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The Charging Events in Contact-
Separation Electrification
Umar G. Musa1, S. Doruk Cezan2, Bilge Baytekin1,2 & H. Tarik Baytekin1

Contact electrification (CE)—charging of surfaces that are contacted and separated, is a common 
phenomenon, however it is not completely understood yet. Recent studies using surface imaging 
techniques and chemical analysis revealed a ‘spatial’ bipolar distribution of charges at the nano 
dimension, which made a paradigm shift in the field. However, such analyses can only provide 
information about the charges that remained on the surface after the separation, providing limited 
information about the actual course of the CE event. Tapping common polymers and metal surfaces to 
each other and detecting the electrical potential produced on these surfaces ‘in-situ’ in individual events 
of contact and separation, we show that, charges are generated and transferred between the surfaces 
in both events; the measured potential is bipolar in contact and unipolar in separation. We show, the 
‘contact-charges’ on the surfaces are indeed the net charges that results after the separation process, 
and a large contribution to tribocharge harvesting comes, in fact, from the electrostatic induction 
resulting from the generated CE charges. Our results refine the mechanism of CE providing information 
for rethinking the conventional ranking of materials’ charging abilities, charge harvesting, and charge 
prevention.

Contact electrification (CE) is the electrical charge development on two identical1,2 or different3,4 materials dur-
ing their contact and separation. Charge build-up on surfaces results in ‘zaps’ or electrical discharges, which are 
detrimental for some industries (e.g. electronics, space and aviation, plastic manufacturing) causing millions of 
dollars losses annually. On the other hand, electrophotography5, electrostatic coating, filtration, separations6, 
and triboelectric energy harvesting (generators)7,8 benefit from charges developed during CE. Although CE is 
so common, our fundamental understanding on its mechanism is still incomplete, even millennia after its dis-
covery. CE depends on contacting material’s physical and chemical properties, environmental conditions and 
the nature of the physical contact between materials, and therefore ambiguous results are encountered in the 
related literature, hampering the uncovering of its mechanism9,10. The event gets even more complicated when 
mass transfer (exchange of bits of charged material between contacting surfaces) is involved11,12. Recent discov-
eries made by using chemical and surface analysis techniques, however, provided a large step-forward in contact 
electrification research, for instance; (1) charging of two identical surfaces questioned the idea of pure electron 
transfer mechanism and undermined the concept of building up of a general triboelectric series13–16 (2) the obser-
vation of nano-to-macro oppositely-charged charge domains on surfaces17–25 disproved the previously assumed 
homogenous charge distribution on surfaces after contact, (3) the measurement of charges in nano domains 
showed that the electric potential on surfaces is ca. 100 times more than previously thought17. Based on these new 
findings, it was proposed that the charge generation is closely related to mechanically generated chemical species; 
radicals, cations, and anions formed after bond-breakages on surfaces17,26–31. Also, three fundamental transfer 
processes, electron32,33, ion16,34,35, and material transfer11,12 are now reconsidered in terms of bond-breaking upon 
plastic deformations31,36–38. Some groups further investigated the chemical events on tribocharged surfaces such 
as surface-modifications39,40, different types of bond-breaking processes26–30, and other chemical changes like 
surface oxidation, showing their role in contact electrification37. Here we show, the above-mentioned ‘spatial res-
olution’ of charging event (imaging of surface charge at meso to nano17–25 scales, and tracking of material transfer 
and chemical changes), can now be augmented from the results obtained by the ‘temporal resolution’ of the event, 
the monitoring of charge formation, transfer, and dissipation in the separate events of contact and separation, to 
obtain a more universal mechanism of contact electrification.
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Results and Discussion
Contact-separation cycles of polymer-metal electrification, and simultaneous potential meas-
urement. We used a tapping device set at different tapping frequencies (1–10 Hz), which allows the contact 
and separation of two surfaces (a polymer and a metal), for individual detection of the electrical potentials pro-
duced during contact and separation of polymer/metal surfaces. In our experiments, we used various polymers; 
polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), polysulfone (PSU), polyvinyl chloride (PVC), 
polypropylene (PP), kapton, polyacetate, polyethylene terephthalate (PET), polycarbonate (PC), and Nylon. 
Metals used were aluminum (Al), copper (Cu) and stainless steel. Of the two contacting surfaces, the first one is 
the surface of the metal stub (ME) directly attached to a 100 mega ohm (input impedance) oscilloscope probe, 
and the second is a polymer that is mounted on another metal stub (BE), which is attached to an identical probe. 
A two-channel oscilloscope was used to independently measure the open circuit electrical potential (in volts) 
generated during the contact and separation of the two surfaces. Current measurements were performed using a 
low-noise current preamplifier (SR570 Current Preamplifier, Stanford Research Systems, Inc.) (For details about 
the experimental parameters, see SI).

Resolution of the contact and separation signals. As illustrated in Fig. 1, we first tapped polytetrafluo-
roethylene, PTFE (100 micron thickness, mounted on base electrode, BE) and aluminium (as metal electrode, 
ME), at three different tapping frequencies (10 Hz, 5 Hz, and 1 Hz), simultaneously monitoring the events and 
their respective signal outputs on the oscilloscope screen by a video camera (Movie S1, Fig. 1). For all other 
polymer/metal pairs see Fig. S1. In all cases (Fig. 2 and Fig. S1), the two output channels show almost equal 
but opposite charging of the materials on the two electrodes, evidenced by the comparison of the measured 
electrical potential, current and the charge measured after separation (Figs S1–S3). The results show, however, 
as the contact/separation frequency is reduced from 10 Hz to 1 Hz, the shapes of the two output signals change 
dramatically, i.e., more than two signals for both electrodes emerge: Contact event creates bipolar charging (with 
alternating + and − voltages), whereas separation leads to a unipolar charging (either + or −). Here, we note 
that the bipolar signal during contact is not due to the mechanical vibrations or slipping during contact, and is a 
true electrical signal as evident from Movie S2. We also note that the signal patterns are not affected significantly 
by the thickness of the polymer sample (15–100 µm for various polymers) or by the change in relative humidity 
(10–35%). The effect on any material transfer on the obtained signals upon polymer-metal tapping is discussed 

Figure 1. Schematic representation of polymer-metal contact/separation electrification and the corresponding 
oscilloscope signals (electrical potential) for the individual events of contact and separation. Electrical potential 
signals are bipolar (+ and −) at contact and unipolar at separation. In the experimental setup, contacting 
surfaces are; a metal base electrode (BE) covered with a thick (100 µm) polymer film and a metal electrode 
(ME, Al, Cu, or stainless steel). The charges created during contact and separation measured as electrical 
potential on the metal electrodes were collected using 100 mega ohm oscilloscope probes connected to a two-
channel oscilloscope (OWON SDS7072, 70 MHz, 2 + 1 Channel, 1 GS/s). The channels of the oscilloscope can 
measure electrical signals independently. The distance between the electrodes was adjusted by an x-y stage and 
separation force was provided by a spring. A microprocessor (Arduino nano) was used to set the frequency of 
tapping and the force was applied by a solenoid actuator. See SI for further details of the setup and Movie S1 for 
the simultaneous visual observation of the contact and separation, and their corresponding electrical signals.
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in SI, Figs S11 and S12. We have also performed tapping experiments with various metal-polymer combinations 
at the BE electrode (tapping all BE’s at 5 Hz to Al (ME)), to account for any differences in signals that may emerge 
from the differences in the interface resistance of various metal polymer contact at the BE. The basic form of 
open-circuit potential signals generated upon contact/separation cycles does not change upon changing the type 
of metal on BE, (Fig. S8a)—in all possible combinations, induction, followed by the bipolar charging upon con-
tact, and subsequent unipolar separation signal (see below) can be detected. The BE metals’ resistance is found 
to play an insignificant role also in the rate of discharge upon contact charging event (Fig. S8b). Reducing the 
frequency lower than 1 Hz did not change the signal patterns significantly, so we believe that already at tapping 
frequency of 1 Hz, the events are well-resolved in terms of their signal patterns. (Since the data for the polymer/
metal pairs are very similar, throughout the rest of the text (Figs 2–4) we show data from different polymer/metal 
pairs).

To verify that the appearance of bipolar signal is due to charging alone and not the transport imbalances of 
the electrons, we have also tapped to two identical BE electrodes, namely PVC-PVC, PC-PC, PTFE-PTFE, PP-PP, 
PDMS-PDMS, and kapton-kapton (each polymer was mounted on Al on BE) (Fig. S9). Similar electrical signal 
patterns were observed in these cases with identical material contact, too, only with a smaller values of contact/
separation charges (detected as open-circuit electrical potentials) as expected from identical material contacts1,17.

Although a variety of signal patterns for different tapping frequencies, consecutive positive and negative peaks 
in voltage and current, is very common in the related literature41–47, since the focus of most studies is on energy 
harvesting, or other applications, most studies do not concentrate on the assignments of all the obtained electrical 
signals. If the signals are obtained at tapping frequencies ≥10 Hz (as in Fig. 2a), their interpretations might be 
made as the two peaks of voltage for each electrode, per cycle—first one (+ or − only) for contact, and the second 
one (− or + only, reverse polarity of the contact signal) for separation. This is because of the overlap of the signals 
from individual charging events, as shown in Fig. 2. Another reason might be the effect of the large electrostatic 
induction signal compared to the signals that originate only from contact electrification. ‘Bipolar’ contact and 

Figure 2. Resolving the signals generated at contact and separation during a typical contact-separation cycles of 
a polymer and a metal. Polymer-metal (PTFE on BE, Aluminum as ME) contact electrification at (a) 10 Hz, (b) 
5 Hz, and (c) 1 Hz tapping frequencies, showing a drastic dependence of signal pattern of open-circuit voltages 
on tapping frequency. (The signals, ‘as obtained’ on the left column, and ‘zoomed in’ on the right column). At 
10 Hz, the signals for the two electrodes, BE and ME, appear as two peaks; which can be attributed ‘purely’ to 
contact and separation processes in each cycle, respectively. However, as the tapping slows down to 5 Hz and 
later to 1 Hz, and the contact and separation events are ‘resolved’, bipolar signals for contact, and unipolar 
signals for separation emerge. RH = 13.5%, T = 23 °C.



www.nature.com/scientificreports/

4SCIENTIFIC REPORTS |  (2018) 8:2472  | DOI:10.1038/s41598-018-20413-1

‘unipolar’ separation signals, which are only possible to get with higher resolution, were also reported previously, 
but they were not described in detail, since the motivation of these studies were usually to increase the power 
output45. To the best of our knowledge, this is the first study to understand the ‘bipolar’ contact and ‘unipolar’ 
separation signals, linking them to actual events of contact/separation, and electrostatic induction.

Identifying the signals that originate from individual contact, separation and induction events.  
In order to understand the origins of signals, and the interesting bipolar pattern (alternating + and − voltages) 
of electrical potential signal during contact/separation electrification that emerges as the frequency of tapping 
is reduced during contact/separation (Fig. 2, Movie S1), we did the following experiments. In the first experi-
ment (Fig. 3), we allowed the pristine polymer and metal surfaces to contact and separate at 5 Hz (Fig. 3a). As 
the contact/separation cycles were being performed, we suddenly adjusted the distance between polymer and 
metal surfaces to 500 microns by manipulating the x-y stage, so that the polymer and the metal electrode could 
not physically contact each other anymore in the subsequent approach/departure cycles (Fig. 3b). Careful com-
parison of signal output patterns in Fig. 3a,b show that the signals for approach/departure cycles (no contact, 
Fig. 3b), look similar to those obtained from the contact/separation cycles (Fig. 3a), but they lack the signals for 
contact at each cycle. (Again, this difference can only become clear as the signals are diligently inspected) From 
this difference, we conclude that the first and the largest peaks in the ‘contact’ signals in contact/separation cycles 
(Figs 2c, 3a) are due to electrostatic induction of the charge by the surfaces charged in previous cycles. (Induction 
effect also exists in separation signals in contact/separation cycles, as discussed in SI text and Figs S4 and S5). 
This implies, the signals obtained during conventional contact/separation cycles are not solely due to the contact/
separation event, and that induction plays a major role (see Fig. S5 for its relative contribution), as also mentioned 
in the previous literature. More importantly, this experiment shows us that the consecutive, oppositely charged 
signals (‘bipolar’ signals) only appear when there is contact of surfaces during the cycles—apparently, these are 
the signals for contact electrification.

In a second experiment for investigation of electrical signals that originate from the contact/separation elec-
trification, we let this time polypropylene (PP) and aluminium (Al), initially uncharged, go through contact/
separation cycles at 1 Hz (Fig. 4). In this experiment, the signal pattern remains almost identical for hundreds of 
cycles after the second contact; therefore, we show the representative signals from the first three contact/separa-
tion cycles (Fig. 4a). The interpretation of the signals obtained upon contact/separation of the polymer and the 
metal can be summarized as follows: Since we start with uncharged surfaces, an induction-free first contact gives 
rise to two consecutives oppositely charged signals (bipolar charging), which we will continue to refer as electrifi-
cation during contact or contact electrification (CE) (Fig. 4). In the second and subsequent contacts, CE signals are 
accompanied by the large signal of electrostatic induction (Ia) (as verified in Fig. 3), since the surfaces are already 
charged from the previous cycles. Separation gives rise to a separate unipolar ((+) or (−)) electrical signal, as also 
shown in Fig. 4, which we will refer to as electrification during separation, or separation electrification (SE). SE 
signals contain the electrostatic induction signals (as a result of surface charges after SE) for departure (Id). Similar 

Figure 3. (a) Identifying the signals for contact electrification. Open circuit potential signals that were generated 
due to CSE and electrostatic induction during contact mode, (b) Open circuit potential signals that were 
generated due to electrostatic induction during non-contact mode. Aluminum metal and polymer (PSU) were 
used in the experiment and frequency of CSE tapping in (a) and oscillation in (b) were set to 5 Hz (RH = 19%). 
(The signals, ‘as obtained’ on the left column, and ‘zoomed in’ on the right column).
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signal patterns can be obtained for other pairs; polymer-metal (Fig. S1), with reversal of polarity for Nylon (6,6) 
or polycarbonate (PC)/metal pairs (Fig. S2), and also for polymer/polymer pairs (Fig. S6).

Bipolar contact signals through bond-breaking events. Appearance of the bipolar contact and uni-
polar separation signals are quite surprising according to the conventional theories on mechanism of contact/sep-
aration electrification, which assume a ‘unidirectional charge transfer’ between surfaces when they contact. The 
‘unidirectional charge transfer’ idea has so far been especially pronounced for metal-polymer contacts, in which 
the electron transfer is proposed to occur from metal to polymer, for the polymers that gain (−) charge. On the 
principle of unidirectional charge transfer, common materials had been ranked according to their ‘tendencies of 
electron transfer’, forming ‘triboelectric series’, that still serves as a basic understanding of CE. Recently, using sur-
face imaging techniques Kelvin Probe, KPFM, EFM, force microscopy, and chemical analysis, we and others17–25 
have shown that positively and negatively charged domains (bipolar charge distributions) ranging from nano to 
macro exist on common dielectric surfaces after CE. Although these studies cannot provide information about 
the direction of charge transfer during the event, they indirectly show that there could be a bidirectional charge 
transfer during the charging events. Moreover, they also pointed out that the charge formation is related to the 
bond-breaking events that create mechanoions. These species can also play a role in the charge transfer.

Figure 4. Analysis of electrical potential signals of consecutive contact/separation cycles upon metal-polymer 
contact. (Here, data shown for PP on BE-Aluminum as ME, at 1 Hz). (a) Overall signals generated at the 
first three contact/separation cycles. (b) Signals for PP (BE), and (c) signals for Al (ME). Individual events 
of electrostatic induction upon approach (Ia), contact electrification (CE), separation (SE), and electrostatic 
induction upon departure (Id) are labelled. As expected, Ia signal is missing at the first contact, and Id appears 
after first SE (since the surfaces becomes charged already after SE).
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We should note again that appearance of signals during contact and separation events is a definite indication 
of charge transfer between surfaces during these events. Although it is impossible to fully define the roles of 
species (electrons, mechanoions etc.) involved in such a transfer, standing on the recent evidences on charge 
formation by bond-breaking and material transfer, one might guess about the molecular level events. For exam-
ple, in our case, the observation of bipolar charging (bidirectional transfer) at contact implies that the transfer 
mechanism should be more complicated than the previously thought unidirectional electron transfer (e.g. as in 
Movie S3) and that recently proposed mechanism of charge formation through bond-breaking might help in 
proposing a hypothetical mechanism. Using this recent knowledge, and following the course of signal appear-
ances in typical signal patterns of polymer/metal contacts that generate negatively charged polymer surfaces at 
separation, a schematic for the transfer of charges in contact/separation electrification can be surmised as shown 
in Fig. 5. For simplifying the explanation, we exclude the signals due to electrostatic induction (Ia and Id) and 
keep only the signals due to contact/separation processes (CE and SE) (Fig. 5). Before contact, both surfaces are 
in the uncharged state (Fig. 5a, point 0). During the first contact, charges are created bipolarly (conserving the 
total charge as, X+ = Y− + e−, X and Y mechanoions, e− free electrons) at the polymer/metal interface because of 
the bond-breaking processes on the polymer’s surface as was previously verified in the literature17,18,26,31,36. 36 and 
also in Fig. S10, Movie S4. At this moment, the generated free electrons (e−) flow from the surface of the BE to 
Osc1 (channel 1) (Fig. 5, signal 2), giving rise to a simultaneous electron flow from Osc2 to the metal (ME) (Fig. 5, 
signal 1). From the comparison of intensities of signal 1 and 2 (Fig. S5), we realise that the polymer/metal inter-
face is net positive at the contact. Since the polymer surface at the interface is still net positive, it initiates a ‘back 
flow’ of electrons from Osc 1 to BE (Fig. 5, signal 3) which produces a concurrent electron flow form metal to 
Osc2 (signal 4). Now, there is a charge balance at the surface and there is no more net flow (Fig. 5, point 6). If the 
initial charges formed on the polymer surface were not bipolar, the mechanism would result in only one unipolar 
‘contact charge’ signal (either positive or negative) and not to a bipolar temporal voltage signal. Here we stress 
again that the temporal bipolar contact charging can only be observed, if there is such a spatial bipolar charging. 
During separation, positive and negative charges are generated again as a result of further bond-breakages (as 
also supported by a detectable amount of material transfer that occurs between the surfaces)11. These initiate the 
subsequent electron flow from/to the electrodes, which are detected as signals 7 and 8. But now, a ‘back flow’ of 
electrons cannot happen, since the surfaces are physically separated. Therefore, negative charges remain at the 
polymer’s surface (for polymers that end up with net negative surface charge, Fig. S1), while positive charges 
remain on the surface of ME. We note that for the polymer surface, neutralization happens through charge decay 
in air (in hours, when isolated), charges on the metal surface decay rapidly, only when/if the system is connected 
to ground (Fig. 5). In continuous tapping, such charge decay is interrupted by the subsequent cycle, and starting 
from the second cycle, each cycle starts with charged surfaces, which induce opposite charges at each electrode 

Figure 5. Proposed mechanism of contact electrification based on metal-polymer interaction. Typical electric 
potential signal patterns of contact and separation event in CE of a polymer and a metal surface (Tapping 
frequency 1 Hz, shown here signals obtained from CE of PP and Al, large induction signal during approach 
is omitted for clarity). Corresponding events for signals formed during contact (signals 1–4) and separation 
(signals 7 and 8). The ‘backflow’ of electrons causing signals 3 and 4 cannot take place during separation, since 
the surfaces are physically separated. CE charges decay if the electrodes are grounded.
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and hence the Ia signals are generated (Fig. 4). So far we described the case of polymer/metal contacts that gen-
erate negatively charged polymer surfaces at separation. In the typical signal patterns of polymer/metal contacts 
that generate positively charged polymer surfaces at separation (Fig. S2), the Ia, CE and SE, Id signal polarities are 
reversed w.r.t. the above case; upon contact, the interface is net negative for these contacts, as can be seen from the 
comparison of the intensities of corresponding signals 1 and 2.

To summarize, we have separated and assigned, previously unresolved signals of contact and separation elec-
trification individually by slowing down the contact/separation cycles. The analysis of the signal patterns verified 
that the largest peak in the pattern is due to induction of charges that happens during approach of the previously 
charged surfaces. The first time analysis of the generated electrical signals in individual events of contact and 
separation showed that signals generated at contact are bipolar (both positive and negative) and separation sig-
nals are unipolar (positive or negative). Although the signal polarity depends on the nature of the polymer, the 
contact and separation are bipolar and unipolar, respectively, for all metal/polymer and polymer/polymer con-
tacts showing a universal behaviour. Our results might be used to extend the knowledge on the newly emerging 
chemistry-based mechanism that is built on observation of bipolar surface charges on dielectric materials at the 
nano and macro scales, which so far could give information on charges only after separation. As pointed out 
earlier48, explorations of variations in charge transfer during the contact/separation event provide useful hints 
for finding the general mechanism of charge formation/transfer. Therefore, we believe that the electrical signals 
that are obtained in situ can provide information about the ‘true’ mechanism of contact/separation electrification, 
which is essential especially for building up revised triboelectric series as well as understanding and developing 
technologies such as charge harvesting by energy converters, sensor applications, or making new generation anti-
static materials based on actual mechanism of contact electrification.

References
 1. Apodaca, M. M., Wesson, P. J., Bishop, K. J. M., Ratner, M. A. & Grzybowski, B. A. Contact electrification between identical 

materials. Angew. Chem. Int. Ed. 49, 946–949 (2010).
 2. Shinbrot, T., Komatsu, T. S. & Zhao, Q. Spontaneous tribocharging of similar materials. Europhys. Lett. 83, 24004 (2008).
 3. Horn, R. G. & Smith, D. T. Contact electrification and adhesion between dissimilar materials. Science 256, 362–364 (1992).
 4. Harper W. R. Contact and Frictional Electrification (Oxford Univ. Press, London, 1967).
 5. Schein B. Electrophotography and Development Physics, (Laplacian, Morgan Hill, 1996).
 6. Kwetkus, B. A. Modelling of conducting particle behaviour in plate-type electrostatic separators. Part. Sci. Technol. 16, 55–68 (1998).
 7. Wang, Z. L. Triboelectric nanogenerators as new energy technology for self-powered systems and as active mechanical and chemical 

sensors. ACS Nano 7, 9533–9557 (2013).
 8. Li, Y. & Wang, Z. L. Materials design of implantable nanogenerators for biomechanical energy harvesting. APL Materials 5, 074103, 

1–13 (2017).
 9. Lacks, D. J. Dependence of contact electrification on the magnitude of strain in polymeric materials. Angew. Chem. Int. Ed. 51, 

6822–6823 (2012).
 10. Lacks, D. J. & Sankaran, R. M. Contact electrification of insulating materials. J. Phys. D: Appl. Phys. 44, 453001 (2011).
 11. Baytekin, H. T., Baytekin, B., Incorvati, J. T. & Grzybowski, B. A. Material transfer and polarity reversal in contact charging. Angew. 

Chem. Int. Ed. 51, 4843–4847 (2012).
 12. Salaneck, W. R., Paton, A. & Clark, D. T. Double mass transfer during polymer-polymer contacts. J. Appl. Phys. 47, 144–147 (1976).
 13. Coehn, A. Ueber ein Gesetz der Elektrizitatserregung. Ann. Phys. 300, 217–232 (1898).
 14. Henniker, J. Triboelectricity in polymers. Nature 196, 474–474 (1962).
 15. Adams, C. K. Nature’s Electricity. (Wiley, New York, 1987).
 16. McCarty, L. S. & Whitesides, G. M. Electrostatic charging due to separation of ions at interfaces: contact electrification of ionic 

electrets. Angew. Chem. Int. Ed. 47, 2188–2207 (2008).
 17. Baytekin, H. T. et al. The mosaic of surface charge in contact electrification. Science 333, 308–312 (2011).
 18. Burgo, T. A. L. et al. Triboelectricity: Macroscopic charge patterns formed by self-arraying ions on polymer surfaces. Langmuir 28, 

7407–7416 (2012).
 19. Burgo, T. A. L., Silva, C. A., Balestrin, L. B. S. & Galembeck, F. Friction coefficient dependence on electrostatic tribocharging. Sci. 

Rep. 3, 2384 (2013).
 20. Burgo, T. A. L. & Erdemir, A. Bipolar tribocharging signal during friction force fluctuations at metal–insulator interfaces. Angew. 

Chem. Int. Ed. 53, 12101–12105 (2014).
 21. Knorr, N. Squeezing out hydrated protons: Low-frictional-energy triboelectric insulator charging on a microscopic scale. AIP Adv. 

1, 022119 (2011).
 22. Pandey, A., Kieres, J. & Noras, M. A. Verification of non-contacting surface electric potential measurement model using contacting 

electrostatic voltmeter. J. Electrostat. 67, 453–456 (2009).
 23. Barnes, A. M. & Dinsmore, A. D. Heterogeneity of surface potential in contact electrification under ambient conditions: A 

comparison of pre- and post-contact states. J. Electrostat. 81, 76–81 (2016).
 24. Albrecht, V. et al. Some aspects of the polymers’ electrostatic charging effects. J. Electrostat. 67, 7–11 (2009).
 25. Terris, B. D., Stern, J. E., Rugar, D. & Mamin, H. J. Contact electrification using force microscopy. Phys. Rev. Lett. 63, 2669–2672 

(1989).
 26. Urbanski, T. Degradation of amber and formation of free radicals by mechanical action. Proc. R. Soc. Lond. A 325, 377–381 (1971).
 27. Porter, R. S. & Casale, A. Recent studies of polymer reactions caused by stress. Polym. Eng. Sci. 25, 129–156 (1985).
 28. Sakaguchi, M., Shimad, S. & Kashiwabara, H. Mechanoions produced by mechanical fracture of solid polymer. Macromolecules 23, 

5038–5040 (1990).
 29. Sohma, J. Mechano-radical formation in polypropylene by an extruder action and its after-effects. J. Colloid Polym. Sci. 270, 1060 

(1992).
 30. Beyer, M. K. & Clausen-Schaumann, H. Mechanochemistry:  The mechanical activation of covalent bonds. Chem. Rev. 105, 

2921–2948 (2005).
 31. Baytekin, H. T., Baytekin, B., Hermans, T. M., Kowalczyk, B. & Grzybowski, B. A. Control of surface charges by radicals as a principle 

of antistatic polymers protecting electronic circuitry. Science 341, 1368–1371 (2013).
 32. Liu, C. Y. & Bard, A. J. Electrostatic electrochemistry at insulators. Nat. Mater. 7, 505–509 (2008).
 33. Lee, L.-H. Dual mechanism for metal-polymer contact electrification. J. Electrostat. 32, 1–29 (1994).
 34. Diaz, A. F. & Felix- Navarro, R. M. A semi-quantitative tribo-electric series for polymeric materials: the influence of chemical 

structure and properties. J. Electrostat. 62, 277–290 (2004).



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:2472  | DOI:10.1038/s41598-018-20413-1

 35. Baytekin, H. T., Baytekin, B., Soh, S. & Grzybowski, B. A. Is water necessary for contact electrification? Angew. Chem. Int. Ed. 50, 
6766–6770 (2011).

 36. Baytekin, B., Baytekin, H. T. & Grzybowski, B. A. What really drives chemical reactions on contact charged surfaces? J. Am. Chem. 
Soc. 134, 7223–7226 (2012).

 37. Galembeck F., Burgo T. A. L. Chemical Electrostatics (Springer, 2017).
 38. Williams, M. Triboelectric charging of insulating polymers–some new perspectives. AIP Adv. 2, 010701 (2012).
 39. Yua, Y. & Wang, X. Chemical modification of polymer surfaces for advanced triboelectric nanogenerator development. Ext. Mech. 

Lett. 9, 514–530 (2016).
 40. Byun, K.-E. et al. Control of triboelectrification by engineering surface dipole and surface electronic state. ACS Appl. Mater. 

Interfaces 8, 18519–18525 (2016).
 41. Wang, S., Lin, L. & Wang, Z. L. Nanoscale triboelectric-effect-enabled energy conversion for sustainably powering portable 

electronics. Nano Lett. 12, 6339–6346 (2012).
 42. Zhong, J. W. et al. Finger typing driven triboelectric nanogenerator and its use for instantaneously lighting up LEDs. Nano Energy 2, 

491–497 (2013).
 43. Zhu, Y. et al. A flexible and biocompatible triboelectric nanogenerator with tunable internal resistance for powering wearable 

devices. Sci. Rep. 6, 22233 (2016).
 44. Chung, J. et al. Self-packaging elastic bellows-type triboelectric nanogenerator. Nano Energy 20, 84–93 (2016).
 45. Lee, K. Y. et al. Hydrophobic Sponge Structure-Based Triboelectric Nanogenerator. Adv. Mater. 26, 5037–5042 (2014).
 46. Zhang, X.-S., Su, M., Brugger, J. & Kim, B. Pencilling a triboelectric nanogenerator on paper for autonomous power mems 

applications. Nano Energy 33, 393–401 (2017).
 47. Yu, Y., Li, Z., Wang, Y., Gong, S. & Wang, X. Sequential infiltration synthesis of doped polymer films with tunable electrical 

properties for efficient triboelectric nanogenerator development. Adv. Mater. 27, 4938–4944 (2015).
 48. Lowell, J. & Akande, A. R. Contact electrification—Why is it variable? J. Phys. D Appl. Phys. 21, 125–137 (1988).

Acknowledgements
This work was supported by Scientific and Technological Research Council of Turkey (TÜBİTAK) under 
project number 214M358. BB acknowledges BAGEP 2016 award. HTB acknowledges Marie Sklodowska-Curie 
fellowship with project number H2020-MSCA-IF-2015_707643.

Author Contributions
H.T.B. conceived the project, H.T.B. and B.B. supervised and coordinated the work. U.M.G., S.D.C., B.B. and 
H.T.B. carried out the experiments. H.T.B. and B.B. wrote the manuscript with input from all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20413-1.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018


