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1. Introduction

Triboelectric nanogenerators (TENGs) 
have recently attracted tremendous 
interest as they can convert abundant 
waste mechanical energy into useful 
electricity energy from relative move-
ments of two dissimilar materials with 
different electron affinities. They could 
be potential candidates for energy har-
vesting from ubiquitous ambient vibra-
tions and a viable energy solution to meet 
the ever-increasing demands for energy, 
particularly for widespread applications of 
microsensor systems and the internet of 
things. After initial rapid development in 
the past few years, TENGs have been suc-
cessfully applied as multiple eco-friendly 
energy harvesters,[1] physical and chem-
ical sensors,[2] position detectors, motion 
recorders and shape mapping devices,[3] 
tactile sensors,[4] biodegradable implant-
able modules,[5] etc.

In this paper, new strategies are proposed to design high-performance 
organic–inorganic hybrid perovskite (PVK)-based triboelectric nanogenerators 
(TENGs) via both chemical composition modulation and electric field-induced 
ion migration in the films. Both composition variation and ion migration 
under electric field are found to change the type of conductivity of the 
perovskite films, then modify their surface potentials and electron affinities. 
These are utilized to fabricate PVK-based TENGs in pairs with poly-tetrafluor-
oethylene (PTFE) or nylon films, respectively. Results show that PVK films are 
able to work as either a positive or a negative tribo-material depending on the 
tribo-material pair used; the optimal performances are obtained for PTFE/
PVK TENGs using a PVK film with a MAI/PbI2 ratio of 2 and forward polariza-
tion, and for nylon/PVK TENGs using a PVK film with a MAI/PbI2 ratio of 0.4 
and reverse polarization, respectively. The maximum output voltage and peak 
power density of PTFE/PVK TENGs are about 979 V and 24 W m−2, 2.5 and 
6.5 times higher than those of TENGs with nonoptimal composition ratio or 
that are poorly polarized. This work provides a new material design method 
for high-performance TENGs and a novel polarization strategy for TENG 
performance enhancement.
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The key factors that determine the performance of TENGs 
are tribo-materials, device configurations, operation, and envi-
ronment conditions, etc., among them, the tribo-materials are 
the fundamental and most important factor. Since the working 
principle of TENGs is the contact electrification and electro-
static induction effects between materials with dissimilar elec-
tron affinities,[6] any two materials can be used to realize the 
mechanical-to-electric energy conversion. In fact, even the 
same tribo-material could be utilized to produce tribo-charges 
due to the microscale fluctuation of surface charges, surface 
potential, and components, etc.[7] But generally, materials with 
higher difference in electron affinities are better combination 
for fabricating TENGs with higher energy conversion effi-
ciency according to the tribo-series.[8] Besides trials of various 
types of tribo-materials, substantial works have been carried 
out to explore feasible strategies to modify the tribo-materials 
to improve the energy conversion efficiency, such as the use of 
micro/nanopatterns[9] or metal nanoparticles[10] on the surfaces 
of tribo-materials to increase the effective contacting surface 
area; the nanoparticle embedded composites to adjust the band 
structure or relative permittivity;[11] piezo- or ferro-nanoparticles 
to generate extra charges inside the materials;[12] and also the 
use of chemically functionalized materials to modify the sur-
face potentials for enhancing performance of TENGs;[9f,13] 
piezoelectric and ferroelectric materials to modify surface 
charge density[12e,14] or nanoparticles to enhance the piezo- or 
ferro-effects of piezoelectric and ferroelectric materials;[15] 2D 
materials and polymer composite structures to make stretch-
able and size adjustable TENGs[16] and store charges.[16a,17]

There is one work where the Ba+ ions were used to dope all-
inorganic CsPbBr3 films for performance enhanced TENGs, 
where the doped Ba+ ions can modulate the dielectric con-
stant, grain size, and surface properties of CsPbBr3 films.[18] 
In this work, new strategies are proposed to design and con-
trol performance of TENGs by chemical composition modula-
tions and electric field-induced self-doped ion migrations. The 
organic–inorganic hybrid perovskite material, methylammo-
nium (MA) lead iodide (MAPbI3, designated as PVK hereafter), 
is a newly discovered material for high-efficiency low-cost solar 
cells, which also has been utilized as a tribo-material to con-
vert mechanical motion energy and light energy at the same 
time.[19] It was reported that the chemical composition modula-
tions can change the conductivity type of PVK films and modify 
their bandgaps, etc.[20] There is strong ion migration[20b,21] in 
the PVK films, and it is believed that this could alter the sur-
face properties of the PVK as well. Here various PVK mem-
branes with different chemical composition ratios and electric 
field-induced ion migration are utilized to fabricate TENGs 
in combination with poly-tetrafluoroethylene (PTFE) or nylon 
(PA6) membranes. Results show that modulation of chemical 
compositions can convert the type of conductivity of the films 
synthesized by solution processes,[20] which modifies surface 
potential and electron affinity significantly; meanwhile electric 
poling leads to strong ion migration, results in local ion doping. 
PVK films are able to work either as a positive tribo-material or 
negative one depending on the tribo-material pairs. The TENG 
with an optimal MAI/PbI2 ratio (designated as γ hereafter) and 
polarization shows a maximum output voltage and power den-
sity of PTFE/PVK TENGs of about 979 V and 24 W m−2, which 
are 2.5 and 6.5 times higher than those of TENGs with unopti-

mized composite ratios and being poorly polarized. This work 
demonstrates novel methods of material design and property-
control for high-performance TENGs.

2. Results and Discussions

Details of material synthesis, device fabrication, and characteri-
zation can be found in the Experimental Section. In brief, PVK 
thin films with different γ  were synthesized by solution process 
on fluorine-doped tin oxide (FTO)-glass substrates, and used 
as one tribo-material with a thickness of 500  nm for all the 
devices evaluated (the optical images of the as-fabricated PVK 
thin films can be found in Figure S1 in the Supporting Infor-
mation). PTFE and PA6 films (both are 100  µm in thickness) 
were used, respectively, as the other tribo-materials for TENGs. 
Figure  1a shows the device configurations for the PTFE/PVK 
(PT-PVK in short hereafter) and PA6/PVK (PA-PVK in short 
hereafter) vertical contact-separation mode TENGs, where 
FTO and aluminum (Al) work as the electrodes, and the insert 
shows an optical image of a PT-PVK TENG. For simplicity, all 
the devices have the same active friction area of 20 × 20 mm2 
and were tested at fixed conditions: a contact frequency of 5 Hz, 
a force of 50 N, and a separation distance of 4  mm and the 
output current density (JD) and the output voltage (Vout) were 
then obtained by a current/voltage meter.

Figure  1b,c shows typical JD curves of PT-PVK and PA-PVK 
devices during one friction cycle. For the PT-PVK device, when 
the two tribo-materials are separated after friction, a large posi-
tive peak (peak #1) is generated; when they are driven to contact 
again, a negative small peak is produced. Different from the 
PT-PVK device, when PA6 and PVK are separated after friction, a 
large negative peak (peak #2) is generated; and when they contact 
again, a positive small peak is observed. During all the measure-
ments in this work, the FTO and Al electrodes were always con-
nected to the positive and negative terminals of the meter, respec-
tively, therefore peaks #1 and #2 with opposite directions indicate 
that the electron transfer flows of PT-PVK and PA-PVK devices 
are opposite. According to the working principle of TENGs,[7,22] 
when PTFE and PVK are contacting, the PVK film loses elec-
tons, while the PTFE film gains electrons, hence positive/nega-
tive surface charges are generated on the surfaces of PVK and 
PTFE films, respectively, as schematically shown in the inset of 
Figure  1b. On the contrary, when PA6 and PVK are contacting, 
the PVK film gains electrons and the PA6 film loses electrons, 
thus negative/positive surface charges are generated on the sur-
faces of PVK and PA6, respectively, as schematically shown in the 
inset of Figure 1c. In fact, when two materials rub against each 
other, the direction of electron transfer is determined by the rela-
tive electron affinities of the two materials;[23] the material with 
higher electron affinity tends to obtain electrons and vice versa, 
thus the electron affinity of PVK is higher than that of PA6, 
but lower than that of PTFE, and PVK films work as positive 
tribo-materials in PT-PVK TENGs but negative ones in PA-PVK 
TENGs. More details about the charge transfer processes can be 
found in Section S2 in the Supporting Information.

The as-fabricated PVK (γ  = 1) films were then polarized by 
applied various electric fields (EP) at room temperature in dark 
to induce ion migration. The electric field was applied using 
an Al/air-gap/PVK/FTO multilayer structure with the Al and 
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FTO working as the electrodes, which were connected to a 
high voltage direct current power supply (see Figure S6 in the 
Supporting Information for details). The air-gap was utilized 
during the polarization processes to prevent the PVK films 
from being scratched and charge injection from the Al elec-
trode. The strength of EP applied on the PVK films was then 
calculated from the electric field distribution inside the double 
layer (air gap and PVK) structure. For clarity, the electric field 
pointing from the FTO to PVK is defined as the forward polari-
zation (forw.-polar. in short and the strength is marked by sign 
“+”, e.g., +4 V µm−1), while the one pointing from the PVK to 
FTO is defined as the reverse polarization (rever.-polar. in short 
and the strength is marked by sign “−”, e.g., −4 V µm−1).

Figure  1d shows peak values of JD and Vout of the PT-PVK 
(γ = 1) TENG as a function of poling time under forward polari-
zation with EP = + 4 V µm−1. Remarkable output changes occur 
at the initial stage of less than 1 min, and JD and Vout become 
stable thereafter, this is because the typical time required for 
ion migration in PVK film with a thickness of 500  nm at the 
fields of 1~4 V µm−1 is about several tens of seconds.[21g] There-
fore, the poling time was then fixed at 5 min for all the poling 
processes to fully utilize the ion migration.

When EP is applied, mobile ions inside the PVK film are 
driven to the surfaces, and the positive charges move along 
the direction of EP and the negative ones move in the oppo-
site direction. Since the positive charges are generated on the 
friction surface of PVK film after rubbing with PTFE, and the 
forward polarizations contribute more positive charges to that 
surface as shown in Figure  1e(I), the performance of PT-PVK 
TENGs will be enhanced, while the reverse polarizations will 
be the unfavorable cases for PT-PVK TENGs. Similarly, nega-
tive charges induced by reverse polarizations (Figure 1e(II)) will 
improve the performance of PA-PVK TENGs and the forward 
polarizations will be the undesirable cases. The JD versus EP and 
Vout versus EP results of PT-PVK and PA-PVK TENGs indeed 
have confirmed the above hypotheses as shown in Figure 1f,g.

For PT-PVK (γ = 1) devices, JD and Vout increase continuously 
from 61.25  mA  m−2, 564  V to 79.25  mA  m−2, 788  V when EP 
increases from 0 to +3 V µm−1 under forward polarization. When 
EP continuously increases up to +4 V µm−1, the outputs become 
saturated, indicating that the +3  V  µm−1 is the optimal EP for 
PVK (γ = 1) films. Whereas for reverse polarization, the JD and 
Vout decrease when EP increases negatively from 0 to −3 V µm−1 
(see Figure S7 in the Supporting Information for more details). 

Figure 1. a) Schematic structure i) and an optical image ii) of the PT-/PA-PVK TENG. Typical JD of b) the PT-PVK (γ = 1) and c) PA-PVK (γ = 1) TENGs 
during one friction cycle, and the insert images show the surface charge distribution after friction. d) JD and Vout of the PT-PVK (γ = 1) device as a func-
tion of poling time with the EP being fixed at +4 V µm−1. e) Schematics of poling directions and its effect on surface charge distribution for both of the 
two device configurations. JD and Vout of f) PT-PVK (γ = 1) and g) PA-PVK (γ = 1) TENGs as a function of EP and poling direction. Current stability for 
up to 70 000 cyclic tets for h) PT-PVK (γ = 1) device and i) PA-PVK (γ = 1) device, respectively.

Adv. Energy Mater. 2020, 10, 2002470



www.advenergymat.dewww.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2002470 (4 of 10)

For PA-PVK (γ = 1) devices under reverse polarization, JD and 
Vout increase negatively from −21.5  mA  m−2 and −264  V to 
−28.75 mA m−2 and −299 V when EP increases negatively from 
0 to −3 V µm−1, and a similar saturation phenomenon happens 
when EP increases negatively up to −4  V  µm−1. On the other 
hand, when they are under forward polarization, their outputs 
continuously decrease (see Figure S8 in the Supporting Infor-
mation for more details). All the results of PT-PVK and PA-PVK 
devices confirm that the ion migration inside the PVK material 
could be utilized to modulate and control the outputs of PVK-
based TENGs, and it should be noted that all the peak values of 
JD and Vout used in this work are extracted from the significant 
positive peaks for PT-PVK TENGs (positive values), and from 
the significant negative peaks for PA-PVK TENGs (negative 
values), for clarity, the values mentioned below all refer to their 
absolute values.

To verify the durability and stability of the performance of 
PVK-based TENGs after polarization, the fatigue measurements 
of JD were carried out for both types of TENGs. Figure  1h,i 
shows JD as a function of test cycle for a PT-PVK (γ = 1) device 
after forward polarization at +4  V, and for a PA-PVK (γ  = 1) 
device after reverse polarization at −4 V µm−1, respectively. The 
JD was recorded for 2 s every 5000 cycles. It is clear that there is 
no significant change in JD even after 7 × 105 cyclic tests, dem-
onstrating the excellent durability and stability of the migrated 
ions on the surfaces induced by electric field, i.e., the electric 
field-induced ions can stay in the surfaces stably (see Figure S9 
in the Supporting Information for the Vout resluts).

Effects of the chemical composition of PVK films on per-
formance of the TENGs were then investigated. PVK films 
with γ   = 0.4, 0.5, 0.67, 1.5, 2, 2.5, and 3 were synthesized with 
the solution processes.[20b] The peak values of JD and Vout of  

PT-PVK TENGs with different γ    were measured with the results 
shown in Figure 2. Figure  2a shows variations of JD and Vout 
without poling, the JD and Vout increase gradually with the γ 
changing from 0.4 to 3, which indicates that the variation of 
chemical composition ratio can adjust the electron affinity of 
PVK film and then modulate the ability to gain/lose electrons 
during friction; since the outputs of PT-PVK TENGs increase 
with the increase of γ, the electron affinity of PVK film actually 
become lower. The performance variations of PT-PVK TENGs 
with γ = 1–3 (JD changes by 25.25 mA m−2) are larger than those 
with γ = 0.4–1 (JD changes by 10.25 mA m−2), indicating that the 
electron affinity of PVK is more sensitive to MAI composition 
change than PbI2 composition change. When they are forward 
polarized, the JD (Figure 2b) and Vout (Figure 2c) of devices with 
all γ increase up to various extents with EP change from 0 to 
+4 V µm−1, and the maximum JD (106 mA m−2) and Vout (979 V) 
are obtained at γ = 2 and EP = +4 V µm−1. Besides, the amount 
of changes of JD (ΔJD) and Vout (ΔVout) vary as a function of γ 
and a fixed EP = +4 V µm−1 are summarized in Figure 2d, both 
of them increase for γ  = 0.4–2 and decrease for γ  = 2–3, with 
the maximum ΔJD (30.5 mA m−2) and ΔVout (351 V) obtained at 
γ = 2. On the other hand, the maximum ΔJD and ΔVout induced 
by PbI2-rich films (γ < 1) is 14.5 mA m−2 and 122 V at γ = 0.67, 
while those induced by MAI-rich films (γ  >1)  is 30.5  mA  m−2 
and 351 V at γ = 2, which indicates that comparing to TENGs 
with PbI2-rich films, TENGs with MAI-rich films have much 
greater performance improvement.

Similarly, the PA-PVK TENGs were also fabricated and 
characterized with different γ. Variations of JD and Vout of the 
PA-PVK TENGs without poling as a function of γ are shown in 
Figure 3a. Since the electron affinity of PVK film become lower 
with the increase of γ, making them harder to obtain electrons 

Figure 2. Outputs of PT-PVK TENGs with different composition ratios of PVK materials. a) JD and Vout as a function of γ without poling. b) JD of the 
devices with different γ as a function of EP. c) Vout of the devices with different γ as a function of EP. d) ΔJD and ΔV as a function of γ.
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when rubbing with PA6, therefore the JD and Vout of PA-PVK 
TENGs decrease with the γ change from 0.4 to 3, and the trend 
is opposite to that of the PT-PVK TENGs as shown in Figure 2a. 
Once again, the performance changes of the PA-PVK TENGs at 
γ = 1–3 (JD changes by 9.5 mA m−2) are bigger than those at γ = 
0.4–1 (JD changes by 6.25 mA m−2), which are similar to those 
of PT-PVK TENGs. When they are reverse polarized, their JD 
and Vout with varying γ also increase negatively up to various 
extents with EP in range of 0 to −4 V µm−1 (Figure 3b,c). The 
variations of ΔJD and ΔVout with a fixed EP  =  −4  V  µm−1 as a 
function of γ are shown in Figure 3d. They increase at γ = 0.4–2 
and decrease at γ = 2–3, with the maximum ΔJD (8.5 mA m−2) 
and ΔVout (88 V) also obtained at γ = 2. However, the maximum 
values of outputs are obtained at γ = 0.4 (JD = 33.5 mA m−2 and 
Vout = 358 V). In short, all the results have demonstrated that 
both the chemical composition modulation and ion migration 
are excellent strategies for designing and controlling the perfor-
mance of PVK-TENGs.

In the following parts, we try to clarify the underpinning 
physics of these two strategies, which affect the performance 
of TENGs. The carrier mobility changes, the energy band struc-
ture changes, and even the conductivity type conversion with 
the γ have been reported before.[20] For our devices, with the 
increase of γ from 0.4 to 3, it is believed that the PVK films 
change from the PbI2-rich films to MAI-rich films as sche-
matically shown in Figure  4a, and consequently convert the 
PVK films from the n-type to p-type, which makes the electron 
affinity of PVK film become higher (PbI2-rich films) or lower 
(MAI-rich films) and enhances or reduces the output of the cor-
responding TENGs as shown in Figures 2a and 3a.

The ion migrations originated from the organic and 
inorganic compositions in PVK that are weakly bonded by 
hydrogen bonds. These ions with low activation energies and 

modest ionic diffusion coefficients[24] could be polarized under 
an external electric field or light-induced built-in electric field. 
The mobile ions include intrinsic ions from the PVK layer 
itself (such as MA+, I−, Pb2+)[21e,25] and material defects[26] and 
vacancies[25f,i] et  al. Among them, the dominant positive and 
negative mobile ions in PVK films are believed to be MA+ and 
I−, respectively.[20b,21f,25a] Since there are a large amount of MA+ 
vacancies inside the films, MA+ ions will be readily driven by a 

Figure 3. Outputs of PA-PVK TENGs with different composition ratios of PVK materials. a) JD and Vout as a function of γ without poling. b) JD of the 
devices with different γ as a function of EP. c) Vout of the devices with different γ as a function of EP. d) ΔJD and ΔVout as a function of γ.

Figure 4. a) Schematic of n and p type conversion in perovskite films by 
excess MAI or excess PbI2, and b) Schematic of ion migration processes 
under forward polarization (I-III) and reverse polarization (IV-VI).

Adv. Energy Mater. 2020, 10, 2002470
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forward EP to fill in the MA+ vacancies near the friction surface, 
and I− ions are driven to the opposite direction as schematically 
shown in Figure 4b(I). As a result, the friction surface is MA+ 
doped (a MA+-rich layer) with a doping depth of d0. With the 
increase of EP from 0 to +3 V µm−1, more and more MA+ ions 
are driven to and accumulated on the friction surface, and d0 
increases until EP = +4 V µm−1, where the MA+ ion migration 
and d0 reach limits.

As discussed above, the MAI-rich films are p-type and 
easier to lose electrons. Therefore, after forward polarization, 
the MA+ doped surface becomes much easier to lose elec-
trons when contacting PTFE. The situations of MAI-rich PVK 
(Figure  4b(II)) and MAI-deficient PVK (Figure  4b(III)) would 
be similar with only difference in MA+ ion concentration, 
thus, all the outputs of PT-PVK under forward polarization 
would increase (of course, the situation for PA-PVK TENGs 
is opposite, which will reduce their outputs). On the other 
hand, when a MAI-rich PVK film is forward polarized with 
EP = +4 V µm−1, there are more available MA+ ions to migrate 
and fill MA+ vacancies near the friction surface, and the doping 
depth increases (d1 > d0). With the increase of γ, the amount 
of migration MA+ ions and doping depth increases until γ  = 
2, where they reach a limit, and the maximum ΔJD and ΔVout 
are obtained. For γ >  2, there already exist a large amount of 
MA+ ions near the friction surface and the MA+ vacancies are 
almost filled, so it is more difficult for the remaining MA+ ions 
to migrate because the same type charges repel each other, 
thus the ΔJD and ΔVout decrease relatively. Nevertheless, JD and 
Vout still increase slowly with the increase of EP, e.g., for γ = 2.5 
and 3 as shown in Figure  3b,c. For MA+-deficient PVK film, 
the amount of available MA+ is smaller compared to that of 
vacancies, therefore, the MA+ doping depth is much smaller 
(d2 << d0 <d1), and the corresponding changes in ΔJD and ΔVout 
would be also smaller.

Similarly, under reverse polarization (Figure 4b(IV–VI)), the 
I− ions are driven to the friction surface and the MA+ ions are 
driven to the opposite direction, the friction surface is I− doped 
and the change trends are similar to the MA+ doping situation 
(d5 << d3 < d4). The doped I− ions increase the electron affinity 
of friction surface and make it stronger in obtaining electrons 
when contacting with PA6, which increases the outputs of 
PA-PVK TENGs (of course, it is bad for PT-PVK TENGs, which 
decreases their outputs). The combination of conductivity 
type conversion and ion doping eventually result in the max-
imum outputs of PT-PVK and PA-PVK TENGs at γ = 2 and 0.4  
(Figures 2 and 3), respectively.

In short, the variations of the chemical composition and 
polarization directly adjust the properties of the friction sur-
face, such as surface charge distribution and surface poten-
tial (ϕ) et  al., by conductivity type conversion and ion doping. 
Asides from the mobile ions, illumination-induced excitons 
inside PVK films can also alter their surface properties and 
further influence the outputs of PVK-based TENGs as reported 
before.[21a]

To prove the above analysis, a Kelvin probe force micro-
scope (KPFM) was used to characterize the surface poten-
tial variations of PVK materials induced by varying γ and EP. 
According to the working principle of KPFM,[27] it detects the 
potential difference between the sample surface and probe tip. 

The relative surface potential of a sample to the probe is rep-
resented by the voltage of VCPD applied to the tip to nullify the 
contact potential difference (CPD)[28] (see Figure S10 for details 
in the Supporting Information, and all the original VCPD results 
obtained below can be found in Sections S8–S10 in the Sup-
porting Information). The probe is driven by an AC voltage in 
a lift mode at a lift height of 100 nm, and the scanning area is 
2 × 2 µm2. The VCPD of PA6 and PTFE membranes (short as 
VCPD (PA6) and VCPD (PTFE)) were measured to be ≈0.9 and 
~−3  V, respectively. Without poling, the VCPD of PVK films 
(short as VCPD (PVK)) increases gradually with the γ increasing 
from 0.4 to 3 as shown in Figure  5a. It is well known that 
TENG outputs are proportional to the surface potential differ-
ence (short as ϕdiff) between the two tribo-materials,[29] it should 
be noted that the VCPD values measured by KPFM are not the 
exact values of the surface potential of samples, but the relative 
values to the surface potential of KPFM tip with a coefficient 
e (the elementary charge), thus the difference of VCPD (short-
ened to ΔVCPD) between the two tribo-materials measured by 
the same tip is proportional to the ϕdiff between the two tribo-
materials (see Section S7 in the Supporting Information for 
details). Therefore, the outputs of TENGs are proportional to 
the ΔVCPD between the two tribo-materials used. As shown in 
Figure 5a, the ΔVCPD of PT-PVK pair (i.e., ΔVCPD(PT − PVK) = 
|VCPD(PVK) − VCPD(PTFE)|) without poling increases with the 
increase of γ, the corresponding JD and Vout also rise approxi-
mately linearly as shown in Figure 5b. For the PA-PVK pair, the 
ΔVCPD (short as ΔVCPD(PA − PVK) =  |VCPD(PVK) − VCPD(PA6)|) 
increases with the decrease of γ, and also the corresponding 
JD and Vout increase negatively and approximately linearly as 
shown in Figure 5b.

Figure 5c,d shows variations of VCPD (PVK) and the magni-
tude of change of VCPD of PVK films (short as ΔVCPD (PVK)) 
under polarization with γ  = 0.5, 1, 2, and 3. For PVK (γ  = 
1), when EP is varied from 0 to +4  V  µm−1, the VCPD (PVK) 
increases from ~−440 to ~−120  mV; when EP is varied from 
0 to −4  V  µm−1, the VCPD (PVK) decreases from ~−440 to 
~−722  mV, clearly showing that the doped MA+/I− ions can 
increase or decrease VCPD (PVK), respectively. The varia-
tion trends of VCPD (PVK (γ  = 1)) with EP are similar to the 
results obtained by piezoelectric force microscope (PFM) 
measurements,[21a,25h] which also observed that the internal 
dynamic processes inside PVK films under EP can influence 
their surface properties. The variation trends of VCPD (PVK) 
when γ  = 0.5, 2, and 3 under EP are similar to that of γ  = 1 
(Figure 5c), but the ΔVCPD (PVK) differs significantly as shown 
in Figure  5d, the sequence of the maximum ΔVCPD (PVK) 
obtained at EP  =  ± 4  V  µm−1 are ΔVCPD(γ  = 2) >  ΔVCPD(γ  = 
1) >  ΔVCPD(γ  = 3) >  ΔVCPD(γ  = 0.5). Meanwhile, all the JD of 
PT-PVK TENGs with γ = 0.5, 1, 2, and 3 increase with the rise 
of ΔVCPD (PT–PVK) under forward polarization (EP from 0 to 
+4 V µm−1) as shown in Figure 5e, and the maximum output is 
obtained when γ = 2 and EP = +4 V µm−1. All the JD of PA–PVK 
TENGs also increase negatively as ΔVCPD (PA–PVK) increasing 
under reverse polarization (EP from 0 to −4 V µm−1) as shown 
in Figure 5f, and the maximum output is obtained when γ = 
0.4 and EP = −4 V µm−1.

Apart from surface charge density and electron affinity, the 
chemical component modulation may also change surface  
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roughness (determined by the grain size, microstructure, 
pinholes, etc.) and dielectric constant, that will influence the 
performance of TENGs as reported by previous works.[8] The 
scanning electron microscope results (Figure S2 in the Sup-
porting Information) show that for PVK films with γ >  1, the 
average grain sizes are larger than that of the pristine PVK 
film (γ = 1), and when γ < 1, the average grain sizes are smaller 
than that of the pristine PVK film (γ  = 1). The X-ray diffrac-
tion results (Figure S14 in the Supporting Information) also 
confirm these. The atomic force microscope (AFM) results  
(Figure S3, Supporting Information) show that the root mean 
square roughness of PVK films increases when γ decreases 
from 1 to 0.4, but decreases when γ increases from 1 to 3. The 
larger (smaller) grain size will decrease (increase) the sur-
face roughness and active contact area, which is undesirable 
(desirable) cases for the performance of TENGs. The dielec-
tric constant of tribo-materials also has a significant influ-
ence on the performance of TENGs, and in generally, higher 
dielectric constant is beneficial to the performance of TENGs 
(see Section S12 in the Supporting Information for details).[18] 
The results show that the dielectric constant of PVK films 
decreases from 7.74 down to 4.24 when γ changes from 0.4 to 3,  
which indicates that the MAI-rich (PbI2-rich) films are unfa-
vorable (favorable) cases for high performance PVK-based 
TENGs. In summary, the performance of PT–PVK and  
PA–PVK TENGs are combination effects of multiparameters, 
among them, the chemical component modulation induced 
surface charge density and electron affinity change are the 
dominant factors, which can explain all the TENGs perfor-
mance obtained well.

To demonstrate the capability of the PVK-based TENGs for 
applications, the output instantaneous peak power density 

(short as PD) versus load resistance, the charging performance 
and the ability to power electric circuits were investigated. 
Here the PT–PVK TENGs with γ  = 1 and 2, PA–PVK TENGs 
with γ  = 1 and 0.4 were selected respectively for the experi-
ments, with the poling field fixed at ±4 V µm−1 for the forward 
and reverse polarizations, respectively. The output JDs were 
acquired for direct comparison at different load resistances (RL) 
with the circuit shown in Figure 6a. The PD was calculated as 
P  = I2 R/A (A is the active device area, here it is 20 × 20 mm2).

Figure  6b shows the peak values of JDs of the PT-/PA-PVK 
TENGs as a function of RL, and all the JDs decrease dramatically 
with RL due to the increased Ohmic loss. Figure 6c shows the 
PDs of the PT-/PA-PVK TENGs as a function of RL. All the PDs 
increase first and then decrease, and the maximum PDs of 24.1 
and 4.5 W m−2 are obtained for the PT-PVK (γ = 2, +4 V µm−1) 
and PA-PVK (γ = 0.4, −4 V/µm−1), respectively, which attributes 
to the combined effects of material conductivity type conversion 
and poling-induced ion doping as discussed above.

The electricity generated by the PVK-based TENGs was 
then used to charge capacitors using a standard charging cir-
cuit as shown in Figure 6d. The voltages of the capacitors (22 
and 47 µF) increase continuously with time, showing non-
saturation behavior with a charging time up to 200 s. For the 
PT-PVK TENGs, the charging speed sequences are PT-PVK (γ = 
2, +4  V  µm−1) > PT-PVK (γ  = 1, +4  V  µm−1) > PT-PVK (γ  = 2, 
0  V  µm−1) > PT-PVK (γ  = 1, 0  V  µm−1). For a 200s charging, 
the PT-PVK (γ  = 2, +4  V  µm−1) device can charge 22 and 47 
µF capacitors to 8.5 and 6.7  V, respectively. For the PA-PVK 
TENGs, the charging speed sequences are PA-PVK (γ  = 0.4, 
−4  V  µm−1) > PA-PVK (γ  = 1, −4  V  µm−1) > PA-PVK (γ  = 0.4, 
0 V µm−1) > PA-PVK (γ = 1, 0 V µm−1). For a 200s charging, the 
PA-PVK (γ  = 0.4, −4  V  µm−1) device can charge 22 and 47 µF 

Figure 5. a) VCPD of PVK films as a function of γ, shown there are also the VCPDs of PA6 and PTFE for comparison. b) JD and Vout of PT-PVK and PA-PVK 
TENGs with different γ as a function of ΔVCPD without polarization. c) VCPD and d) ΔVCPD of PVK films with γ = 0.5, 1, 2, and 3 as a function of EP. JD of 
PT-PVK e) and PA-PVK. f) TENGs with γ = 0.5, 1, 2, and 3 as a function of ΔVCPD under polarization.
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capacitors to 3.5 and 2.9 V, respectively. The charging speeds of 
PT-PVK (γ = 2, +4 V µm−1) and PA-PVK (γ = 0.4, −4 V µm−1) are 
obviously larger than the others, which are consistent with their 
larger output performances. The stored energy can further be 
used to power some ordinary electronic devices, for example, 
fifteen hundred of white LEDs (each with a rated power of  
0.75 W) (Figure  6g), a commercial calculator (Figure  6h) and 
a digital watch (Figure 6i) were directly powered by a PT-PVK  
(γ = 2, +4 V µm−1) TENG, respectively.

3. Conclusions

In summary, the influences of the material chemical compo-
sition and ion migration inside PVK films on the output per-
formance of two types of TENGs, PT-PVK and PA-PVK, have 
been investigated. The electron affinity of PVK was found to 
be larger than that of PA6 and smaller than that of PTFE, 
thus the variation trends of PT-PVK and PA-PVK TENGs 
under the same polarization are completely different; the 

Figure 6. Demonstrations of PT-PVK and PA-PVK TENGs to power electric loads. a) Schematic of the circuit for short-circuit current and instanta-
neous peak power density measurements. Variations of b) JD and c) PD of the PT-PVK and PA-PVK TENGs with RL from 1 to 1000 MΩ with different 
polarizations. d) Schematic of the standard circuit to charge a capacitor. Charging performance of e) PT-PVK and f) PA-PVK TENGs, here the PT-PVK 
TENGs with γ = 1 and 2, PA-PVK TENGs with γ = 0.4 and 1 were used. g) 1500 white LEDs, h) a calculator and i) a digital watch were directly powered 
by a PT-PVK (γ = 2) TENG.
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output voltage and power of PT-PVK TENGs increase under 
forward polarization, while those of PA-PVK TENGs increase 
under reverse polarization. The performance enhancement 
of TENGs by polarization is attributed to the MA+ and I− ions 
doping in the friction surface, which alters surface potential, 
hence influencing outputs of the PVK-based TENGs. When 
the MAI/PbI2 ratio varies from 0.4 to 3, the PVK films change 
from the PbI2-rich films to MAI-rich films, and convert from 
the n-type to p-type. The conductivity type conversion modi-
fies surface charge states and surface potential of the PVK 
films, and then modulates outputs of TENGs. The optimal 
performances were obtained for PT-PVK TENGs using PVK 
films with a MAI/PbI2 ratio of 2 under forward polariza-
tion, and for PA-PVK TENGs using PVK films with a MAI/
PbI2 ratio of 0.4 under reverse polarization, respectively. The 
maximum output voltage and peak power density of PT-PVK  
TENGs are about 979 V and 24 W m−2, 2.5 and 6.5 times higher 
than those of TENGs with nonoptimal composition or being 
poorly polarized. Charging capacitors and powering some 
standard electronic devices by the PVK-based TENGs were also 
demonstrated. This work provides a new insight into material 
design for fabricating high-performance TENGs and a novel 
polarization strategy for enhancing performance of TENGs.

4. Experimental Section
Materials and Precursor Solution: PbI2 and CH3NH3I were purchased 

from Tokyo Chemical Industry Co. LTD and Xi’an Polymer Light 
Technology Crop., respectively. The PTFE films (100 µm) were purchased 
from Jiangsu ESONE New Material Co. Ltd, while the PA6 films were 
prepared by the same process as that reported before.[28]

Device Fabrication: FTO glass substrates were cleaned by ultrasonication 
with acetone, ethanol and deionized water for 10  min, sequentially, and 
dried under a nitrogen flow. Then, the substrates were treated with 
ultraviolet-ozone for 10  min before spin-coasting of perovskite layer. A 
two-step interdiffusion deposition method was used to fabricate the 
perovskite films. The MAI and PbI2 precursors were dissolved by N, 
N-dimethylformamide (DMF), and mixed with different MAI/PbI2 ratios. 
The mixed solutions were then sequentially spun onto the FTO glass 
substrates, followed by a thermal annealing process. PTFE and PA6 films 
were adhered onto a piece of aluminum foil on one side as the bottom 
electrode, respectively, and glass was used as the support for easy handling.

Characterization and Measurements: To evaluate the performance 
of PT-PVK and PA-PVK TENGs, a dynamic fatigue testing system 
(Popwil Model YPS-1) was used for controlling the periodic contact-
separation motion between two tribo-materials. Output voltage and 
short-circuit current of TENGs were measured by an oscilloscope 
(Tektronix MDO3022) with an internal load resistance of 100 MΩ 
and a picoammeter (Keysight B2981A), respectively. The voltages of 
different capacitors were measured using an electrometer (Keysight 
6514). KPFM measurements were carried out using an AFM system 
(Cypher-S, Asylum Research) with a Pt-coated Si probe.
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