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E
nergy harvesting using renewable,
sustainable, and environmentally fri-
endly resources has gained consider-

able attention as a viable route to meet
rapidly increasing energy demands, in-
itiated in part by quickly growing number
of portable electronics.1�3 Among various
sustainable energy resources existing in our
living environment, the physical move-
ments originated from various stimuli are
one of the highly affordable and reliable
energy resources, less affected by external
weather conditions.4�7 The electromagne-
tic,8�10 piezoelectric,11�15 and triboelec-
tric16,17 effects have been widely employed
to convert them into electrical energy. The
triboelectric generators (TEGs) harvest en-
ergy using triboelectric effect, where elec-
tricity is generated by contact-electrifica-
tion: the charge transfer process is built up
when the two material surfaces with oppo-
site triboelectric polarity are in contact
with each other.18,19 The TEG produces high

output power density and is especially at-
tractive due to its simple and low-cost de-
vice fabrication process.20,21 To date, many
efforts have been made to maximize the
output power of the TEGs for the realization
of self-powered electronics devices.22 Most
attempts so far have been focused on de-
veloping different surface patterning meth-
ods23�26 and novel device structures.27�31

These efforts, however, were often hindered
by limited material combinations available
in a triboelectric series and related proces-
sing issues. Thus, it will be substantially
useful if there is a simple method to render
the triboelectric charging sequence of the
materials' surfaces, which can expand ma-
terial choices and improve the performance
of the TEGs.
Here we report a simple surface functio-

nalization method that can effectively
change the triboelectric sequence of the
materials in a triboelectric series, which in turn
greatly improves the output performance of
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ABSTRACT Two different materials, apart from each other in a triboelectric series, are required to

fabricate high performance triboelectric generators (TEGs). Thus, it often limits the choices of materials

and causes related processing issues for TEGs. To address this issue, we report a simple surface

functionalization method that can effectively change the triboelectric charging sequence of the

materials, broadening material choices and enhancing the performance of TEGs. Specifically, we

functionalized the surfaces of the polyethylene terephthalate (PET) films either with poly-L-lysine

solution or trichloro(1H,1H,2H,2H-perfluorooctyl) silane (FOTS). Consequently, the PET surfaces were

modified to have different triboelectric polarities in a triboelectric series. The TEGs, fabricated using

this approach, demonstrated the maximum Vopen‑circuit (Voc) of ∼330 V and Jshort‑circuit (Jsc) of ∼270

mA/m2, respectively, at an applied force of 0.5 MPa. Furthermore, the functionalized surfaces of TEGs demonstrated superior stability during cyclic

measurement over 7200 cycles, maintaining the performance even after a month. The approach introduced here is a simple, effective, and cost-competitive

way to fabricate TEGs, which can also be easily adopted for various surface patterns and device structures.
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the TEGs. Specifically in this work, we functionalized
the surface of polyethylene terephthalate (PET) films
either with poly-L-lysine or trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (FOTS) by dip-coating and self-
assembling deposition, respectively. As a result, the
PET surface functionalized with poly-L-lysine shows
positively charged state and the one functionalized
with FOTS indicates negatively charged state, exhibit-
ing opposite triboelectric polarity when they are in
contact with each other. The TEG fabricated using
these functionalized surfaces demonstrated the max-
imum Vopen‑circuit (Voc) of∼330 V and Jshort‑circuit (Jsc) of
∼270 mA/m2 when the two flat surfaces are periodi-
cally contacted at an applied force of 0.5MPa. It was∼4
orders of magnitude higher output power in compar-
ison to the one obtained from the TEG with nonfunc-
tionalized surfaces. Besides, the surface functionalized
TEGs demonstrated superior stability over 7200 cyclic
contact measurement, maintaining the performance
even after a month. The approach introduced here is
simple, effective, and cost-competitiveway to fabricate
TEGs, which can also be easily applied to the devices
with various surface patterns and device structures.

RESULT AND DISCUSSION

The PET surface functionalization processes are
schematically illustrated in Figure 1a,b. Here we note
that identical indium tin oxide (ITO)-coated PET sub-
strates were used in this study to demonstrate the roles
of surface functionalization. The detailed surface func-
tionalization process can be described as follows. First,
ITO-coated PET substrates, precleaned with acetone,
IPA, and deionized (DI) water, were treated in oxygen
plasma for 100 s, which forms reactive chain ends with
hydroxyl (�OH) group strongly binding on the PET
surfaces.32,33 The hydroxyl (�OH) groups on the PET
surface are in turn covalently bonded with functiona-
lizing target molecules. Thus, oxygen plasma treat-
ment plays a key role in maintaining reliable output
performance during long cyclic measurements even
after a month. Next, the plasma treated hydroxyl-PET
(H-PET) substrate was soaked in a glass container
containing poly-L-lysine solution for 5 min to functio-
nalize the surface [Figure 1a]. Subsequently, the H-PET
was washed with DI water and N2 blow-dried.
As depicted in Figure 1a, the poly-L-lysine-coated PET

Figure 1. (a and b) Schematic representation of the surface functionalization process. The PET/ITO substrates were treated in
oxygen plasma prior to the surface functionalization, rendering strong covalent bond to target molecules. (a) The plasma
treated PET surface is functionalized with poly-L-lysine solution by dip-coating, rendering positively charged surface. (b) The
plasma treated PET surface is functionalized with FOTS by vapor-phase self-assembling deposition, charging the surface
negatively. As-fabricated substrates are transparent. (c�e) Water contact angle measurement for verification of the
functionalized surfaces (c) The small contact angle (θ = 44�) shows the effect of positively charged poly-L-lysine coating.
(d) Contact angle (θ = 81�) of the nonfunctionalized PET surface. (e) The large contact angle (θ = 123�) shows hydrophobic
surface formed by FOTS coating.
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(P-PET) surface is positively charged by amino (�NH3
þ)

end groups, which are the side chain of the lysine.
Lastly, the other substrate was placed in a sealed glass
container with a few drops of trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (FOTS) and then the container
was kept in an oven for 95 �C for 1 h [Figure 1b].
During thermal treatment, the H-PET surface is mod-
ified by self-assembling chemical vapor phase re-
action34 between the hydroxyl groups and FOTS head
groups (�Cl). We verified the functionalized surfaces
by analyzing water contact angles (θ) by the static
sessile drop method. As shown in Figure 1c, when
a water droplet is in contact with the P-PET surface,
the small contact angle (θ = 44�) was observed
between awater droplet and P-PET surface, indicating
hydrophilic property (0� < θ < 90�). The small θ is
attributed to positively charged amino groups
(�NH3

þ) with high surface energy,35,36 where the
NH3

þ molecules interact with the polar hydrogen
bond of water molecules by the chemical attractive
force, spreading the water droplet. We note that the
measured contact angle of P-PET surface is obviously
smaller than that (θ = 81�) of nonfunctionalized PET
surface [Figure 1d]. In contrast, the hydrophobic
property (θ = 123�) was observed in FOTS-functiona-
lized PET (F-PET) surface [Figure 1e]. It is due to the

contribution of nonpolar (�CF3) end groups in FOTS
with low surface energy.37

Next, we prepared four different TEG combinations
to systematically investigate and experimentally verify
if the generated output performance is indeed in-
duced by the surface functionalization. As shown in the
schematic representations [Figure 2a], the contact-
mode TEGs with four different functionalization pairs
were prepared: (i) PET:PET, (ii) PET:P-PET, (iii) PET:F-PET,
and (iv) P-PET:F-PET. With the use of these devices, the
open-circuit voltage (Voc) and short-circuit current
density (Jsc) of the device were measured [Figure 2b,c].
Figure 2b presents the Voc of the four TEGs during
cyclic pushing and releasing using a pushmachine. We
note that the experimental conditions and the dimen-
sions of the TEGs were identical, where the device's
area is 4 cm2 and an applied force normal to the surface
of the device is 0.5 MPa. Under the forward connection
mode, the smallest Voc (∼4 V) was measured in the
device with (i) PET:PET contact pair [Enlarged view in
Figure 2b]. The weak output voltages were still gener-
ated between the same PET pair, which may be
attributed to the capacitance change between top
and bottom electrodes during the cyclic contact mo-
tions. After functionalizing one of the TEG surfaceswith
poly-L-lysine [(ii) PET:P-PET pair], the Voc is immediately

Figure 2. (a) The prepared contact pairs of the TEGs. (i) PET:PET, (ii) PET:P-PET, (iii) PET:F-PET, and (iv) P-PET:F-PET. (b) Open-
circuit voltages of the TEGs with different contact pairs. The generated output voltages increase from∼4 V in the device with
PET:PET contact pair to ∼330 V in the device with (iv) P-PET:F-PET pair. (c) Short-circuit current densities of the same TEGs
measured in (b) demonstrates a similar trend as in (b), where the current densities increase from∼2.6 to∼270mA/m2 as both
surfaces are functionalized. Note: identical experimental conditions were a used in all TEGs. The size of TEGs used was 4 cm2.
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increased to∼110 V. In the TEG fabricatedwith (iii) PET:
F-PET pair, where only one surface is functionalized
with FOTS, the Voc reaches up to ∼205 V. Lastly, the
maximum output Voc of ∼330 V was obtained using
TEG with (iv) P-PET:F-PET contact pair, which is
∼80-fold higher by comparison to the Voc measured
in (i) PET:PET pair. The measured short-circuit current
densities showed a similar trend as the voltage out-
puts, elevating from the lowest∼2.6 mA/m2 in the TEG
with (i) PET:PET pair to the highest∼270 mA/m2 in the
TEG with (iv) P-PET:F-PET pair [Figure 2c]. Conse-
quently, the output power density has increased by
approximately 4 orders of magnitude after functiona-
lizing both surfaces with opposite polarity. The validity
of the output signals was also confirmed using switch-
ing polarity test, where Voc and Jsc are measured by
reversely connecting the TEG, and the same the peak
to peak magnitude of the outputs voltage with
inverted signal polarity was observed [Supporting
Information Figure S1]. The output performance
enhancement in surface functionalized TEGs can be
explained as follows. In the TEG with (ii) PET:P-PET pair,
when the PET surface is in contact with the positively

charged P-PET surface, the positive charges on the
P-PET surface augment potential difference between
the two ITO electrodes, increasing output values. Simi-
larly, in the case of (iii) PET:F-PET paired TEG, the F-PET
surface is partially negatively charged, induced by the
fluorine (F) in the (�CF3) end groups of FOTS. It causes
the potential difference between the electrodes as the
two surfaces (PET:F-PET) are contacting each other. We
note that the fluorinated polymer is well-known as the
best electron-accepting material due to its superior
electronegativity. Thus, the triboelectric sequence dif-
ference between the PET and the F-PET surfaces is
relatively larger compared to that between PET and
P-PET pair, resulting in higher peak-to-peak output
pulses. As expected, the maximum output pulses were
obtained in the TEG with (iv) P-PET:F-PET combination,
originated from highest potential difference between
the two surfaces during cyclic contact motions.
Since the functionalized surfaces of P-PET and F-PET

have different polarities, it is necessary to confirm if
they are indeed reflected in the output signals and how
the surface charge polarity affects the output signals.
The Figure 3, panels a and b, respectively, show the

Figure 3. (a) Positive voltage pulses from the TEG consisting of the PET/ITO as the top layer and poly-L-lysine/PET/ITO as the
bottom layer. (b) Negative voltage pulses from the TEG consisting of nonfunctionalized PET/ITO as the top layer and FOTS/
PET/ITO as the bottom layer. Note: the connection configuration to themeasurement instrument was kept the same for both
TEGs, where the positive input (þ) of the measurement setup is connected to the top electrode and the negative input (�) is
connected to the bottom electrode (insets). (c) Power generationmechanism of the TEG with F-PET:P-PET contact pair. When
the two surfaces are contacted, the triboelectric charges are built up: positive charges on poly-L-lysine coated surface and
negative charges on FOTS treated surface. As the two surfaces start to separate, electrons are driven to flow from the top to
the bottom through an external load. When they are completely separated, the charge transfer is finished as the potential
difference vanishes. As the two surfaces are pressed toward each other, the transferred electrons flow back in a reverse
direction to balance potential difference between the two electrodes. (d) The TEG at the contacted state and (e) separated
state mounted on the measurement stage.
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output pulses of the TEGs with PET:P-PET pair and PET:
F-PET pair, exhibiting opposite polarity. Here, the con-
nection configuration to the measurement instrument
was kept the same for both TEGs, where top sides are
connected to the positive input (þ) and the functio-
nalized bottom sides are connected to the negative
input (�) of the measurement setup [schematic draw-
ings in Figure 3a,b]. During the contact and retraction
motions, the generated output Voc of the PET:P-PET
paired TEG shows positive signals [Figure 3a]. On the
other hand, the generated output Voc of the TEG with
PET:F-PET paired shows negative signals [Figure 3b].
The surface functionalization effect is indeed reflected
in the output signals. Therefore, the maximum output
voltage observed in the TEG with P-PET:F-PET pair
[Figure 2b(iv)] is simply the addition of these output
voltages with opposite polarity. To substantiate the
results, we also measured the output voltages of the
TEGs with F-PET:H-PET pair. Since the hydroxyl (�OH)
coatedPET surface also retains negatively charged state,
negative voltage pulses were generated in the TEGwith
PET:H-PET pair [Supporting Information Figure S2(a)].
Hence, the Voc of the TEG with F-PET:H-PET pair was
reduced since both surfaces possess the same surface

polarity [Supporting Information Figure S2(b)]. The
power generation mechanisms are schematically de-
scribed in Figure 3c, using the contact-mode TEG
with P-PET:F-PET pair. When the two inner surfaces
are brought into contact by the push machine as
shown in Figure 3d, the potential difference is induced
between them due to the charge transfer, charging
P-PET surface more positively and F-PET surface more
negatively. As the two surfaces with opposite charges
separate [Figure 3e], these opposite triboelectric
charges induce a potential difference across the top
and bottom electrodes. Therefore, the electrons will be
driven to flow from the top to the bottom electrode
through an external load until the potential difference
between the two electrodes vanishes, producing po-
sitive electric current pulse of a half cycle. Next, when
the two separated surfaces move toward each other
again to a contact mode, the potential difference will
be disappeared and transferred electrons will flow
back to the top ITO electrode through an external load,
generating electrical current pulse in a reverse direc-
tion. This process will continue during the cyclic press-
ing and releasing motion, generating the alternating
current (AC).

Figure 4. (a) Open-circuit voltage and (b) short-circuit current density measurement for 7200 cycles, revealing the superior
mechanical durability and stability of the functionalized surface. (c) Reproducibility test of the same TEG over a month. The
TEG was repeatedly measured for 7200 cycles per each week over a month. No performance degradation was observed even
after a month. (d) Photographs showing the direct lighting of 250 LEDs during pressing/releasing motions of the TEG
fabricated with P-PET:F-PET contact pair.
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The stability of the TEG was also examined under
periodic contact mode over 7200 cycles for 2 h
[Figure 4a,b]. The consistent output performance was
observed without any performance degradation during
the test, confirming the superior stability of the surface
functionalized TEG.Wenote that similar test resultswere
observed inmultiple devices. In addition, the tested TEG
was repeatedly measured over 4 weeks and there was
no performance degradation [Figure 4c]. We assume
that the hydroxy1 (�OH) end groups formed on the PET
surface after oxygen plasma treatment provide the
strong covalent bonds to the poly-L-lysine and FOTS,
maintaining stability of the device even after the applied
stresses over long period time.
For visual demonstration of the output power gen-

eration, we attempted to drive the commercial light-
emitting-diodes (LEDs) through abridge rectifierwhich
converts the AC into DC signals. The rectified output
Voc and Jsc of the TEG with P-PET:F-PET contact pair are
shown [Supporting Information Figure S3]. The power
delivered from the TEG during pressing and releasing
motionswas sufficient to directly turn on 250 blue LEDs

without charging capacitors [Figure 4d and Supporting
Information Video 1]. On the other hand, no LEDs were
turned on by the TEG with PET: PET contact pair. This
result elucidates the compelling role of surface func-
tionalization as a route to render triboelectric charging
sequence.

CONCLUSION

In summary, we have developed a surface functiona-
lization method that can effectively modify triboelectric
charging sequence. Positively and negatively charged
surface states were readily obtained by dip-coating
and self-assembling deposition of poly-L-lysine and
trichloro(1H,1H,2H,2H-perfluorooctyl) silane solutions, re-
spectively. Using this method, the TEG with P-PET:F-PET
pair showed high Voc of∼330 V and Jsc of∼270 mA/m2,
which also exhibited outstanding stability over long
period of measurement. Further improvement in out-
put power is expected by applying the method on the
device with surface patterns. The method demon-
strated here provides simple, effective, and cost-
competitive to fabricate high performance TEGs.

EXPERIMENTAL METHOD
Surface Functionalization. The ITO (100 nm) coated PET sub-

strates (Sigma-Aldrich) were cleaned by acetone, isopropyl alco-
hol (IPA), and DI water, followed by treatment in oxygen plasma
(O2, 8 sccm; RF Power, 80 W; t, 100 s). For the surface functiona-
lization, the prepared PET substrate was soaked in a glass
container for 5 min, containing poly-L-lysine solution (0.1% in
H2O, Sigma-Aldrich). Subsequently, the poly-L-lysine coated PET
substrate was washedwith DI water and blow-dried with N2. The
other PET substrate was put in a sealed container by dropping
few trichloro(1H,1H,2H,2H-perfluorooctyl) silane (FOTS) drops
(97%, Sigma-Aldrich) and was placed in an oven for 95 �C for 1 h.

Characterization. The output voltage and current were mea-
sured by using an oscilloscope (LeCroy, LT354) and current
preamplifier (Stanford Research Systems, SR 570), respectively.
The cyclic contact and retraction motions were performed by a
custom-built push machine setup. A contact angle analyzer
(Surface Electro Optics, Phoenix300) was used to measure the
water contact angles of functionalized PET surfaces.
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