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ABSTRACT: A stretchable triboelectric nanogenerator (TENG) Eyac L oo \e/
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electronics. However, the detailed electrification mechanism of ymo LuUMo N ot Jj 2o 2
elastic triboelectric materials still needs to be clarified. In this work, — LMo — MO |- Cat T
we found crystallization behavior induced by strain and low  E-—— =
temperature can lead to a shift in a triboelectric series for Rasks
commonly used triboelectric elastomers and even reverse the Homo
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triboelectric polarity. This effect is attributed to the notable
rearrangement of surface electron cloud density happening along
with the crystallization process of the molecular chain. This effect
is significant with natural rubber, and silicone rubber can
experience this effect at low temperature, which also leads to a

crystalized state crystalized state: more chances
for electron capturing

shift in a triboelectric series, and an applied strain at low temperature can further enhance this shift. This study demonstrated that
the electrification polarity of triboelectric materials should be re-evaluated under different strains and different temperatures, which
provides a mechanism distinct from the general understanding of elastic triboelectric materials.
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lexible and stretchable electronics have drawn a great deal

of attention in today’s technological world, where the
mechanical compliance and biocompatibility of the electronic
devices is the focus of the research.'™> In addition to the
electronic devices, the power units, such the batteries and
energy-harvesting packages, are also required to be flexible and
even highly stretchable,” in order to support portable and
wearable electronic systems. In this application direction,
triboelectric nanogenerators (TENGs), which have a strong
adaptability,” high flexibility,” and good environmental
friendliness,® have been applied to power various soft
electronic and sensory systems to achieve diversified
functions.”™"" In the past few years, tremendous efforts have
been devoted to amplify the stretchability of TENGs by
adopting a series of elastic electrlﬁcatlon materials, such as
deformable networks (200—300%),"” silicone and rubber
(400—700%),"*'* an ionic hydrogel (1000%),”"~"" and a
thermoplastic elastomer (~2500%)."® However, even though
extensive progress have been achieved in the exploration of
stretchable TENGs and superelastic triboelectric materials,"**°
an in-depth study of the strain-induced change in the
electrification capability of triboelectric materials is seemingly
absent.

Most stretchable TENGs utilize polymer materials, such as
all kinds of elastomers.”’ > Meanwhile, many studies have
revealed that the characteristics and the density of functional
groups in a polymer can determine the electron transfer
process during contact electrification.”*~** For the commonly
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used stretchable triboelectric materials, the applied strain can
induce many changes in the electrification process, while the
underlying mechanism remains ambiguous. Usually, a change
in the effective contact area”* and the induced intermo-
lecular forces®** is considered to be the major effect changing
the electrification performance. During the stretching, the
applied stress may change the composition of functional
groups exposed on the polymer surface, while the stretching-
induced crystallization of soft segments may also occur with
some materials.”>”>> Hence, a systematic study of the
influences of strain-induced crystallization (SIC) on the
contact electrification is also quite necessary to promote the
development of stretchable and wearable TENGs.

In this paper, we have found that a crystallization effect
occurring on a elastic polymer can shift its ranking in the
triboelectric series and, accordingly, the related TENG devices
may have different electrification polarities under different
strains or at different temperatures. On the basis of an analysis
of the molecular structure, this strain-induced shift of the
triboelectric series happens when ordered and large-scale
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Figure 1. (a) Application of elastic materials in a stretchable TENG, which promotes the applications of an energy package and active sensors. (b)
Schematic diagram of the measurement method in experiments with stretchable triboelectric materials. (c) Ranking of VHB, Ecoflex, and NR in a

triboelectric series.

changes in the molecular orientation appears, where the
rearrangement of the electron cloud density on the surface is
the key point. This study reveals the correlation between
electrification performance and a strain (or temperature)-
induced change at the molecular level, which helps us to better
understand the contribution of the molecular spatial
orientation of a polymer to its macroscopic electrical
properties.

The emergence of stretchable TENGs have strongly
promoted the development of flexible electronic devices,
where an elastic energy package based on a TENG can realize
the function of a power supply, energy storage,”® or even self-
powered sensors for wearable electronic devices’””® (see
Figure 1a). As can be seen in Figure 1b, we selected a single-
electrode mode® TENG with vertical contact-separation
motion for the experiments, where the thickness of the
elastomer may have a very limited effect on the output results
in this case. The experimental system and working principle of
a TENG is also shown in Figure 1b and Note 1 in the
Supporting Information. Three representative stretchable
materials commonly used in flexible TENG have been selected,
and to the best of our nowledge, most of the previously
reported stretchable TENGs contain these three materials or
their composites.**™** They are silicon rubber (Ecoflex 00-30),
a polyacrylate elastomer (VHB-4905) ,and unsaturated rubber
(NR) (photos of these three polymers are shown in Figure
S1), which represent three typical types of elastic triboelectric
materials: a pure elastomer, a copolymer, and an impure

elastomer (the intrinsic triboelectric series of these materials™
is given in Figure 1c).

The saturated charge density (absolute value) on the contact
interface is shown in Figure 2a. Here, the surface potential of
the initial state was confirmed by a Trek 347 instrument after
treatment (Figure S2). For the measurement, each sample is
tested at least 10 times to avoid measurement errors during the
test. Through measurement, it is found that the three kinds of
elastomers show completely different change tendencies in the
tensile process. In the process of contacting with FEP, the
charge density of NR (100%, relaxed state; 26 uC m™2)
decreases greatly with an increase in applied strain, when it is
stretched to 400%, the saturated charge density decreases to 14
uC m™2 In contrast, the experimental results are quite different
when NR is contacted with PA (positive material). At the
initial state, the saturated charge density between NR and a PA
film is around 19 pC m™. With an applied strain, the CE
charge density of NR (400%) increases to 23.5 uC m™* (Figure
S3). The result of this distinct change tendency with FEP and
PA suggests that NR has a ranking shift in the triboelectric
series under applied strains. A similar effect cannot be observed
with Ecoflex and VHB films. As can also be seen in Figure 2a,
the saturated charge density of Ecoflex decreases from 23 uC
m~2 (100%) to 19.5 uC m™* (400%) when it is coupled with
FEP film, which makes it rather stable in comparison with the
other two materials. When Ecoflex is contacted with a PA film,
its saturated charge density decreases from 37 to 34 uC m™>
and the change ratio of which is even smaller. A similar change
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Figure 2. (a) Saturated charge densities (absolute value) of NR, Ecoflex,
density changes before and after stretching are also recorded. (b) Saturated

and VHB with FEP (negative) and PA (positive), respectively. The
charge densities of NR, Ecoflex, and VHB contacted with themselves

before and after stretching. A turnover effect happens with NR. Changes in ranking of VHB, Ecoflex, and NR in a triboelectric series: (c) NR film;

(d) Ecoflex film; (e) VHB film.

tendency has also been observed with VHB film. The saturated
charge density of VHB in contact with FEP also decreased
from 25 uC m™2 (100%) to 15 uC m™ (400%), while the
density coupled with PA decreased from 28 C m™ before
stretching to 14 xC m™> with 400% strain. We have further
studied the turnover phenomenon of the polarity by using
these elastic films, as can be seen in Figure 2b,c, Figure S4 and
Movie 1. A detailed description can be found in Note 1 in the
Supporting Information.

The characterization of surface morphology is the first step
in explaining the electrification results in Figure 2. The
morphological changes of the three materials after stretching
were observed by a high-power optical microscope. It can be
seen from Figure 3a—d and Figure SS that the surface
morphologies of both NR and Ecoflex shows a slight change
even when the tensile ratio is 600%. Moreover, an atomic force
microscope (AFM) with higher resolution was used to recheck
the surface roughness of three materials before and after
stretching, and the results are shown in Figure S6 and Table
S1. Here, the results from AFM measurements are in good
agreement with the observations from an optical microscope.
All three materials become rougher after stretching, which is
due to the wrinkles induced during the stretching process, and
the change in roughness has a similar tendency and similar
amplitude. However, the distinct phenomenon occurred only
on NR, which supports our consideration of a crystallization
effect. Hence, the surface morphology is not the dominating
factor in the shift in the triboelectric series, especially
considering that the soft texture of all these materials may
suppress the influences caused by the tiny changes in

roughness. Meanwhile, some small holes appeared on the
surface of Ecoflex after stretching, while the change ratio of the
effective area is still less than 10%. A similar effect happens
more significantly with VHB film, where a series of wrinkles
can be observed (see Figure 3e,f). As explained in Materials
and Method in the Supporting Information, UV pretreatment
is applied on the VHB surface, in order to reduce the viscosity.
When VHB is stretched to 600%, the holes on the surface are
torn into cracks, and 80% of the surface becomes cavities.
These cavities are considered to be the main factor for the
decrease in the electrification capacity of this elastic material
(VHB). Other elastic materials similar to the UV-treated VHB
whose surfaces are easy to crack after stretching may have
similar effects during CE, which directly leads to a decrease in
the saturated charge density. In order to study the
homogeneity of the surface potential, the surface potential of
an NR film before and after stretching was measured by a Trek
347 electrostatic voltmeter. The 3D potential diagram of the
original electrostatic potential of an NR surface contacted with
FEP is shown in Figure 3g. Then, the film was stretched to
400% and the electrostatic potential is shown in Figure 3h. The
average potential after stretching (42.70 V) is lower than that
before stretching (81.2 V), while the homogeneities of the
surface potential are almost the same.

On the basis of previous studies of thermal emission and
photoexcitation,”**** we prefer the viewpoint of electron
transfer to explain the experimental results in this work. The
changes in functional groups of three films after stretching have
been analyzed by attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy. As shown in Figure S7,
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Figure 3. Changes in the surface morphology of stretchable materials during stretching (600%) as observed by an optical microscope: (a) NR
before stretching; (b) Ecoflex before stretching; (c) VHB before stretching; (d), NR after stretching 600%; (e) Ecoflex after stretching 600%; (f),
VHB after stretch ing600%. (g, h) Electrostatic potentials of the NR surface before and after stretching (400%) measured by a Trek 347 instrument.

the infrared spectra of VHB and Ecoflex show little change
after stretching, suggesting that there is no rearrangement of
functional groups caused by the change in spatial structure. On
the basis of the Wang transition model*® for electrification, the
electron-withdrawing ability and density of functional groups
on the main chain can change the electron density on the
surface region, which leads to a change in polarity and strength
of the CE effect. Hence, ATR-FTIR results further proved that
the changes in the electrification capacities of VHB and Ecoflex
under strain are mainly caused by a decrease in effective
contact area during the morphology change. The changes in
structures of NR are given by a Fourier transform infrared
(ATR-FTIR) spectrum (see Figure 4a), the orientation of NR
after stretching has been analyzed by polarized ATR-FTIR
spectroscopy (see Figure 4b), and the crystal structures of NR
before and after stretching have been measured by X-ray
diffraction (XRD), as shown in Figure S8. For crystalline and
oriented polymers, the molecular chain has a certain
orientation; thus, the incident polarized infrared light in the
sample leads to different absorption intensities. The result in
Figure 4b shows that the parallel and vertical absorption bands
of NR do not completely coincide. The orientation function of
NR after stretching has been calculated (see Figure S9), which
confirms that the orientation and SIC of NR are produced
under strain in the experiment. More than 95% of the main

component of NR is cis-1,4-polyisoprene, while it also contains
some impurities such as protein and fatty acids. In Figure 4a, it
can be seen that the vibration intensity of the amide
(—CONH-) group at 1540 cm™" decreases significantly after
stretching. This functional group, whose amount decreases
after stretching, acts as an electron-donor group, resulting in
the suppression of the electron-donating capability of NR after
stretching. The peak at 835 cm™ is identified as the C—H out-
of-plane bending, which is considered to be related to the cis
structure of cis-1,4-polyisoprene.*”** The strength of this peak
increases greatly under strain, and the ranking moved to the
high-wavenumber direction (835 cm™' moves to 840 cm™
when NR is stretched to 400%). This absorption band at 840
cm™' was considered to be specific to crystalline regions in
previous studies.””*” The shift of the peak proves that the
conformation of cis-1,4-polyisoprene has changed. In order to
study the potential distribution of functional groups in the
whole molecule, the chain elements were calculated by density
functional theory (DFT). The electrostatic potential diagram
of the chain elements is shown in Figure 4c, in which the blue
and red areas are positive and negative potential areas,
corresponding to electron-poor areas and electron-rich areas,
respectively. Therefore, C=C provides an electron donor
conjugation effect in the polyisoprene molecule. It can also be
seen from a molecular orbital simulation diagram (Figure S10)
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Schematic models illustrating the corresponding structures of the NR before and after stretching. (h) Theoretical diagram to explain the charge
transfer between NR before and after stretching. Definitions: Ey,c, vacuum level of surface states; E,, neutral level of surface states.

that the electron cloud orbital corresponding to C=C is larger
than that corresponding to C—H. Hence, the crystallization of
NR makes the molecular chain more orderly, which results in
exposing an electron-poor area (C—H) to the surface side and
hiding the electron-donating bond (C=C) to the bulk region
and increasing the total electron-withdrawing capability of NR
(Figure 4d—g). Meanwhile, the SIC effect also changes
functional groups in NR, where the ethyl (—CH,CH,),
methylene (—CH,), and amide (—CONH-—) groups are
greatly reduced (Figure 4a). The reduction of these electron-
donor groups at the surface region leads to the strain-induced
shift in the triboelectric series. X-ray photoelectron spectros-
copy (XPS) has also been employed to verify the change in the
surface functional groups of NR. Here, the decrease in the
ethyl (—CH,CHj;) group and the increase in the —CH=C—
group near the surface region can both be confirmed (see
Figure S11 and Table S2), which are in good agreement with
the results of ATR-FTIR. Noting that the possible influence of
material transfer may also lead to a change in electrification
performance, we have further studied the material transfer
during the contact, as can be seen in Figures S12—S15 and

Note 2 in the Supporting Information. A detailed diagram of
the reversed electron transfer process (see Figure 2b) that
happened on the interface of stretched NR is elaborated in
Figure 4h and Figure S16 and Note 3 in the Supporting
Information.

In the above studies, we have confirmed that the
rearrangement of molecular orientation induced by SIC can
induce a shift in polarity in the triboelectric series for NR. On
the other hand, the movement ability of the Ecoflex molecular
chain decreases at low temperature and a crystallization effect
is more likely to occur. Hence, we performed a differential
scanning thermal analysis (DSC) to study the low-temperature
crystallization of Ecoflex, as shown in Figure Sa. The
crystallization peak of Ecoflex appeared at —48 °C, and by
integration of the peak area, the melting enthalpy of
crystallization was found to be AHgg,, = 31.17 J g~". In this
case, we selected a temperature of —50 °C as the experimental
condition to study the contact electrification of Ecoflex. The
experimental results (absolute charge density) of Ecoflex
contacting with different materials at both —50 and 20 °C are
shown in Figure 5b and Figure S17. The saturated charge
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Figure S. (a) Results of DSC in the range from —130 to 25 °C of Ecoflex, VHB, and NR. (b) Saturated charge densities (absolute values) of
Ecoflex at different temperatures on contacting with PA and FEP. The stretching ratio is 400%. (c) Molecular structure changes of Ecoflex at
different temperatures as given by ATR-FTIR spectra. (d) Electrostatic potential maps of Ecoflex. (e, f) Schematic models illustrating the
corresponding structures of the NR before and after stretching. (g) Comparison of advantages and disadvantages of NR, Ecoflex, and VHB, where
the NR shows a significant shift in the triboelectric series, Ecoflex has the highest electrification stability, and VHB maintains the highest breaking
elongation. Here, a saturated charge density of 40 #C m™ is taken as the reference value, and the changing ratio means the saturated charge density
stretched to 400% divided by the saturated charge density before stretching.

density of Ecoflex and PA decreases at low temperature, while
that of Ecoflex and FEP increases, suggesting that the
electrification polarity of Ecoflex after crystallization moves
to positive direction in the triboelectric series. Moreover, this
shift in triboelectric series is more obvious when strain is
applied to the Ecoflex film (see Figure Sb), which proves that
both stretching and low temperature can promote the
crystallization of Ecoflex film. The ATR-FTIR spectra of
Ecoflex at —40, —50, and —60 °C have been measured, as
shown Figure Sc. With a decrease in temperature, the
stretching vibration peak of Si—O at 1097 cm™' gradually
increases, suggesting that the number of Si—O bonds increases
in the surface region. The strain-enhanced crystallization of
silicon rubber at low temperature has also been reported in
previous studies on the basis of synchrotron radiation wide-
angle X-ray diffraction,”’ ~** which can support our explanation
for the results in Figure Sb. In order to study the potential
distribution of the molecular chain, a DFT calculation was also

carried out for the elements on the Ecoflex molecular chain.
The electrostatic potential diagram of the structural element is
shown in Figure 5d, where the blue and red areas in the figure
correspond to electron-poor areas and electron-rich areas,
respectively. The results show that the O atom is at the lowest
point of the electrostatic potential among all of the elements.
In combination with the analysis results of the ATR-FTIR
spectrum, the crystallization of the molecular chain at low
temperature causes more Si—O bonds to accumulate on the
surface region and further enhances the electron-donating
capability of Ecoflex. Hence, different from the crystallization
of NR, the combined effect of temperature and strain shifts the
polarity of Ecoflex to a positive direction in the triboelectric
series (Figure Se,f). It is important to note that, since the shift
of polarity under different strains and temperatures has been
ignored, it is hard to anticipate the change in the output signal
of stretchable TENG, since the charge density can be increased
for contacts with one material and be decreased with another.
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We have proposed a modified approach to evaluate the merit
of elastic TENG, as can be seen in Figure Sg and Figure S18,
Table S3, and Note 4.

In this work, we have selected three types of commonly used
elastomers for elastic TENGs and studied their tribo-
electrification properties under different strains. The results
show that, in addition to the change in effective contact area,
crystallization due to strain and a temperature change can also
induce a shift in the triboelectric series. The strain-induced
crystallization of a molecular chain can generate significant and
ordered changes in molecular orientation, which can induce a
shift in the triboelectric series or even polarity reversal. This
effect can be well explained on the basis of surface electron
cloud density. That is, a great change in molecular orientation
results in the rearrangement of surface functional groups,
which leads to a change in surface electron cloud density and
finally shifts the polarity of materials in the triboelectric series.
It is also necessary to note that the ordinary extension of a
molecular chain, which may only lead to disordered changes,
cannot generate a shift in the electrification polarity. More
interestingly, the silicone rubber (Ecoflex), the performance of
which exhibits little change under different strains at room
temperature, can also show a strain-induced shift in the
triboelectric series at —50 °C, which can be a good guidance
for research on a low-temperature TENG since a lithium-ion
battery cannot work effectively at low temperature. This study
can help to elucidate the contribution of the molecular spatial
orientation of an elastomer to its macroscopic electrical
properties, which can further promote the study of stretchable
TENGs as energy harvesters or active sensors for wearable
electronics.
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