTFE sheet move upwards to add the distance between two materials, and the positive inductive charges on the Al electrode to be
reduced, causing the negative charges to flow from the ground to the Al electrode. d) The PTFE sheet continues to move upwards further until the
positive inductive charges on Al electrode decreased to minimum value. There is no charges to flow. e) The PTFE sheet move downwards to reduce the
distance between two materials, causing negative charges to flow from the Al electrode to the ground.
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the inductive charges on the Al electrode is increased as the
PTFE sheet move downwards to diminish the distance between
two materials, as shown in Figure 1e. The electrons will ﬂow
from Al electrode to ground through external circuit. Therefore,
the output current, whose direction relies on the mechanical
motion direction, can be formed by the ﬂow of induced charges
on the Al electrode.

3.2. The Electrical Performance of TENG Under Virous
Temperature Conditions
Figure 2 illustrates the electrical performance of TENG,
including the short-circuit current (Isc), open-circuit voltage
(Voc), and short-circuit transferred charges (DQsc). Figure 3a–c
illustrate the Isc, Voc, and DQsc of TENG signal curves at 20,
10, 0, 20, 60, 100, 130, and 150  C, respectively. It shows
intuitively that the electrical output of TENG could stay stable at

each temperature point. Figure 2d–f, respectively, shows that the
Voc, Isc, and DQsc decrease with the augment of temperature from
20 to 20  C. Although the Voc and Isc have a tendency of small
increasing when the temperature changes from 20 to 60  C, they
can be regarded as keeping stable in the whole temperature
range of 20–100  C, but drop rapidly when the temperature
grows continuously, as shown in Figure 2d and e, respectively.
This result is consistent with Wen’s study19. Figure 2f shows that
DQsc increases as the temperature rises from 20 to 60  C, but
decreases rapidly when the temperature is over 100  C or below
20  C.

3.3. The FEM Simulation Result and Relative Permittivity of
PTFE
The relative permittivity of PTFE sheet is a function of
temperature shown in Figure 3a. The measurement of PTFE’s
relative permittivity is accordant with results of
previous researches.[30,31] For a nonpolarity solid
dielectric such as PTFE sheet, the variation of
relative permittivity will be caused by thermal
expansion according to the Clausius–Mossotti
relation. The inset of Figure 4b shows the
schematic diagram of utilizing the TENG to
charge a capacitor through a rectiﬁer bridge. The
higher the temperature, the lower charging
voltage of capacitor becomes within a same
charging time, as described in Figure 3b.
Additionally, the space potential distribution
between the PTFE and the Al electrode had been
simulated when the TENG works at different
temperatures of 20, 20, 60, and 150  C, as
shown in Figure 3c–f, respectively. The maximum of electric potential can be reached to 825 V
(20  C), 700 V (20  C), 720 V (60  C), and 400 V
(150  C). It indicates that the temperature may
stimulate the surface electric potential to decay.
The variation trend of simulation results is
similar to the measured result shown in
Figure 2d.
As discussed above, the temperature indeed
affects the electrical performance of TENG. Two
reasons that contribute to this temperatureinduced effect are as follows.
3.4. The Theoretical Calculation

Figure 2. a–c) Show the electrical signal curves of short-circuit current (Isc), open-voltage
(Voc), and short-circuit transferred charges (DQsc), respectively, at 20, 10, 0, 20, 60, 100,
130, and 150  C. The inset in Figure 3a–c shows, respectively, the enlarged view of Isc, Voc,
and DQsc at 20  C. d–f) describe, respectively, Isc, Voc, and DQsc in the temperature range of
20–150  C.
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Firstly, as we know, the permittivity of a medium
describes how much electric ﬁeld is generated
per unit charge in that medium, which also
means the ability of storing charges in materials.
Therefore, the diminution of relative permittivity
will reduce the number of electrons stored on the
PTFE surface. There are many previous
researches
about
the
contact
electriﬁ
cation.[32–35] The volume charge density on the
PTFE sheet during the process of metal-insulator
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density and relative permittivity of PTFE on the
charge density of PTFE surface.
Due to the principle of charge conservation,
the same amount of positive charges will be
induced on the Al electrode when two materials
contact together. Therefore, we can calculate the
electric surface density (sAl) on the Al electron,
Z
s Al ¼ 

lt

s p ðxÞdx



1
1=2

1
¼ ðfP  fAl ÞðeN t Þ
e
0

ð2Þ

Then, the quantity of charges DQAl could be
described by,
DQ Al ¼ Ss Al
 tÞ
¼ SðfP  fAl ÞðeN

1=2


1


1
e

ð3Þ

We assumed the electric charges on the Al
electrode will transfer totally through external
circuit to form short circuit current, so the
amount of transferred charges (DQsc) can be
described by


 t Þ1=2 1  1
DQ sc ¼ Q Al ¼ SðfP  fAl ÞðeN
e

Figure 3. a) Shows the relative permittivity (er) of PTFE sheet as the function of temperature
ranging from 20 to 150  C as its test frequency is 120 Hz. b) The charging for a capacitor
(50 V, 2 mF) with the load resistance R (510 V) at various temperatures within 300 s. The
inset shows the Schematic circuit diagram of TENG for charging a capacitor through a fullbridge rectifier. c–f) Finite-element simulation about the space potential distribution of
TENG and its color gradient bar with different potential values under different temperatures:
c) 20  C, d) 20  C, e) 60  C, and f) 150  C. The up-plate is Al elctronde, the down-plate is
PTFE sheet. The deeper red color (or blue color) is, the more positive (or negative) the space
potential is.

contact electriﬁcation is given by Chowdry and Westgate,[36]
 t ðfAl  fP Þexpð xÞ
 t VðxÞ ¼ qN
s P ðxÞ ¼ q2 N
lt

lt ¼

e
t
q2 N

ð1Þ

1n2

where, V(x) is the electric potential on the PTFE sheet, lt is the
Debye length, q is the electron charge, the sp is the volume
 t ð=cm3  eVÞ is the volume defects
charge density of PTFE, N
density in unit energy. Here, the term defect is referred to those
effective traps that can be occupied by electrons. The ФAl and Фp
are the work function of the Al and PTFE, respectively. The
chosen model, in this paper, is a simple and approximate model,
that is, suitable for this paper to explain the effect of defect
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ð4Þ

To our best knowledge, the work function of Al
and PTFE is 4.30 and 5.75 eV, respectively.[37] By
quantitatively ﬁtting the experimental data, we
can obtain a nonlinear ﬁtting equation of the
relative permittivity of PTFE, as shown in
Equation 5 and its numerical ﬁtted curve is
shown in Figure 4a.
er ¼ 5:86037  108 T 3 þ 8:38492
 106 T 2  7:02889  104 T þ 2:05

ð5Þ

The amount of transferred charges (DQsc) are
inﬂuenced by the temperature-induced changes
 t from the
of relative permittivity and effective traps density N
Equation 4. First of all, only the temperature effect on relative
permittivity of PTFE was taken into regarded and the inﬂuence
 t on (DQsc) was ignored, we take
of effective traps density N
 t ¼ 1:3  105 =ðcm3  eVÞ. Therefore, from Equations 4 and 5,
N
the relationship between DQsc and T could be described by
DQ sc ¼ 28:747  ð5:86037  108 T 3 þ 8:38492  106 T 2 
1
7:02889  104 T þ 2:05Þ2  109 C
ð6Þ
From Equation 6, the relation curve between the transferred
 t ¼ 1:3 
charges and temperature can be achieved by taking N
5
3
10 =ðcm  eVÞ shown in Figure 4b, which is basically accordant
with the measurement of short-circuit transferred charges. The
difference of theoretical calculation and experimental measurement of transferred charges may be the temperature-induced
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contact/friction electriﬁcation.[36] We suppose the
effect of temperature perturbation would decline
the stability of charges so that the magnitude of
charges on the PTFE thin layer of surface would
be reduced base on the theoretical calculations.
And the more and more defects that can be
occupied may be reduced owning to reduction of
dangling bonds of the PTFE surface.

3.5. The Characterization of PTFE Sheets
The SEM images of PTFE sheet after the TENG
worked at different conditions are shown in
Figure 5. There are more and more ﬂaking off
thin sheets or small debris on the worn PTFE
surface as the temperature rises. More and more
ﬂaking off thin sheets indicate that the intermolecular bonding force of PTFE become weaker
even chemical bonds rupture. The abrasion
resistance of PTFE get worse when the temperature rises.[38]
Secondly, the FTIR spectra of PTFE sheet after
Figure 4. a) The curve of nonlinear fitting equation of the relative permittivity of PTFE sheet. friction with the Al electrode at various temperb) The theoretical calculation of transferred charges of TENG at various temperature
atures is illustrated in Figure 6a. Figure 6b shows
conditions (Nt ¼ 1.3  105/cm3 eV), only the temperature effect on relative permittivity of that the absorption bands appear at 773 and
PTFE was taken into regarded. c) The coefficient sensitivity of DQsc to T, which is just 793 cm1 owing to the presence of group
contributed by the temperature indcued changes of relative permittivity of PTFE. d) The CF O.[39,40] As shown in Figure 6c, three
2
DQsc of TENG under the combined effect of er and Nt.
absorption bands which reveal the asymmetric
stretching vibration and stretching vibration of
CF2 appear at about 1100–1300 cm1 when the
changes of the number of effective traps. Therefore, S(DQsc, T), the
temperature is below 70  C, but they gradually become a single
sensitivity coefﬁcient of DQsc to T, can be deﬁned by using the ratio
wide absorption peak when the temperature increase from
of relative change of both DQsc and T,
SðDQsc; TÞ ¼

dDQsc
T

dT
DQsc

S(DQsc, T) > 0 means that the growing
temperature will cause the increase in DQsc. In
contrast, S(DQsc, T) < 0 indicates that DQsc will be
reduced as the temperature rises. For example, S
(DQsc, T) is 0.1 when temperature is 140  C, and
it means that 1% increase in temperature will
lead to 10% decrease of DQsc. There is a little
increase of DQsc in the temperature range of
40–85  C, but the DQsc drops rapidly when the
temperature is above 90  C or below 40  C, shown
in Figure 4c. It is accordant with the proﬁle
shown in Figure 2f.
t
In addition, the DQsc is also related to N
according to Equation 3. The electrical output of
 t is shown in
TENG as a function of er and N
t
Figure 4d. It implies that the decrease of er and N
will weaken the PTFE’s ability of bound electrons
during the triboelectriﬁcation process. The
triboelectric charges on the PTFE just are
generated on the several hundred nanometers
thin layer of the PTFE surface during a process of

Adv. Eng. Mater. 2017, 00, 1700275

Figure 5. SEM photographs of the PTFE and flaking off thin sheets (as the pointing of
arrows). a) is the photo of primitive PTFE without friction. And the PTFE after friction 10 min
with Al electrode at different temperatures: b) 20  C, c) 30  C, d) 150  C.
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ﬂuorine atoms or combine with the dangling
bonds of C atoms on the PTFE surface, which is a
type of the electron traps. This is a process that
temperature accelerate the surface oxidation and
deﬂuorinate on the PTFE surface, which may add
the antistatic propensity of the polymers.[44,45] As
the electron afﬁnity of ﬂuorine is stronger than
oxygen, the molecular chains occupied by oxygen
atoms would attract fewer electrons than the
intact molecular chains. Besides, the molecular
weight of PTFE would increase when the ﬂuorine
atoms are replaced largely by oxygen atoms. The
increase of molecular weight will cause the
decrease of relative permittivity of PTFE surface
thin layer, according to the Clausius–Mossotti
relation. For the reasons given above, the ability
of PTFE about storing and gaining electrons will
become weaker, so that result in the decreased
electrical output of TENG along with the
temperature rising.
Figure 7a and b, respectively, demonstrates the
O 1 s and C 1 s peaks of PTFE characterized by
Figure 6. a) The FTIR absorption spectra of PTFE versus various temperatures (30, 50, 70, XPS. As shows in Figure 7b, a shift of bonding
90, 110, 130, and 150  C, respectively). The absorbance peak from: b) 600 cm1 to 900 cm1, energy can be evaluated to about 0.4  0.2 eV for
each oxygen atom and is roughly additive with the
c) 1050 cm1 to 1800 cm1, d) 2250 cm1 to 2450 cm1.
augment of temperature (C 1 s (2) at a binding
energy Eb ¼ 292.5 eV). The binding energy shift
70  C. This changes of the absorption peaks may be interpreted
of C 1 s (2) is due to an inductive effect, which is dependent on
as the relaxation of PTFE crystal and the regular spiral chain of
the number of O atoms replaced position of F atoms and
PTFE turning into irregular winding due to the effect of thermal
combined with dangling bonds of C atoms. As we know, the
perturbation. Figure 6d shows two absorption
peaks appear at 2350 cm1 (O5
5C5
5O) and
2383 cm1. But, the two absorption peaks
gradually turn into a big single peak (nearby
2350 cm1). It indicates the PTFE surface would
absorb more and more CO2, when the temperature rises from 30 to 150  C. The carbonyl group
is observed at 1700–1800 cm1 (C5
5O stretching),
720 cm1 (CF2 scissoring).[41] The absorption
peak at 1790 cm1 has been identiﬁed as oleﬁn
end group CF5
5CF2[42] shown in Figure 6c.
As shown in previous research,[31] the above
reactions analogous to those encountered in
hydrocarbon oxidation that can occur on the
effect of electric ﬁeld in the air, such as
CF2 þ O2 ! CF2 O2  ! CF2 O
CF2 CF2 CF2 þ O2 ! CF2 CF2 COF þ F
The electron traps on the PTFE are mainly
attributed to quantities of F atoms existing on the
surface of PTFE due to its molecular chain with C
atoms surrounded by F atoms spirally.[43] According to the IR absorption spectra of PTFE, we
could know that the dangling bonds on the PTFE
surface will react with the oxygen-containing
electron acceptors in the air to form various
oxygen-containing groups. This means that the
oxygen atoms may occupy the positions of some

Adv. Eng. Mater. 2017, 00, 1700275

Figure 7. The XPS narrow scan spectra of four PTFE samples under different treatments: a)
The O 1 s peak and b) the C 1 s peak under different conditions: the primary PTFE sample
without contact or friction under 30, 90, and 150  C. c) and d) demonstrate, respectively, the
O and C peak fitting of XPS spectra of PTFE after a friction process under
150  C environment.
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Table 1. Surface elementary compositions of the PTFE sheets: Primary
sample (without friction or contact), and the sample contacted with an
Al electrode under 30, 90, and 150  C.
Elementary composition [%]

Supporting Information is available from the Wiley Online Library or from
the author.

Atom ratio [%]

Condition

C 1s

O 1s

F 1s

C/O

F/C

Primary sample

33.93

1.22

64.58

27.81

1.90

30  C

37.54

2.20

59.89

17.06

1.60

90  C

41.15

2.84

55.60

14.49

1.35

150  C

41.7

4.63

53.37

9.01

1.30

magnitude of electronegativity ranks in following order:
F>O>C. Owing to the difference of electronegativity between
oxygen and ﬂuorine, the ability of oxygen to attract electron is
weaker than ﬂuorine. Therefore, the PTFE attract less and less
electrons during the friction process with the increase of
temperature. Figure 7c and d show, respectively, the O and C
peak ﬁtting of XPS spectra of PTFE sheet contacted vertically
with Al electrode at the temperature condition of 150  C. The
binding energy of C (1 s) in those chemical groups will be
284.6 eV (C─C), 292.5 eV ((CF2─CF2)─n),[46,47] 286.45 eV
(C─O─C),[46] 294.1 eV (CF3), 298.2 eV (O─C5
5O), and
288.5 eV (C─O).[41] Table 1 (please see the Supporting Information for detail) describes the surface element compositions from
the XPS data for PTFE sheets. The surface oxygen concentrations were in the range of 1.22–4.63%. The atom ratio of F/C
reduces gradually, when the temperature rises during the
friction process. This fact gives clear indication that the ﬂuorine
atoms are replaced by oxygen to form oxygen-containing
chemical bonds. Namely, deﬂuorination or surface oxidation
is stronger with the increase of temperature. Thus, it means that
more and more chemical groups occur on the surface of PTFE
with the temperature growing. From the above analysis, the
increase of oxygen-containing groups is possibly another factor
that affects the electrical output performance of TENG.
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