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We report a methylammonium lead triiodide (MAPbIs) perovskite-based photoenhanced triboelectric
nanogenerator (TENG). It features a dual working mechanism that relies on the joint properties of the
photoelectric and triboelectric effects of the perovskite material. Both the photoconductivity and the

surface triboelectric density of the perovskite-based composite thin film are significantly altered under
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solar illumination, resulting in considerable enhancement of the electrical output. The triboelectric
output open-circuit voltage (Vo) short circuit current (Is.), and amount of electric charge (Q) were
increased by 11%, 11%, and 9%, respectively, after illumination under full-sun conditions. Our work

provides an approach for the enhancement of the mechanical-to-electrical conversion efficiency of the

www.rsc.org/MaterialsC TENG by sunlight absorption.

1. Introduction

Harvesting energy in forms such as mechanical,’ thermal,’
magnetic,” light,* and chemical® energy from ambient sources is
attracting world-wide attention because of the rapid development
of small portable electronics, self-powered systems, and wireless
sensing networks. Among the techniques for mechanical energy
harvesting, triboelectric nanogenerators (TENGs) have been
shown to be advantageous because of their high output power
density, high conversion efficiency, low cost, and diverse materials
options.®® A major current research interest in this area focuses
on improving the device output power through approaches such
as material modification,"" structural design and optimization,>
and the use of a hybrid energy-harvesting mechanism."® In
particular, the hybrid route involves converting other energy
sources other than mechanical motions by incorporating corres-
ponding energy-conversion means into a TENG.'*™® For example,
the photoelectric/triboelectric hybrid TENG simultaneously
targets mechanical energy and optical energy. In previous reports,
the mechanical energy and optical energy were harvested by
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individual components that performed separately with at most
three electrodes in common. The individual components produced
corresponding electrical outputs that were superimposed through
the use of additional circuit rectifiers, as shown in Table 1.772°
Hence, the development of a single-structured and multifunctional
hybrid TENG without additional electronic components is
critical for promoting the practical applications of photoelectric/
triboelectric hybrid nanogenerators.

Recently, methylammonium lead triiodide organometal
halide (MAPDI;) perovskite has attracted tremendous attention
because of its excellent light absorption capability.*'* In this
report, we present a new approach to demonstrate photoinduced
enhancement of a TENG based on perovskite. The perovskite
serves as not only a triboelectrification material but also a
photon-absorbing material. In the absence of illumination, the
perovskite-based TENG with lateral dimensions of 2.0 x 2.0 cm?

Table 1 Previous reports on the photoelectric/triboelectric hybrid
nanogenerators

Materials Materials Electrical No. of No. of

(SC) (TENG) rectification components electrodes

Y. Ya Si ITO/PDMS Yes 1 3

et al"’

H.Y. Guo ZnO Cu/PTFE  Yes 2 3

et al'®

H. J. Fang MAPbl; Cu/PC Yes 1 3

et al.”®

Y. K. Pang MoS, AI/FEP No 1 3

et al.

This work MAPbl; Cu/MAPbDI; No 1 2
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produces voltage and current amplitudes of 15.3 V and 0.29 pA,
respectively. Upon illumination with a full-spectrum standard
simulated sunlight, the voltage and the current amplitude were
increased to 17 V and 0.38 LA, respectively. In this case, triboelectric
charge can be supplemented and enhanced by the photogenerated
electrons or holes upon illumination. The enhancement mechanism
is investigated in detail by using scanning Kelvin probe microscopy
(SKPM) and conductive atomic force microscopy (CAFM) measure-
ments. In this approach, no rectification is needed for the photo-
enhanced TENG, making it more reliable in terms of low cost and
easy operation in the fabrication process. Our results not only
demonstrate a new approach to enhancing the TENG output but
also represent a new principle in the TENG field.

2. Results and discussion

The structure of the photoenhanced TENG is illustrated in
Fig. 1a. MAPDI; has a distorted tetragonal perovskite structure
at room temperature, as shown in Fig. 1b. The photoenhanced
TENG based on the perovskite consisted of an upper part and a
bottom part (Fig. 1a) with lateral dimensions of 2.0 x 2.0 cm>.
The bottom part was constructed on a transparent FTO
(SnO,:F)-coated glass substrate, and MAPbI; was deposited
onto mesoporous TiO, scaffolds as an electron transfer layer.
The upper part was a polytetrafluoroethylene (PTFE) film
pasted onto a sponge layer. A copper layer was deposited onto
the back of the PTFE film. The FTO and the copper layer served
as the top and the bottom electrodes, respectively. They were
connected to the positive and the negative terminals of an
electrometer for data acquisition, respectively. The detailed
fabrication process is described in the Experimental section.
Scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) were used to characterize the morphology and
surface roughness of the perovskite layer. As shown by the SEM
image in Fig. 1c, a mesostructured TiO, layer (300 nm thick),
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Fig. 1 (a) Device structure of the photoenhanced TENG. Note: the device
working processes are contact and separation modes with a 2.0 x 2.0 cm?
active area. (b) Three-dimensional schematic representation of the MAPbI+
perovskite structure. (c) Cross-sectional SEM images of the perovskite-
based film, including the MAPbIs capping layer (~250 nm thickness),
mesoporous TiO; filled with MAPbls, the compact TiO, layer, and the
FTO substrate. (d) Surface-sectional SEM images of the perovskite-based
film. (e) Three-dimensional AFM image of the MAPblz capping layer. The
average surface roughness is 21 nm. (f) XRD pattern of the perovskite-
based film.
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along with a compact electron-blocking layer (25 nm thick), was
filled into crystalline MAPbI; and capped by MAPbI; nano-
particles on the top. A SEM top-view of the capping layer is
shown in Fig. 1d, which reveals that the layer is composed of
MAPDI; particles with a diameter of ca. 200 nm. The surface
morphology in Fig. le using AFM also reveals an average
roughness of 21 nm. The X-ray diffraction (XRD) pattern shown
in Fig. 1f agrees well with the tetragonal perovskite structure as
previously reported.**

The photovoltaic performance of the perovskite was characterized
by measuring the short-circuit current density (/) and open-circuit
voltage (Vo). Fig. 2a shows the current density vs. voltage (J-V)
curves for a perovskite-based solar cell under a full-sun condition.
The Ji, Vo, device area, FF, and PCE values of 19.8 mA cm ™2,
0.97 V, 3.5 cm™?, 63, and 12.29% were obtained, respectively. The
photoenhanced TENG is essentially a TENG that can convert
mechanical energy into electricity. When an external force brings
the PTFE layer into repeated contacts with the perovskite layer,
triboelectric charges of opposite signs on the contact surfaces
induce an oscillating V,. between the two electrodes, as shown in
Fig. 2b. The measurable voltage is ascribed to the electric potential
difference between the two electrodes.

The electric output of the TENG was measured as it was
repeatedly illuminated with full-spectrum switchable standard
simulated sunlight for four cycles. The obtained V. is shown in
Fig. 3a. The reciprocating mechanical motion applied by the
linear motor produced an ac-type voltage signal. The average
voltage amplitude (peak-to-peak value) was 15.3 V, corres-
ponding to the electric output produced by the TENG. Once
the light source was turned on, the voltage amplitude increased
considerably and reached an average value of 17 V, representing
an enhancement of 11%. Upon removal of the light source, the
voltage amplitude immediately recovered to its original value.
The four cycles of the periodic illumination indicate excellent
repeatability of the photo-enhancement. A magnified view of
the voltage in Fig. 3a reveals a rapid response characterized by a
response time of less than 250 ms. In addition to the voltage,
similar photoenhanced enhancement was observed in the
short-circuit current (Iy) and in the charge quantity (Q), as
shown in Fig. 3b and c, respectively. I;. with an amplitude of
0.29 pA in darkness increased to 0.38 pA upon illumination.
Correspondingly, Q was enhanced from 5.7 nC to 6.2 nC as a
result of illumination. The enhancement of Q was calculated by
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Fig. 2 Typical electrical output signals of the solar cell and the TENG
fabricated using the perovskite material. (a) J-V curve of the perovskite
solar cell under the full-sun condition. (b) Open-circuit voltage (V) of the
photoenhanced TENG without illumination.
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Fig. 3 Measured time dependence of the (a) Vo, (b) short-circuit current
(Isc), and (c) amount of electric charge (Q) of the photoenhanced TENG
under switchable standard simulated sunlight illumination, and the corres-
ponding magnified views at the moment of the illumination.

the difference of the amplitude value. But for the current, the
enhancement should be expressed as the integral area of the
current vs. time (I-V) curve. Thus, the enhancement of Q and I,
was 9% and 11%, respectively. The corresponding enlarged
views in Fig. 3b and c also show rapid response characteristics.

To investigate the mechanism of the enhancement in the
obtained electric signals, we used SKPM to characterize the
surface charge transfer at nanoscale.”® Unlike the contact-mode
of atomic force microscopy (AFM), SKPM detects the potential
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difference between a sample surface and a probe tip driven by an
applied AC bias in the lift mode. We characterized the surface
potential of a targeted area with dimensions of 5 x 5 um?® by
SKPM using a Pt-coated Ir probe. The trapping amplitude was set
to 3 V at a lift height of 100 nm. Prior to the measurement, the
perovskite surface was manually rubbed with the PTFE surface
for multiple cycles. Fig. 4a shows the 3D surface potential
distribution on the perovskite surface area at different states in
a sequential order. Compared to the state before rubbing, the
surface potential after 5 min of rubbing increased from 220 to
580 mV. This increase results from the generation of positive
surface charge on the perovskite surface due to triboelectrifica-
tion, as shown in Fig. 4b. Subsequently, the perovskite sample
was illuminated at a power density of 70 mW cm ™2, as shown in
Fig. 4c. Immediately upon illumination, the surface potential
rapidly jumped to 730 mV. As the illuminated sample was
illuminated for another 10 min, the surface potential decayed
to 222 mV, as illustrated in Fig. 4d. This decay is attributed to
dissipation of the surface triboelectric charge over time. Because
the perovskite material is a semiconductor, it is rather reason-
able to suggest that the surface charge was diffused into the
material or neutralized by charged particles in ambient air.>®
This decay process was observed to be more rapid than the long-
term retention of the triboelectric charge on insulating
polymers.>” The four states are shown quantitatively in Fig. 4e.
On the basis of the SKPM results, we constructed a model in
which the surface charge density of the perovskite varies upon
illumination, as shown in Fig. 4f. Illumination is known to
produce a large number of electron-hole pairs on the perovskite
surface. Because of the presence of the mesoporous electron-
conducting TiO, scaffold, the generated electrons are then
transported away from the perovskite surface, leaving an excess
of holes on the illuminated surface. These positively charged

1000

(2N

lllumination After illumination

Force

Initial state Friction
Force
(e)
1000 7 .
lllumination
S 800
E 600
9
)
8 . /1 \
g 566 ) Friction 9
0 .
1 2 3 4 Sun light
State + Triboelectric charge

@ Photo induced hole
@ Photo induced electron

0 4 %

37 %

o N B O ©®

-2
135102 104 106 108

Sun light

Fig. 4 Surface potential mapping on the perovskite material in its (a) initial, (b) upon friction, (c) upon illumination, and (d) after illumination states.
(e) Corresponding values of the surface potentials of the four states. Illustration of separation and migration of triboelectric surface charges and

photogenerated e—h pairs of the photoenhanced TENG: (f) PTFE/perovskite
time dependence of V.. of the Al/perovskite-based TENG.
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—based TENG and (h) Al/perovskite-based TENG. (g) Measurement of the
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Fig. 5 (a) Current distribution mapping of the perovskite-based layer with
bias voltages from —8 to +8 V at an increment of 2 V in darkness and upon
illumination (power density of 70 mW cm™2). (b) /-V characteristics of the
perovskite-based layer. (c) Equivalent electrical diagram for measuring the
Isc of the photoenhanced TENG.

holes, in turn, add to the already-existing positive triboelectric
charge, resulting in an increase of the measured surface potential.
To further justify the proposed mechanism above, we constructed
a control device with a different structure. For simplification, the
top part of the TENG was fabricated using Al films instead of
PTFE. The Al film acts as both the top electrode and the top
triboelectric layer. As shown in Fig. 4g, because of the extremely
strong electron accepting ability, the tribocharges on the Al films
were positive, leaving negative charges on the perovskite side after
rubbing. The voltage change under repetitive switchable illumina-
tion was opposite to that of the photoenhanced TENG, indicating
that the negative triboelectric surface charges at the perovskite
surface were neutralized by the photogenerated holes under
illumination, resulting in the reduction of the electrical output,
as shown in the working mechanism presented in Fig. 4h. These
results provide further evidence of the aforementioned model of
the enhanced TENG.

For the semiconducting characteristics of the perovskite, we
propose that the change of conductivity upon illumination also
contributed to the enhancement of the TENG output. Here, we
used CAFM measurements to investigate the photoconductive
behavior of the perovskite-based layer. In this experiment, we
recorded the current induced by bias voltage applied onto
the FTO substrate. The illumination was aligned with the tip
in an inverted optical lens. The tip-sample contact force was
maintained at 10 nN, which is the minimum value for topography
tracking. Fig. 5a shows current distribution maps in darkness and
under illumination for the perovskite layer at various bias voltages
(—8 to +8 Vin 2 V increments). Under a negative bias voltage, very
low conductivity values were observed regardless of whether the
sample was illuminated. This result indicates that the electrons
could only be transported away from the upper part to the bottom
of the perovskite, which is consistent with the electron transport
characteristic of mesoporous TiO,. In contrast, at a positive
bias voltage, the increase in the photocurrent suggested the
same transport behavior. However, it was observed that the
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current upon illumination was much higher than that in
darkness even if the same positive bias voltage was applied.
The current exhibited an increase as large as two-fold under a
+8 V bias voltage, indicating a substantial enhancement in
conductivity. The relative I-V characteristics of the perovskite-
based layer are shown in Fig. 5b. The significant enhancement
in conductivity upon illumination demonstrated by the CAFM
measurements would lead to a decrease in the inner resistance
of the TENG, and thus to an enhancement of the photo-
enhanced TENG output, as shown in Fig. 5c.

3. Conclusion

In conclusion, we have demonstrated that the perovskite-based
TENG enhancement can be realized under sunlight illumination.
The total output was enhanced because of the varying surface
charge density and conductivity of the perovskite upon illumina-
tion. The working mechanism of the TENG was discussed in detail
in terms of SKPM and CAFM measurements. These results will aid
further investigations in the TENG field and facilitate the wide-
spread application of photosensitive perovskite materials.

4. Experimental

The perovskite-based film with the configuration of FTO /compact
TiO,/mesoporous TiO, + MAPbI;/MAPDI; crystalline capping layer
was prepared according to the following procedures. Typically, FTO
glass substrates were cleaned with detergent and subsequently
sonicated in acetone and ethanol. An O, plasma cleaner was then
used to remove organic contaminants for 20 min under 200 Hz.
A compact TiO, blocking layer was deposited onto the cleaned
FTO substrate by atomic layer deposition (Picosun SUNALE R-100).
TiCl, and N, were used as the Ti source and the purge gas,
respectively. A compact TiO, layer with a thickness of 25 nm was
grown on the FTO substrate by 500 cycles at a deposition tempera-
ture of 200 °C. TiO, paste (Dyesol-18NRT) was diluted with ethanol
in a 2:7 weight ratio, spin-coated onto the compact TiO, layer at
5500 rpm, and sintered at 500 °C for 30 min to form a mesoporous
TiO, layer with 300 nm thickness. Pbl, in DMF solution
(462 mg ml™") was infiltrated into the mesoporous TiO, layer
by spin-coating at 6500 rpm. The TiO, layer was subsequently
dried at 70 °C. After drying, it was dipped into a MAPbI solution
(9 mg ml~" in 2-propanol) for 30 s and then sintered at 70 °C for
30 min. We controlled the crystal size of the MAPbI; capping
layer by changing the concentration of the MAI in the solution.

The surface morphology, cross-section, and crystal structure of
the as-fabricated perovskite-based composite film were characterized
by SEM (Shimadzu, 2020), AFM (MFP-3D SPM), and XRD (X pert 3),
respectively. A UV-Vis-NIR spectrophotometer (Shimadzu, UV-
3600) was used to analyze the light absorption properties of the
perovskite-based film.

The photoenhanced TENG was fabricated in two parts. On one
side, acrylic substrates with dimensions of 2.0 x 2.0 x 0.2 cm® were
prepared by laser cutting. A 200 nm thick copper layer was
deposited by magnetron sputtering as the top triboelectric layer

This journal is © The Royal Society of Chemistry 2016
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and the top electrode. On the other side, mesoporous TiO, and
MAPDI; were prepared on an FTO glass substrate with dimen-
sions of 2.0 x 2.0 cm?. Subsequently, two pieces of polyimide
films with dimensions of 3.0 x 2.0 x 0.125 cm® were prepared
and attached to the substrates at the opposite edges. These
films served as braces that created a gap between the two
contact surfaces. Finally, a conducting wire was connected to
each of the electrodes for measurement.

Voc values were measured with a Keithley 6517A electrometer
under solar spectrum illumination (AM 1.5, ~100 mW cm ™ ?)
with a solar simulator. The CAFM and SKPM experiments were
conducted in an Asylum Research MFP-3D atomic force micro-
scope under an ambient environment in CAFM and SKPM
modes, respectively. A model EFM-10 (Nanoworld) Ir-based
probe with a Pt coating was used in the experiments.
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