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Supporting Information

As grown TiO, nanotube film on Ti-foil

As grown BTO nanotube film on Ti-foil

Fig. S1: Photographic image of TiO, and BTO nanotube films grown on titanium foil.
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Fig. S2 (a) Cross-sectional SEM image of TiO, nanotube arrays grown on Ti-mesh substrate for

2 (a), 4 (b,) 6 (c), and 8 hr (d) anodization time
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Fig. S3 (a) Cross-sectional SEM image of BTO nanotube arrays on Ti-mesh substrate for 2 (a) 4
(b) 6 (¢), and 8 hr (d) anodization time. All the samples are hydrothermally treated for 24 hr in

0.02 M Ba(OH),.H,O solution.

S3



S1. The strain inside the Ti-mesh/BTO-PDMS composite

We analyzed the bending strain in side PDMS encapsulated Ti-mesh/BTO composite (Ti-
mesh/BTO-PDMS) due to arbitrary tensile force [1, 2]. We consider cross-sectional part of the
PENG device as shown in the schematic diagram (Fig. S4). The strain in the Ti-mesh/BTO-

PDMS is defined as:
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Fig. S4 Schematic of the cross-sectional structure for the Ti-mesh/BTO-based piezoelectric

nanogenerator (PENG) in original (a) and bending (b) condition.

Using the total length of the PENG before bending (ab) and after bending (a’b’), we can write

equation 1 as:
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The length a’b’ can be shorter if it is below the neutral line and longer for above. The radius of

curvature r can be written in terms of d0 as:

Putting equation 3 and 4 into 2 gives:

R

Equation 5 indicates the strain at any location inside the Ti-mesh/BTO-PDMS composite film.
The equation implies that the strain inside the composite is directly proportional to the distance

from the neutral axis (y) and inversely proportional to the radius of curvature (r).
S2. The stress inside the Ti-mesh/BTO-PDMS composite

To understand the relation between the stresses inside Ti-mesh/BTO-PDMS composite it is
necessary to write the strain in terms of the stress and moment about the neutral axis. Using

Hook’s law, 6=E& we can rewrite equation 5 as:

Where, E is Young's modulus and represent ts the stiffness of the material. At equilibrium the

total moment about neutral line is given by:

ZM meratine =0 L (7)
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Where, F is the force at small area dA. Using the relation F/dA = 6 we can write equation 8 as:

.................................................... (10)
. . I= fyz dA , _
Using area moment of inertia we can write equation 10 as:
MY
[0) . = —
D Ll (11

Equation 11, implies that the stress inside the Ti-mesh/BTO-PDMS composite is depend on the
distance from the neutral line, y. Both equation 5 and 11, indicates that the strain and stress
inside the Ti-mesh/BTO-PDMS composite directly related to the position of the piezolectricaly
active layer from the neutral line. Therefore, unsymmetrical positioning of the piezoelecrically
active layer induces high stress on the piezoelectrically active layer during bending and gives rise

to higher piezoelectric output.
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Fig. S5 Output voltage and current generated from the Ti-mesh/BTO- based nanogenerator as a

function of poling voltage.
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Fig. S6 Measured output voltage of the PENG due to bending and releasing condition, at a

frequency of 0.7 Hz during forward (a) and reverse (b) connection to the measuring device.
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Fig. S7 Output voltage of the PENG device without the Ti-mesh/BTO active layer under

bending and releasing motion at a frequency of 0.7 Hz.
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Fig. S8 Stable output voltage generation test for four different days for a total of 2800 cycles.
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Fig. S9 The charging curve of 10 p F capacitor charged by Ti-mesh/BTO-based PENG device.

The inset shows the bridge rectifier circuit diagram used for charging the capacitor.
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Materials Composite Applied Maximum Reference
Nanostructures Stress Output Voltage
V)
Alkaline niobate | KNLN particles with bending 12 3
(KNLN) Cu nanorods
BTO nanowires bending 7 4
BTO Virus-templated bending 6 5
nanostructures
BTO nanoparticle bending 5 6
BTO nanoparticle bending 3 7
BTO self-assembled BTO bending 6.5 8
film
BTO Ti-mesh/BTO bending 10.6 This work

nanotube arrays

Table S1. Performance comparison with other reported flexible lead-free

nano generators .
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