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Contact electrification (CE) is a pretty common phenomenon, but still is poorly understood. The long-standing con-
troversy over the mechanisms of CE related to polymers is particularly intense due to their complexity. In this paper, the CE
between metals and polymers is systematically studied, which shows the evolution of surfaces is accompanied by variations
of CE outputs. The variations of CE charge quantity are closely related to the creep and deformation of the polymer and
metal surfaces. Then the relationship between CE and polymer structures is put forward, which is essentially determined
by the electronegativity of elements and the functional groups in the polymers. The effects of load and contact frequency
on the CE process and outputs are also investigated, indicating the increase of CE charge quantity with load and frequency.
Material transfer from polymer to metal is observed during CE while electrons transfer from metal to polymer, both of
which are believed to have an influence on each other. The findings advance our understanding of the mechanism of CE
between metal and polymers, and provides insights into the performance of CE-based application in various conditions,
which sheds light on the design and optimization of CE-based energy harvest and self-powered sensing devices.

Keywords: contact electrification, surface evolution, material structures, material transfer
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1. Introduction

Contact electrification (CE) refers to the phenomenon that
charge transfer occurs when two surfaces come into contact
and are then separated.[1,2] It is also crucial to many engi-
neering applications, like electrophotography, particle sepa-
ration technologies, etc.[3–5] Recently, triboelectric nanogen-
erator (TENG) based on contact- or tribo-electrification has
attracted tremendous attention. It has opened a new era for
micro and nano energy harvesting, self-powered sensing.[6–9]

Despite all this, our understanding of CE mechanism is far
from enough,[10,11] especially for polymers that are also the
most concerned materials in TENG related research, which in
turn limits the material design and relevant technology appli-
cations.

There has been a certain number of studies of the fun-
dament of CE, and some viewpoints have been raised. For
an insulator,[12] it is believed that there are no free electrons
that can move between contact surfaces, and only a few non-
equilibrium electrons with high energy on the surface can be
transferred. Ions can also act as charge transfer medium even
for materials without free ions.[13,14] In this case, ions come
from the water layer that naturally forms on the surface.[15–17]

Besides, the perspective that charge transfer through free rad-
icals is also put forward, but it is still not yet understood in
depth.[18,19] Though several theories on CE of polymers have
been put forward, consensus has never been reached. The

long-standing controversy on it becomes more intense as peo-
ple penetrate deeper into the charge transfer of polymers. And
the CE of polymers is overall still ill-understood, ascribed to
their complexity.[20–22] Questions on the fundament of charge
transfer and the relationship between CE and polymer struc-
tures are still quite open.

The CE is closely related to the states of the two contact
surfaces, but does the surface state keeps unchanged in the
whole CE process? If not, then how does it change, and how
does the change exert an influence on CE charge quantity?
It is crucial to understand the CE mechanism, especially for
the TENG-based energy harvesting and sensing performance.
Compared with the CE mechanism, the evolution of surfaces
during CE is relatively less probed into and hence is far from
clear. In addition, the TENG devices work under different ex-
ternal loads or frequencies, which may also influence the CE
charge quantity and performances of devices.[23,24] Some re-
searchers think that the load affects surface charge quantity by
changing the contact area.[25] Some other scholars believe that
the load causes the molecular chains to break and the dan-
gling bonds to form, which makes the surface more recep-
tive to electrons.[26,27] Even though some studies are on part
of the subjects, the aforementioned issues are overall rarely
probed into and are still poorly understood. Therefore, in this
work, the CE between metals (Al and Cu) and polymers (poly-
tetrafluoroethylene (PTFE), polyimide (kapton), polyethylene
terephthalate (PET)) is systematically studied. The evolution

†Corresponding author. E-mail: wanglf@nuaa.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

066202-1

http://dx.doi.org/10.1088/1674-1056/ac4a5f
wanglf@nuaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 31, 066202 (2022)

of surfaces during CE is emphasized, the relationship between
CE and polymer structures is put forward, and the effects of
load and contact frequency on CE process and outputs are in-
vestigated, which together with the surface analysis, reveal the
mechanism of CE between metals and polymers. The findings
advance our understanding of the mechanism of CE between
metal and polymers, and provide insights into the performance
of TENG under various conditions, which sheds light on the
design and optimization of CE-based energy harvest and self-
powered sensing devices.

2. Experiments

The contact electrification between metals and polymers
was systematically studied, and the corresponding schematic
is shown in Fig. 1(a) (images of an example are shown in
Fig. S1 in supporting information), called the contact mode
of tribo-electrification.[28] The CE charge transfers between
metal 1 and dielectric 2, and then electrons transfer through
the external circuit due to the potential differences between
metal 1 and metal 2 caused by the electrostatic induction ef-
fect. A homemade device was designed to implement the con-
tact and separation processes between metal and polymer sur-
faces. The load and frequency of contact could also be ad-
justed. The contact area was 4 cm×4 cm, the thicknesses of
metal and polymer film were 100 µm and 30 µm, respectively.

The criterion for measuring the contact voltage and
charge is based on the triboelectric nanogenerator.[29] Under
the joint effects of the CE and electrostatic induction, the
charge flows back and forth through the external circuit. At

this time, the CE charge quantity can be obtained by inte-
grating the external current derived from the measured volt-
ages measured by oscilloscope. Figure 1(b) shows the charge
transfer process of two electrodes in a contact and separa-
tion process.[28] When the two contact electrodes are in con-
tact (Fig. 1(b)-(i)), an equal-quantity and opposite-sign sign
charge is formed on the surfaces of the two materials due to
the CE effect. The metal surface loses electrons, while the
polymer surface gains electrons. Since the two surfaces with
different charges contact each other, there is no potential dif-
ference between the two electrodes to drive charge transfer.
When the polymer electrode and the metal electrode are sepa-
rated (Fig. 1(b)-(ii)), electrostatic induction causes electrons to
transfer from metal 2 to metal 1 to balance the potential. When
the separation distance between the two contact electrodes is
large enough (Fig. 1(b)-(iii)), the charge generated by CE will
be transferred completely. When the two contact electrodes
gradually approach to each other (Fig. 1(b)-(iv)), the poten-
tial difference between the two electrodes decreases, resulting
in the reflux of the positive charge. When the two electrodes
come together again, there is no potential difference to drive
the charge transfer. This is a single circle of CE and charge
transfer between two surfaces. Figure 1(c) shows the corre-
sponding measured voltage on resistance during the CE of Al
and PTFE, which can be used to estimate the current and con-
tact charge quantity. In order to investigate the mechanism of
CE and charge transfer between metal and polymer surfaces,
x-ray photoelectron spectroscopy (XPS, Thermo Scientific k-
alpha+) is used to characterize the surfaces before and after
contact.
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Fig. 1. Schematics of (a) CE and (b) charge transfer between surfaces, (c) voltage signal corresponding to surface contact-separation in CE process, (d)
output voltage and its maximum value of CE between Al and PTFE, variations of (e) voltage maximum and (f) generated charge quantity in CE process
between metals and polymers.
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3. Results and discussion
It is believed that the CE is closely related to the property

of material. The CE performances of different materials are
compared under the following experimental conditions: the
contact load is 2 kg, the contact frequency 4 Hz, the temper-
ature 20 ◦C–25 ◦C, the relative humidity 47%–53%, and the
external resistance 7 MΩ. The voltages on the resistances are
recorded every five minutes during the experiments until they
come to be stable, when CE abilities of the surfaces reach a
maximum value. Figure 1(d) shows the voltage of the CE pro-
cess between Al and PTFE, which increases with contact time
and stabilizes after about 60 min. The maximum voltage in-
creases from about −22.5 V at the beginning to −27.5 V (the
absolute values are used for comparison). The variation of
voltage during CE is believed to be related to surface evolu-
tion, especially the creep properties of the polymer.

Figures 1(e) and 1(f) show the variations of measured
voltage maximum and the corresponding estimated charge
quantity in the process of CE for different materials. It takes
time for all the materials to stabilize the CE process, but the
surfaces with PTFE take the longest time, and the voltages
change most from the beginning to the stable state. The rea-
son is that the PTFE has lower creep resistance than kapton

and PET, so the surface property tends to change under load
and finally gets to a stable state. When contacting kapton and
PET, the Cu surface exhibits a more significant variation of
charge quantity than the Al surface. Ascribed to the larger
hardness of Cu, the surface asperities force the polymer sur-
face to creep more to some extent, so the variations of voltage
and charge quantity of Cu are larger. The voltage and trans-
ferred charge quantity vary evidently at three different levels
in the CE process, which is mainly determined by the poly-
mer materials. Moreover, the transferred charge quantities are
ranked in the following order: PTFE > kapton > PET. The
relationship between CE and polymers will be intensively in-
vestigated and discussed below. The metal affects the CE as
well, but not so much as polymer. Al generates greater charge
quantity than Cu, according to the triboelectric series.[30] But
there is also an exception in the CE between metals (Al/Cu)
and kapton, which is related to the differences in interaction
between Al/Cu and kapton surfaces. Compared with Cu, Al is
smaller in hardness, and the plastic deformation is larger under
load. Therefore, the CE process of Al takes more time to sta-
bilize than that of Cu, which manifests the influence of metals
on contact electrification.
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Fig. 2. Variations of ((a) and (c)) voltage and ((b) and (d)) generated charge during CE process for Al/PTFE under ((a) and (b)) different loads and ((c)
and (d)) contact frequencies ((c) and (d)).

The effect of load on the CE process and the correspond-

ing surface evolution are also studied for different materi-

als. Figures 2(a) and 2(b) show the variations of voltage and

charge quantity in the CE process for Al/PTFE under different

loads. Voltages and generated charge quantity increase grad-

ually with the contact time, and the difference is that the CE

process takes less time to be stable for smaller load than that of

larger load. This is mainly because the plastic deformation of

Al and the creep of PTFE reach a certain state in a shorter time

under a smaller load, and then the actual contact area will not
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change, and hence the generated charge quantity and voltage
stabilize. The voltage depends not only on the quantity of CE
charge quantity but also on the speed of contact. As the com-
pression displacement of the buffer layer increases with load,
the corresponding contact speed will increase, so the increase
of the transfer charge quantity and the contact speed jointly
lead the voltage to increase. The voltages and charge quanti-
ties of the CE process for other materials shown in Fig. S2 in
supporting information exhibit similar variation trends. Over-
all, the voltage and charge quantity of CE increase with load.
It takes more time to get to the stable state for PTFE under
larger loads. The creep of kapton has little effect for small
loads, and this effect shows up as load increases. Moreover,
the CE process of kapton takes less time to stabilize under a
larger load, as the creep effect takes place.

The influences of contact frequency on voltage and charge
quantity are further studied under the load of 2 kg. Figures 2(c)
and 2(d) show the voltage and charge quantity variations of Al-
PTFE during the CE process at different contact frequencies.
With the increase of contact frequency, the plastic deforma-

tion of Al and the creep of PTFE increase the contact area and
the quantity of charge. However, when the contact frequency
reaches 5 Hz, the CE charge quantity decreases due to the dy-
namic effect (the charge quantity may be not fully transferred
through the external circuit). The voltage at 5 Hz is still higher
than those at other frequencies, as the voltage is codetermined
by generated charge and contact-separate speeds. The voltage
is mainly affected by the speed and hence increases with the
contact frequency. In a certain time, the higher the frequency
is, the longer the contact time is, and thus the faster it reaches a
relatively stable state. Therefore, with the increase of the con-
tact frequency, the CE charge tends to stabilize more quickly.
Figure S3 shows the influences of frequencies on the CE pro-
cess for different materials, from which it can be concluded
that the overall voltage and charge quantity of CE increase
with frequency. The CE processes of Cu/kapton in Figs. S2(e)
and S2(f) at 5 Hz are similar to those of Al-PTFE in Figs. 2(c)
and 2(d), which are ascribed to the dynamic effect under high
frequency.
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Fig. 3. (a) Output CE voltages, (b) maximum values of CE voltages, and (c) transferred charge quantities in stable state for different materials.

As mentioned previously, different materials have differ-
ent CE properties. Figure 3(a) shows the output CE voltages
in the stable state for different materials, which indicates that
the CE quantities are ranked in the order: PTFE > kapton >

PET. As shown in Fig. 3(b), the maximum voltages for metal
(Al, Cu)/polymer (PTFE, kapton and PET) contact systems
are −27.5 V, −23.0 V, −8.6 V, −9.4 V, −4.5 V, and −5.8 V
respectively. And the corresponding transferred charge quan-
tities are 4.8 nC, 4.7 nC, 1.4 nC, 1.6 nC, 0.63 nC, and 0.51 nC
respectively (Fig. 3(c)). Compared with the wide difference
induced by polymers, the CE output difference between Al
and Cu is significantly small, even smaller than that caused
by the evolution of surfaces. The CE property of polymer is
closely related to the ability to attract electrons, which is de-
termined partially by the electron affinity or electronegativity
of elements. The electronegativity values of H, C, N, O, and
F elements are 2.1, 2.5, 3.0, 3.5, and 4.0, respectively.[31] So
the CE charge quantity of PTFE is much greater than those of
kapton and PET due to the strong electronegativity of Wang Z

L and Wang A C[30] studied the CE properties of these three
polymers by using liquid metal, which the results in this work
accord quite well with. In this work, the groups that primar-
ily participate in the CE process in PTFE, kapton, and PET
are CF2, CONCO, and COOR, respectively, which definitely
play a crucial role in CE. So it is deemed that the CE efficacies
of functional groups in these three polymers (i.e. the abilities
for obtaining electrons) are in the order of CF2 > CONCO >

COOR.
The effects of load and frequency on CE are further in-

vestigated based on previous CE process analysis. Figure 4(a)
shows time-dependent output voltage at the stable state of
Al/PTFE, which indicates the increase of voltage with load.
The maximum of voltage and the corresponding charge quan-
tity versus load are shown in Fig. 4(b). The voltage maximum
values at different loads increase from −23.6 V to −40.2 V as
the load increases from 1.5 kg to 4.0 kg, and the CE charge
quantity increases from 4.1 nC to 6.3 nC. For the Cu/PTFE
contact system, the voltage maximum increases from −19 V
to −38.5 V, and the CE charge varies from 4.5 nC to 5.2 nC
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(Fig. 4(c)). The increase of load accelerates the creep of poly-
mers and the plastic deformation of metals, and hence increas-
ing the real contact area between two surfaces. Moreover,
the electrons from two surfaces interact and overlap with each
other more strongly under a larger load, so more charges trans-
fer after contact . For the CE between Al/Cu and kapton as
shown in Fig. S4, the voltage and transferred charge quan-

tity generally increase with load, which is similar to those of

Al/PTFE and Cu/PTFE. Overall, the CE voltage and charge

quantity generally increase with load, which involves many

factors, such as the creep property of polymer, the hardness

and deformation of metal. and the influence of pressure on the

molecular structure of the polymer.
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The output voltage is determined by the quantity of CE
charge and the speed of contact-separation, but for the same
materials, the speed of contact-separation plays a dominant
role. Therefore, the output voltage increases with contact fre-
quency (Fig. 4(d)). As shown in Fig. 4(e), the voltage max-
imum and transferred charge of Al/PTFE generally increase
with contact frequency. Besides the speed influence caused by
the contact frequency, the increase of CE voltage is caused by
the dynamic load, which may be the main reason for the in-
crease of transferred charge quantity. For the Cu/PTFE, the
generated charge quantity increases from 4.1 nC to 4.6 nC
with contact frequency. Ascribed to the higher hardness and
less deformation of Cu than Al, the variations of voltage and
charge under different frequencies are smaller for Cu/PTFE
(Fig. 4(f)). The voltage even fluctuates due to the dynamic
effect, even though it increases with frequency as a whole.
The variations of CE voltage and transferred charge quantity
of metal/kapton under different contact frequencies are quite
similar to those of metal/PTFE (Fig. S5 in supporting infor-
mation), which demonstrates the aforementioned influences of
contact frequency on CE.

The effects of load and contact frequency on CE are fur-
ther studied on the surfaces that get to the stable state under

different loads or contact frequencies. As shown in Figs. 5(a)
and 5(b), the Al/PTFE contact systems get to the stable state
under loads of 4.0 kg (case 1) and 1.5 kg (case 2), respec-
tively, after which the CE output voltage increases with load
(see Fig. S6(a)) with no apparent difference between these two
conditions. For the transferred charge, the the charge quan-
tity varies from 4.6 nC to 5.7 nC as the load increases after
the system has gotten to the stable state under the load of
1.5 kg, while that of the 4.0-kg case increases from 4.9 nC
to 5.6 nC, with the charge quantity varying from 1.1 nC to
0.7 nC. As stated previously, the CE process is determined
mainly by the creep and deformation of surfaces. Surfaces
stabilizing in case 1 creep and deform more than those in case
2. So the transferred charge quantity in case 1 is generally
larger than that of case 2 for smaller loads due to the larger
real contact area caused by deformation under a larger load.
However, the less creeping surfaces in case 2 are more sen-
sitive to load, and hence the transferred charge varying more.
Like the effect of load, the output voltage increases as well
with the contact frequency for Al/PTFE systems stabilizing
under the frequency of 5 Hz (case 3, Fig. 5(d)) and 2 Hz (case
4, Fig. 5(e)). Higher frequency indicates a larger dynamic load
for CE, so the maximum of voltage increases with frequency
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(Fig. S5(b)). The transferred charge quantities seem to main-
tain at the same level for both cases, rather than to increase
with frequency (Fig. 5(f)). Generally, the transferred charge
quantities at different frequencies in case 3 are smaller than

those of case 4. The surfaces in case 3 stabilize at a higher
frequency of 5 Hz, indicating a larger dynamic load that will
cause a greater creep effect on the surface, which finally leads
to smaller CE transferred charge quantity.
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Fig. 5. Effects of load and frequency on voltage and charge quantity of CE for surfaces (Al/PTFE) at stable state. The surfaces are firstly contact-electrified
to the stable state under different loads of (a) 4.0 kg and (b) 1.5 kg or different contact frequencies of (d) 5 Hz and (e) 2 Hz. Then the effects of loads or
contact frequencies are studied. The corresponding transferred charge quantities versus (c) loads and versus (f) contact frequencies are also compared.
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Fig. 6. XPS analysis of metal surface before and after contacting PTFE, indicated by (a) Al, (b) C, and (c) O elements on the Al surface before and after
contacting PTFE, (d) Cu, (e) C, and (f) O elements on Cu surface before and after contacting PTFE, with insets in panels (b), (c), (e), and (f) indicating
proportion of elements on the Al or Cu surface before and after contact.

The surface is further characterized by using XPS to in-
vestigate the evolution of the surface and reveal the mecha-
nism of charge transfer. Figure 6 shows the XPS results of
the Al and Cu surfaces before and after contacting PTFE for
60 min, which indicates the dramatic variations of the peak

value for different elements. On the Al surface, the Al 2p
and O 1s values drop a lot after contacting the PTFE, while
the value of C 1s increases greatly. The analysis of the pro-
portion of elements also indicate Al element decreases from
30.76% to 17.25% , and O element from 46.24% to 27.87%,
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but C element increases from 23% to 54.88% after contacting
the PTFE. Compared with the dramatic decrease of Al 2p on
the Al surface, the decrease of Cu 2p on the Cu surface after
contacting the PTFE is much small. The O 1s peak value in-
creases, which may indicate the oxidation of the surface. Still,
the increase of C 1s can be observed. The variations of pro-
portion of elements before and after contacting the PTFE also
demonstrate the changes on the Cu surface (Figs. 6(e) and
6(f)). Tiny changes are also observed on the PTFE surfaces
before and after contacting Al or Cu surface (Fig. S7). How-
ever, it is not so significant as those after contacting Al or Cu
surface, and no unmistakable Al or Cu signal is detected on
PTFE surfaces. Therefore, there must be material transfer be-
tween the two surfaces during CE besides electron transfer.
Moreover, electrons transfer from Al or Cu to the PTFE sur-
face, which changes the surface state of the two contact sur-
faces. Then the two surfaces interact more actively and con-
sequently cause material to transfer from PTFE to Al or Cu
surface, which may inversely enhance the charge transfer at
the interface.

Further XPS analysis of metal (Al and Cu) surfaces be-
fore and after contacting kapton and PET shows that the in-
crease of element C on the metal surfaces is a common phe-
nomenon (Figs. S8 and S9). The increase in the content of C
must result from the breaking of molecular chains on the poly-
mer surface and the transfer of materials at the contact inter-
face in the CE process. The broken chemical bonds can act as
the acceptor of electrons during contacting the metal, which
is one of the reasons for gradually increasing the transferred
charge quantity in the CE process. In brief, there are both ma-
terial transfer and electron transfer in the process of CE, during
which both of the mechanisms will have effects on each other.
In the process of CE for polymer, the chemical bond breaks,
leading the material to transfer to the metal surface, resulting
in the increase of the relative content of C on the metal surface.
While the electrons on the metal material surface transfer to
the polymer surface. The polymer degradation and evolution
of surfaces can slow kinetically in the time frame of the exper-
iment, but the observations in these experiments indicate that
the further interfacial degradation can have an influence on the
lifetimes of devices where this phenomenon may be utilized.

4. Conclusions
In summary, the CE process is systematically studied,

which shows that the voltage and the transferred charge quan-
tity increase gradually with the contact time until they reach a
relatively stable state. The variation of charge quantity in the
CE process is related to the creep properties of the polymer
and the deformation of metal surfaces. A surface consisting
of polymer with stronger creep resistance can get to the stable

state more quickly. Therefore, the CE performances of differ-
ent polymer materials vary greatly. The variations of voltage
and the generated charge quantity are ranked in the following
order: PTFE > kapton > PET. The CE charge charge is re-
lated to the electronegativity of constituent elements and the
functional groups in the polymer.

Regardless of the change of load or frequency, the
CE voltage is determined mainly by the speed of contact-
separation. Therefore, the increase of load and frequency will
increase the voltage. In general, the CE charge between the
metal and the polymer increases with the increase of the load,
and the time taken to stabilize is longer for larger loads. With
the increase of contact frequency, the CE charge quantity will
get to a stable state faster due to the longer time of contact in a
certain time, and the contact charge quantity will be larger. As
the surface reaches the stable state of the CE process, the CE
charge quantity will also increase with load, but the variation
is obviously less due to the evolution of surfaces. Contrast-
ingly, the contact frequency has no effect on the CE charge in
this condition, though the increase of the frequency will aug-
menting the maximum of voltage.

The material transfer is observed in CE besides the elec-
tron transfer. Electrons transfer from metal to polymer sur-
faces, which change the surface state of the two contact sur-
faces. Then the two surfaces interact more actively and con-
sequently cause material transfers from polymer to metal sur-
face, which may inversely enhance the charge transfer at the
interface. The study is conducive to our understanding of the
fundaments of contact electrification between metal and poly-
mers, and provides insights into the performance of TENG un-
der various conditions, which sheds light on the design and op-
timization of CE-based energy harvest and self-powered sens-
ing devices.
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