Nano Energy 90 (2021) 106600

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

ELSEVIER

Check for

Ferroelectric-assisted high-performance triboelectric nanogenerators based [%&s
on electrospun P(VDF-TrFE) composite nanofibers with barium
titanate nanofillers

Guanbo Min*", Abhilash Pullanchiyodan ”, Abhishek Singh Dahiya ", Ensieh Seyed Hosseini ”,
Yang Xu*®, Daniel M. Mulvihill ¥, Ravinder Dahiya""

@ Materials and Manufacturing Research Group, James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK
b Bendable Electronics and Sensing Technologies (BEST) Group, James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK

ARTICLE INFO ABSTRACT

Keywords: Triboelectric nanogenerators (TENGs) are flexible, efficient, and cost-effective energy harvesters. Here, we
Electrospinning develop high-performance ferroelectric-assisted TENGs using electrospun fibrous surfaces based on P(VDF-TrFE)
PVQF-TrFE with dispersed BaTiO3 (BTO) nanofillers in either cubic (CBTO) or tetragonal (TBTO) form. TENGs with three
Ba”l;OB lini types of tribo-negative surface (pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO) in contact
,[;gNgse crystallinity with PET were investigated and output increased progressively from pristine (0.75 W/mz) to CBTO (2 W/mz) and

to TBTO (2.75 W/m?). Accounting for contact pressure, the max output (Vo = 315V & Jsc = 6.7 pA/cmz) is
significantly higher than for TENGs having spin-coated P(VDF-TrFE)/BTO. It is hypothesized that electrospinning
increases dipole alignment due to high applied voltages, but also aids the formation of a highly oriented crys-
talline p-phase via uniaxial stretching. Essentially, tribo-charge transfer is boosted due to increased surface
potential owing to enhanced ferroelectric polarization. P(VDF-TrFE)/TBTO produced higher output than P(VDF-
TrFE)/CBTO even though permittivity is nearly identical. Thus, it is shown that BTO fillers boost output, not just
by increasing permittivity, but also by enhancing the crystallinity and amount of the -phase (as TBTO produced
a more crystalline f-phase present in greater amounts). Finally, the ferroelectric-assisted TENG was integrated
with a flexible graphene electrode-based supercapacitor to produce a self-charging system capable of charging to
1.25 V in just 5 min. These results demonstrate that this technology can be valuable in wearable applications
where higher power output, more efficient charging and flexibility are paramount.

1. Introduction

Energy autonomy of wearable electronic systems is a much-needed
feature that has attracted considerable interest in recent years as re-
flected by the development of a wide variety of energy harvesters and
storage devices [1-3]. Energy harvesters with flexible and/or stretch-
able form factors are the key element for the effective use of autonomous
systems and have found application in a wide spectrum of areas such as:
Internet-of-Things (IoT), wearable electronics, rehabilitation, respira-
tion monitoring, actuation and motion sensing, air purification and gas
sensing, and implantable biomedical devices [4-15]. One of the most
promising energy harvesters is the triboelectric nanogenerator (TENG) —
a technology that uses repeated or reciprocating contact of suitably
chosen materials to generate charge via the triboelectric effect (TE) and
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utilizes this as usable voltage and current. TENGs are attractive as they
can continuously generate charge over a wide range of operating con-
ditions (i.e. forces and frequencies) [16,17] and have several valuable
advantages such as light weight, simple structure, low cost and high
efficiency at low frequencies [4, 5, 18-20]. TENGs have been explored in
a wide range of applications, including self-powered wearable electro-
nics/sensors, powering of flexible electronics and even for harvesting
ocean wave/wind energy.

Many of these applications place demands on TENG materials such
as: high flexibility, ability to maximize electrical output and robustness
in sustaining high mechanical stress/strain [4, 21-24]. Several external
approaches have been developed to maximize both output and usability:
for example, an external charge pumping system was used in [25] to
boost and regulate charge density at the electrodes and an external
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energy management system was developed in [26] to effectively utilize
the low frequency power generated by TENGs. In terms of internally
maximizing the electrical output of the TENG itself, a tribo-contact
material pair that maximizes change transfer is required. Four key fac-
tors that help optimize this are maximizing: real contact area [27,28],
difference in electron affinities of the interface pair [16], permittivity of
the tribo-contact materials [29-31] and difference in residual surface
potential between the interface surfaces [32,33]. With these demands in
mind, materials that have received particular attention are the ferro-
electric (FE) polymers polyvinylidene (PVDF) and copolymer poly
(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) as these are
flexible, but also allow for permanent polarization of the tribo-contact
surfaces and are piezoelectric. Recent work has shown significant im-
provements (1-5 times) in TENG electrical output when polarized PVDF
or P(VDF-TrFE) are compared to their non-polarized equivalent
[32-34]. TENGs that also utilize the ferroelectric effect can be termed
ferroelectric-assisted TENGs (or Fe-TENGs). Two approaches have been
taken to fabrication: spin-coating [32,34-36,48,49] and electrospinning
[37-44] — Table 1 compares output performance to date. The polar
B-phase of these FE polymers is known for its exceptional piezoelectric
(PE) properties (e.g., greatest degree of spontaneous polarization per
unit cell [38,39]). To promote the f-phase formation, electrospinning is
ideal as it combines uniaxial stretching and electric field poling in a
single step [40,41,45]. The presence of aligned dipoles in the -phase of
FE polymers results in the enhancement of the spontaneous polarization
and hence the surface charge density [34]. Recently, different material
optimization routes have been followed to enhance the formation of the
pB-phase of FE polymers. For instance, it has been shown that addition of

Table 1
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filler materials such as metal nanostructures, 2D materials and ceramic
nanoparticles into the FE polymer matrix can enhance the formation of
highly polar crystalline B-phase, because of the electrostatic interactions
between the nanostructures and the highly aligned dipoles of the FE
polymer chains [32,35,36,39,46]. The introduction of nanoparticles has
another very important advantage i.e., high permittivity inorganic fillers
can increase the dielectric constant of the tribo-contact materials, which
serves to increase the TENG capacitance and hence the ability to store
charge [30,32,36,47]. As an example, by dispersing particles of barium
titanate (BTO with formula BaTiO3) in a PVDF matrix, an increase in the
open circuit voltage and short circuit current density of spin-coated
TENGs by 1.5-2.4 and 1.8-2.3 times, respectively has been reported
[36] (Table 1). Similarly, voltage and current increases of 1.6 and 1.5
times were observed with a similar dispersion of BTO particles in a P
(VDF-TrFE) matrix [32]. Considering that TENGs produce high volt-
ages but low currents, the current density is a vital parameter for per-
formance. In this regard, using an electrospinning approach to create the
P(VDF-TrFE)/BTO could provide better outcomes than methods such as
spin-coating used in previous BTO work: electrospinning could enable
even more highly charged P(VDF-TrFE)/BTO (nanofiber (NF) based)
surfaces capable of further boosting current density. The premise is that
electrospinning the P(VDF-TrFE)/BTO surface will lead to higher dipole
alignment and crystallinity in the P(VDF-TrFE)/BTO matrix (due to
higher voltage and extra alignment due to fiber stretching). Also, as
TENG output increases with real contact area [27,28], there is another
potential advantage to having a fibrous mat as one of the tribo-surfaces;
namely, in certain cases, the flexible fibrous mat may be better able to
conform to the topography of the opposing tribo-contact surface.

Typical PVDF based TENG performances compared with the present work (final row).

Contact materials Fabrication Category  Pressure Freq. Vo Jse  Voo/Pressure Js/Pressure Sample size  Ref.
Method (kPa) (Hz) (V) (UA/cm?) (V/KkPa) (HA/N) e’
PVDF & Al Electrospinning Tribo - 2 943 0.28 - - 25 [27]
PVDF-HFP & Silicon Electrospinning ~ Tribo+piezo 20 1 17 0.06 0.85 0.03 4 [28]
Rubber
PVDF-AgNWs & Nylon  Electrospinning ~ Tribo+Piezo 12.5 3240 3.0 19.2 2.46 4 [29]
PVDF & CNF/PEI aerogel Electrospinning Tribo 30 10 105 4.5 35 1.5 2 [30]
PVDF & Silk fibroin Electrospinning ~ Tribo+piezo  32.1 4 500 1.5 15.6 0.47 8 [31]
PVDE/MXene & PA6 Electrospinning  Tribo+piezo 25 1 50 2.5 2 1 4 [32]
125 4 300 15 24 1.2
PVDF/Graphene & PA6  Electrospinning  Tribo+piezo 25 5 1373 141 54.9 5.64 4 [33]
225 5 1720 213 7.6 0.95 4
PVDF/MXene & Nylon 11 Electrospinning  Tribo+piezo 23 4 75 3 33 1.3 3 [34]
PDMS/BTO & Al Spin-coating Tribo+piezo - 2 375 0.3 - - 16 [37]
PVDF & PVA Spin-coating Tribo 15 5 230 1.5 15.3 1 4 [38]
P(VDF-TrFE) poled & Al  Spin-coating Tribo+Ferro 380 5 10 4.0 0.03 0.11 1 [24]
P(VDF-TrFE) & PET Spin-coating Tribo+piezo - 0.5 35 0.6 - - 1 [25]
P(VDF-TrFE)/BTO poled &Spin-coating Tribo+ferro 98 - 457 1.25 0.47 0.13 1 [22]
Al
=
PVDF-BTO & PA6 Spin-coating Tribo+piezo 250 5 450 32 1.8 0.13 4 [26] o
P(VDF-TrFE)/BTO & Electrospinning Tribo+ferro  12.8 4 315 6.7 24.6 5.23 6.25  This wor

PET
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Therefore, in this work, high-performance ferroelectric-assisted
TENGs using electrospun fibrous tribo-negative surfaces based on P
(VDF-TrFE) composites with dispersed BaTiOz (BTO) nanofillers have
been developed. We also explored the use of cubic BTO (CBTO) as a
means of probing the differences introduced by the piezoelectric
tetragonal BTO (TBTO) as compared to the non-piezoelectric CBTO and
this has led to interesting new conclusions about the mechanisms by
which BTO fillers boost performance (i.e., the importance of the amount
and level of p-phase crystallinity in boosting performance). Accordingly,
three types of B-phase crystalline P(VDF-TrFE) NF-based mats were
fabricated (via electrospinning) as active negative TE layers: pristine P
(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO. PET sheet
material was used as the positive tribo-layer in all three cases to com-
plete the Fe-TENGs. TENG output increases monotonically with contact
pressure [27,28], so it is important to take account of the contact
pressure used in TENG measurements as various labs generally publish
results at different pressures. For this reason, we have also included the
open circuit voltage per unit pressure and short circuit current density
per unit pressure in Table 1 (units of V/kPa and uA/N, respectively —i.e.,
the voltages and currents are just divided by the applicable nominal
average contact pressure). Looking at the pressure normalized values of
open circuit voltage and short circuit current density, we see that the
present electrospun work at 24.6 V/kPa and 5.23 pA/N is a considerable
advance over the previous spin-coating work on PVDF/BTO [36] (i.e.
1.8 V/kPa and 0.13 pA/N) and P(VDF-TrFE)/BTO [32] (i.e. 0.47 V/kPa
and 0.13 0.13 pA/N). There is only one result in Table 1 that has
exceeded our output performance; namely Ref. [43] who achieved an
open circuit voltage per unit pressure of 54.9 V/kPa and a short circuit
current density per unit pressure of 5.6 uA/N. However, the result in
[43] was achieved with a very different material combination: a
tribo-negative surface based on graphene sheets dispersed in a PVDF
matrix and a Nylon 6 tribo-positive surface. There, the enhancement
mechanism with graphene sheets is rather different to that with BTO and
Nylon 6 is also considerably more tribo-positive than the PET used in
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this work. As a final step, we integrated the Fe-TENGs (P
(VDF-TrFE)/TBTO) with a graphene electrode based flexible super-
capacitor to realize a self-charging system that can charge to 1.25 V in
just 5 min.

2. Experiments
2.1. Preparation of materials

The fibrous (electronegative) surfaces were electrospun from three
different solutions: pure P(VDF-TrFE) (Piezotech, France), P(VDF-TrFE)
mixed with cubic BaTiOs (CBTO, Sigma-Aldrich, UK), and tetragonal
BaTiOs (TBTO, Sigma-Aldrich, UK) powders. The fabrication steps for
the P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO solutions
are illustrated in Fig. 1. A 15 wt% P(VDF-TrFE) solution was prepared by
dissolving P(VDF-TrFE) powder in a DMF and acetone (Sigma-Aldrich,
UK) mixed solvent (1:1 ratio) for 10 h under stirring by a magnetic stir
bar at 300 rpm and 25°C (Fig. 1a). The resulting solution was stirred
until the solution is homogeneous and completely transparent. P(VDF-
TrFE) and BTO composite solutions were prepared by mixing CBTO or
TBTO with the resulting P(VDF-TrFE) solution at 3 wt% (Fig. 1b,c).
Note, 3 wt% was chosen as this led to optimum voltage and current
output (See Fig. S1 in Supplementary Information). The nanocomposite
solutions were then stirred at 300 rpm at 25°C for 4 h to disperse the
CBTO or TBTO in the P(VDF-TrFE) solution uniformly and form the P
(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO slurry.

2.2. Electrospinning

Electrospinning of the NFs was conducted using an electrospinning
machine. The prepared solutions were filled into a 10 mL syringe and
connected to a spinneret with a 21 G-gauge needle. After that, the
electrospinning of solution was executed at a high voltage of 17 kV and a
flow rate of 0.5 mL/h with a 15 cm distance between the needle and

TrFE powder

TrFE/3wt%
TBTO solution

(a) PVDF-TrFE
® solution ]
SmlL N SmL PVDF-TrFE NFs
DMF Acetone Ile = J— PVDF-TrFE
——  PVDF-TrFE NFs ®  Cubic BTO NPs
1.5¢ PVDF- » » B Pump ol
TrFE powder 8% - ' ™~ mm  Tetragonal BTO NPs
u ‘\_) Collector
+17kV 2KV drum
(b) PVDF-TrFE 0.3g Cubic
[ 3 2 solution BaTiO; powder ~
SmL ;
ST‘LF Fiorndl 2 Itzi = » : PVDF-TrFE/CBTO
: — PVDF- I NFs
Pump mFE/CBTO
1.5¢ PVDF- » » * » solution N
TrFE powder - - o~
h PVDF- ‘\) Collector
TrFEA3wWt% +1IR——TY drum
CBTO solution
(c) PVDF-TrFE 0.3g Tetragonal
° 4 solution BaTiO; p
5mL N 5mL 7z
DME Acetone I:‘ = " - ‘PVDF-TrFE/TBTO
& o = ®  runp it -
1.5¢ PVDF- Pump TrFE/TBTO

solution

b

PVDEF- Collector

+17kV -2kV drum

Fig. 1. Fabrication procedures for (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/TBTO NF mats by electrospinning.
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drum collector, as shown in Fig. la—c. The electrospun NFs were
collected by a drum collector, which was covered by an aluminum foil
(Sigma-Aldrich, UK), with a 2 kV voltage rotating at 1500 rpm. All three
polymer solutions (P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/
TBTO NFs) were electrospun using the same fabrication parameters at
room temperature and humidity. Note, achieving optimum electro-
spinning parameters for this application is not straightforward as for-
mation of p-phase P(VDF-TrFE) (critical for enabling higher
polarization) is sensitive to several parameters including voltage, con-
centration of P(VDF-TrFE), viscosity and distance between needle and
collector. To have NF mats with similar thicknesses, each of the three NF
mats were collected on the Al foil for around 2 h which produced
nanofiber mats with thickness of about 8um (see Fig. S2 for surface
profiles indicating thickness). The electrospun NF mats covering the Al
foil were then cut into small pieces (4 x 2.5 cm?) as shown in Fig. S3 and
used as the negative tribo-layer. A fixed ITO coated Polyethylene tere-
phthalate (PET) film (4 x 2.5 cmz, Sigma-Aldrich, UK) with a resistivity
of 60 €Q/sq and 0.127 mm thickness was used as the positive tribo-
layer for each of the three sample types (to keep the counter-surface
material constant). To avoid a bulge from the electrode lead wires
interfering with the contact area, the interface pair positioning was
mismatched at a fixed nominal contact area of 2.5 x 2.5 cm? during the
measurements (i.e., to allow a free region for attachment of the wires).
To measure the pure piezoelectric response, the P(VDF-TrFE)/TBTO
nanofiber-based mat was sandwiched between two Al electrodes and
encapsulated with a polyimide tape as shown in Fig. S4.

2.3. Characterization and testing

X-ray diffraction (XRD), employing a PANalytical X‘Pert Pro
diffractometer with a Cu Kua source (A = 1.541 10\) was used to charac-
terize crystallinity and the § —phase in the P(VDF-TrFE) matrix for each
of the three varieties of electrospun NFs. The surface topography of
electrospun NFs and PET surface was measured prior to testing by an
optical 3D surface profilometer (Alicona, InfiniteFocus) and an atomic
force microscope (AFM) (Dimension Icon, Bruker). Scanning electron
microscopy (SEM) was used to describe the surface structure and
morphology of the electrospun NF mats.

The rig used for TENG testing (normal contact separation mode) is
the same as explained elsewhere [27]. Prior to testing, a pre-load was
applied to make contact and to self-align the surfaces. The alignment is
then ‘locked-in’ by tightening lock screws. The mechanical oscillation
for the TENGs was supplied by an oscillating force (8 N with 4 Hz fre-
quency) using an electrodynamic shaker system (TIRA, TV 50018,
Germany). This produces a corresponding nominal contact pressure of
12.8kPa. Mechanical oscillation was configured with a 2 mm max sep-
aration distance (i.e., peak-to-peak amplitude of 2 mm). A 5 min
pre-charge time is employed before each set of measurements to ensure
equilibrium of tribo-charge generation. The output voltage was recorded
by an oscilloscope (MSO-X 4154A, KEYSIGHT, USA) connected to an
operational amplifier and a voltage divider circuit to ensure that the
impedance of the voltage meter setup was much larger than the TENG
internal impedance (See Fig. S5a for details). Simultaneously, the
oscilloscope was also coupled with an inverting current to voltage
converter which consisted of a 100 kQ feedback resistor and a LMC6001
operational amplifier (ultra-input current amplifier) to measure the
output current in Fig. S5b [50]. When comparing the three TENG de-
vices with the different tribo-negative surfaces (and when testing with
different resistive loads) all test parameters (contact pressure, fre-
quency, separation distance etc.) were maintained constant.

2.4. Graphene supercapacitor
To demonstrate the self-charging capability of the developed Fe-

TENGs, a flexible supercapacitor (FSC) was fabricated using multilayer
graphene sheets (GS, Graphene Supermarket, USA) based on our pre-
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vious report [51]. In a typical process, the GS film having an area of
3 cm? was used as the current collector and electrode material. At first,
the GS film was pasted on flexible polyethylene terephthalate (PET)
substrates by polyurethane (PU) resin as the binder. A conducting metal
wire was fixed on top of the graphene sheet by silver (Ag) conductive
epoxy (RS components, 186-3600) for the external connection and
insulated with PU coating and dried for 2 h at 80°C in a hot air oven.
Polyvinyl alcohol (PVA)-phosphoric acid (H3PO4) based gel electrolyte
was used for the FSC fabrication. The preparation of the gel electrolyte
was reported in our previous work [52]. Herein, first we dissolved the
PVA (10 wt%) in hot water with continuous stirring followed by the
addition of H3PO4. A polyester/cellulose blend (Techni Cloth, TX 612)
was used as a separator. A schematic representation of the fabricated
FSCis shown in Fig. 7a. To charge the supercapacitor, the Fe-TENGs and
supercapacitor were coupled by a rectifier circuit which consists of four
diodes as shown in Fig. 7b.

3. Result and discussion
3.1. TENG performance

Fig. 2a-c illustrate the structure of the three TENG devices under
investigation having the tribo-negative material as pristine P(VDF-
TrFE), P(VDF-TrFE)/CBTO composite or P(VDF-TrFE)/TBTO compos-
ite (each in contact with PET). Note: bound charges and tribocharges are
also illustrated here to aid the discussion below. Device output is char-
acterized in Fig. 2d-i. Fig. 2d and e compare voltages and current den-
sities for each of the three devices at open circuit and short circuit
conditions, respectively. Both outputs increase as we move from the
pristine P(VDF-TrFE) case to P(VDF-TrFE)/CBTO and to P(VDF-TrFE)/
TBTO. The peak positive open circuit voltage V,. increased from
225V (pristine) to 293 V (P(VDF-TrFE)/CBTO) and to 315V (P(VDF-
TrFE)/TBTO), i.e., 1.4 times increase from pristine to P(VDF-TrFE)/
TBTO. These voltages are comparable with previous work (Table 1).
TENGs are high voltage but low current devices and a critical require-
ment therefore is to boost the current density. In Fig. 2e, the peak short
circuit current density was about 1.95 /4A/crn2 for the pristine case, 5.5
uA/cm? for P(VDF-TrFE)/CBTO and a maximum of 6.7 uA/cm? for P
(VDF-TrFE)/TBTO representing an increase of 3.4 times over the pristine
case. Additionally, A similar trend is seen in Fig. S6 for the transferred
charges. The comparison of our result with previous work on similar
materials is given in Table 1. For example, with a PVDF-TBTO based
device in contact with PA6 in [36] and a P(VDF-TrFE)/TBTO based
device in contact with Aluminum in [32]. The former achieved a
maximum current density of 3.2 A/cm? at a contact pressure of 250 kPa
and the latter reported a maximum of 1.25 yA/cm? at a contact pressure
of 98 kPa. The present work has produced significantly higher current
density (6.7 uA/cm?) at much lower contact pressure of only 12.8 kPa.
Interestingly, these gains are possible with the counter surface (PET),
which is far less tribo-positive than the tribo-positive materials used in
above mentioned previous works. In fact, 6.7 yA/cm? is among the
highest value in Table 1 where the present work is compared to related
work in the literature (i.e. where similar materials were used). The
contact pressure is an important factor here as TENG output increases
significantly with contact pressure. Therefore, this marked boosting of
the current density could be largely attributed to the effect of the elec-
trospinning process used here as previous works used spin-coated films
with [32] and without [36] electrical poling. Specifically, the electro-
spinning here used a higher voltage (17 kV) compared to the poling used
in [32] (8 kV). To illustrate this, we have compared our electrospun
results to those from equivalent DC poled spin coated films. The output
voltage of the device fabricated by electrospun P(VDF-TrFE)/TBTO is
2.1 times higher than the equivalent poled PVDF-TrFE/TBTO device in
Fig. S7b (a similar result is evident in Fig. S7a for pristine P(VDF-TrFE)).
The higher voltage in electrospinning is likely to encourage enhanced
dipole alignment in the P(VDF-TrFE) matrix. Also, uniaxial fiber
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Fig. 2. Characterization of device performance.
) (a—c) Illustrate Fe-TENG device structure hav-
ing negative tribo-surface as: (a) P(VDF-TrFE),
(b) P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/
TBTO (with PET at the positive tribo-layer in
each case). (a—c) Also illustrate the role of
ferroelectric polarization in affecting the tribo-
electric surface potential and charge density by
indicating how the bias of the bound charges
and the level of tribocharges increases as we
move to P(VDF-TrFE)/TBTO (Note: X¢ is degree
of crystallinity & or is tribocharge density).
Electrical output is characterized in (d-i) for
each of the three device types as follows: (d)
open circuit voltage, (e) short circuit current
density, (f) output power density and (g-i)
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stretching during the electrospinning process is likely to result in more
highly aligned, more crystalline P(VDF-TrFE). These effects are likely to
confer higher surface polarity (i.e., higher surface potential) and enable
a further boosting of triboelectric charge transfer leading to the higher
currents observed. Electrospinning also has the advantage of eliminating
the extra poling step as this is now a seamless part of the process. Output
power is plotted against resistive load in Fig. 2f and the corresponding
plots of voltage and current versus resistance are shown in Fig. 2g-i.
Energy harvesting devices such as TENGs generally present high internal
impedance to load circuits and in general, the maximum output power is
obtained when the load impedance is matched to that of the harvester.
Across the three TENG device variants here, the optimum power occurs

Resistance (Ohm)

in the resistance range of 100-500 MQ. Following the voltage and cur-
rent trend, peak power increased from about 0.75 W/m? for the pristine
P(VDF-TrFE) to about 2 W/m? for P(VDF-TtFE)/CBTO and 2.75 W/m?>
for P(VDE-TrFE)/TBTO - thus representing 3.2 times increase over the
pristine case. The developed Fe-TENG retained approximately 95% of
the original output voltage in Fig. 2i after 10,000 cycles of repeated
vibration, as shown in Fig. S8 — thus the device exhibits good stability.

Analyzing the intrinsic properties of the three negative tribo-layer
materials can help trace the source of the output differences between
the three cases and improve our understanding of the underlying
behavior. It has been shown that the intrinsic properties of P(VDF-TrFE)
NFs govern the output performance of TENGs. This is because the sur-
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face potential of the contact layer is correlated with the degree of
crystallinity of the g-phase of the P(VDF-TrFE) NFs [39,53,54]. To probe
the crystallinity of the NFs, X-ray diffraction (XRD) measurements were
performed on all three categories of P(VDF-TrFE) and its composite NF
samples (results are shown in Fig. 3a). From the XRD data, we can see a
dominant peak centered at 20 = 19.96° for all three samples, corre-
sponding to the reflection of the crystalline g-phase (110/200) of P
(VDF-TrFE). It is important to note that none of the samples showed
the non-polar o phase (present at 20 = 18.3). These results also suggest
good dispersion of BTO nanoparticles in the P(VDF-TrFE) matrix.
Among the three phases of P(VDF-TrFE) namely, alpha, beta and
gamma, the p-phase can generate highest surface tribo-charge density
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= PVDF-TrFE BTO
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Fig. 3. Materials characterization for P(VDF-TrFE) and P(VDF-TrFE)/BTO: (a)
X-ray diffraction (XRD) results of P(VDF-TrFE) (red line), P(VDF-TrFE)/CBTO
(black line) and P(VDF-TrFE)/TBTO (blue line) with crystalline g-phase (110/
200) and XRD patterns of the cubic and tetragonal BTO nanoparticles (001/
100); (b) as-measured dielectric properties of the nano-fibrous mats for: P(VDF-
TrFE), P(VDF-TrFE)/CBTO, and P(VDF-TrFE)/ TBTO. Note: there is little dif-
ference in permittivity between CBTO and TBTO nanofillers meaning that
permittivity cannot explain the TENG output boost with TBTO and (c) as-
measured tangent loss of the nanofibrous mats for: P(VDF-TrFE), P(VDF-
TrFE)/CBTO and P(VDF-TrFE)/TBTO.
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because it provides the highest dipolar moment per unit cell (i.e. surface
dipole moment) [55,56]. The characteristic diffraction peak of BTO
nanoparticles at 20 = 22.2° is also apparent in Fig. 3a for the P
(VDF-TrFE) composite NFs (in blue for TBTO and black for CBTO). In
theory, the XRD diffraction of the tetragonal BTO show peak splitting at
22.2° corresponding to the (hkl) Miller index (001) and (100), whereas
cubic BTO would have a single peak corresponding to (002) [57]. The P
(VDF-TrFE)/TBTO NFs diffraction pattern (blue line) exhibits typical
characteristics of tetragonal BTO (peak splitting at 22.2°) with a single
peak at 20 = 22.2° for the CBTO sample. The cubic phase of BTO be-
longs to the centrosymmetric crystal class m3m and thus, is
non-piezoelectric [58].

Exploring both CBTO and TBTO in the same work allows us to probe
the underlying behavior further. We noted from Fig. 2, that voltage,
current and power increase progressively as we move from pristine P
(VDF-TtFE) to P(VDF-TrFE)/CBTO to P(VDF-TrFE)/TBTO. For
example, the current density increases 2.8 times in going from the
pristine case to P(VDF-TrFE)/CBTO. If we then go to P(VDF-TrFE)/
TBTO, we notice a further boosting of output to 3.4 times the pristine
case. To explain the increases attributable to the BTO nanofillers, there
are two key mechanisms: the first (well outlined in [32] and [36]) is that
the addition of high permittivity fillers (i.e. the CBTO) dramatically
increases the permittivity of the resulting P(VDF-TrFE)/BTO matrix (for
example, a factor of 6-7 increase in permittivity is reported after addi-
tion of CBTO nanofillers to P(VDF-TrFE) [59]). Higher permittivity
contact materials increase TENG capacitance, thereby increasing the
ability to induce and store more tribo-charge and drive higher currents.
Permittivity measurements for the three nano-fibrous mat types in this
work are given in Fig. 3b. The results show the expected boost in
permittivity due to the BTO fillers and confirm that CBTO and TBTO
result in near identical permittivity values. Therefore, to explain the
higher TENG output with TBTO (compared to CBTO), we turn to the
second reason and the one we would like to focus on more in this paper.

In a recent work on piezoelectric sensors, the addition of CBTO
nanofillers into a P(VDF-TrFE) matrix has been noted to significantly
boost p-phase crystallinity by becoming advantageous nucleation sites
for the crystalline p-phase [60]. This therefore increased residual po-
larity and piezoelectric coefficient. Here we explore this role of the BTO
nanofillers in increasing crystallinity and how this might be advanta-
geous in the TENG context. The crystalline quality is a parameter that
can be determined by calculating the full width at half maximum
(FWHM) [61]. Note, a smaller value of FWHM corresponds to the higher
B-phase crystallinity. We calculated the FWHM values for pristine P
(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO NFs and
these are 0.95, 0.89 and 0.81, respectively. Based on these results, the P
(VDF-TrFE)/TBTO NFs have highest crystallinity among the three elec-
trospun materials. We also noted via FTIR Spectroscopy analysis of the P
(VDF-TrFE)/BTO that the amount of p-phase was higher for TBTO
nanofillers (67%) than for CBTO (54%) — See Supplementary Informa-
tion and Fig. S9. The existence of f-phase with higher crystallinity and in
higher proportions will improve dipole alignment and polarization in
the P(VDF-TrFE)/BTO matrix leading to an increase in the surface po-
tential of the tribo-negative contact material. Estimates of surface po-
tential outlined in the Supplementary Information follow this trend.
Estimated surface potential for pristine P(VDF-TrFE) was 133 V and this
increased to 189 V with addition of CBTO fillers and was further boosted
to 214V for TBTO fillers (see Fig. S10). As noted, the extra output
available with the TBTO nanofillers (compared with CBTO nanofillers)
seems to be entirely attributable to the crystallinity effect (as both P
(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO produce very similar
permittivity — Fig. 3b). We can thus conclude that, in both cases (CBTO
and TBTO nanofillers), the TENG enhancement mechanism is a combi-
nation of enhancing both permittivity and p-phase crystallinity.

The loss tangent for P(VDF-TrFE)/TBTO, P(VDF-TrFE)/CBTO and P

(VDF-TrFE) has been calculated by using: tand = %. Note, the C,
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and R, were tested using a LCR meter (Keysight E4980, UK). They are
the parallel mode capacitance and resistance of sample as illustrated in
Fig. 3c. The loss tangent is lower in the P(VDF-TrFE)/BTO composites
compared with the pristine P(VDF-TrFE), especially at the higher fre-
quencies in Fig. 3c, because of the glass transition relaxation of the
PVDF-TrFE polymer matrix [62,63]. However, the loss tangent of P
(VDF-TrFE)/ TBTO and P(VDF-TrFE)/ CBTO result in near identical
values.

To fully understand how enhanced residual polarization of the P
(VDF-TrFE) and its composites boosts TENG output, it is useful to
refer to the overlapped electron-cloud (OEC) model [33,64]. This model
describes the process of intrinsic electron transfer between two contact
materials. Using the OEC model, Fig. 4 schematically illustrates the
electron transfer process when each of the three tribo-negative materials
are pressed into contact with the tribo-positive PET. In Fig. 4, Eg, p
(VDF-TiFE)> EF, P(vDF-TrFE)/cBTO @nd Ef, p(vpr-TrFE)/TBTO Tepresent the Fermi
levels of P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO,
respectively and the greatest energy level difference between these
surfaces and PET are represented by AE, AE’ and AE'/, respectively.

P(VDF-TrFE) and its composites play the role of the tribo-negative
material, accepting electrons from PET during contact electrification.
The combination of polarization due to electrospinning and due to en-
hancements in crystallinity is likely to lead to high dipole alignment
resulting in high surface potential. Simultaneously, the presence of
bound charges, generated by aligned dipoles, will boost the potential
energy [53]. As confirmed by the XRD scans, the P(VDF-TrFE)/TBTO
sample has shown higher crystallinity than P(VDF-TrFE)/CBTO and P
(VDF-TrFE)/CBTO has shown better crystallinity than pristine P
(VDF-TrFE). Accordingly, as shown in Fig. 4, the Fermi levels should
be in order of Eg, prvpr-TiFE) > EF, p(vDE-TrFE)/cBTO > EF, P(VDE-TIFE)/TBTO-
As shown in Fig. 4a, when the PET is not in contact with pristine P
(VDF-TrFE) NFs, the electron clouds of the materials do not overlap
and there is negligible electron transfer between the two atoms. When
contact occurs, the potential barrier between them (AE) decreases, and
the electrons can transfer between the two atoms until their Fermi levels

Compressed

PVDF-TrFE

(a) PET

Pressing

PVDF-TrFE/CBTO

Pressing

- F,PVDF-TrFE/CBTO
EF,PVDF—TrFE/CBTO

PVDF-TrFE/TBTO

Compressed

Pressing

-]
E_F,PVDFAT?‘FE/TBTU i E F,PVDF-TrFE/TBTO

Fig. 4. (a) Overlapped electron cloud (OEC) model of electron transfer between
interface pairs for (a) P(VDF-TrFE) & PET, (b) P(VDF-TrFE)/CBTO & PET and
(c) P(VDF-TrFE)/TBTO & PET as adapted from [33,64].
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are in equilibrium (i.e. until Ej ppr = Ep pypp_p)- After incorporating
the CBTO/TBTO nanoparticles into the P(VDF-TrFE) matrix, the Fermi
level of the negative tribo-layer can be expected to shift downwards due
to enhanced surface polarization. As the Fermi level of the PET sheet
(Epper) is fixed in each case, the energy difference is in the following
order: AE < AE’' < AE'1. A greater difference in energy levels means
more empty surface states of the negative tribo-layer can be filled with
electrons from the PET surface (due to the increased differences in work
function between the contact materials) and hence higher tribo-charge
transfer. After separating the interface pair, the tribo-charge density of
a dielectric-dielectric TENG is given by [65]:

e(g, — @) 1)

11y 2K
N~|+N\-2 £

or =

Where, ¢, 5 and N 52 are the work function and average surface states of
the positive and negative tribo-layer, respectively, e is the elementary
charge, ¢ is air permittivity, and x, is the separation distance. Due to the
increased differences in work function and surface states of the negative
tribo-layer (i.e., Ny), Eq. (1) shows how the tribo-charge density can
clearly be boosted. It is important to note that TBTO has a higher dipole
moment than CBTO which is non-piezoelectric. Thus, it can be expected
to promote higher crystallinity and better dipole alignment similarly to
how high dipole solvents have been shown to increase crystallinity and
dipole alignment for P(VDF-TrFE) [54]. Thus, in the case of P
(VDF-TrFE)-TBTO, the Fermi level of the negative triboelectric mate-
rial can be expected to further shift to a lower level due to a higher
surface potential. Thus, this case is expected to show the largest transfer
of electrons between the two materials. This appears to be borne out in
the TENG electrical output (Fig. 2) and the tribocharge transfer result in
Fig. S6 where the TBTO composite gives the highest output. The effect of
polarized dipoles in affecting the output performance of Fe-TENGs is
illustrated schematically in Fig. 2(a—c). Bound charges are more
randomly orientated for P(VDF-TrFE), but become more biased towards
a positive charge directed towards the surface as we move to P
(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO, thereby attracting more
electrons from the countersurface (i.e. more surface tribocharges). Since
P(VDF-TrFE)/TBTO is ferroelectrically optimum here (as explained
above due to higher amount and crystallinity of f-phase etc.), the
schematic shows the greatest bias of bound charges and highest density
of tribo-charges for the TBTO case.

To investigate the contribution of conventional piezoelectricity to
the TENG output, we tested a P(VDF-TrFE)/TBTO device in piezoelectric
mode only. The result is shown in Fig. S4 in Supplementary Information.
Here we see that output voltage (1.25 V) at max contact force (8 N) is
less than 1% of the corresponding output (315 V) in TENG mode (see
Fig. 2d). Thus, the TENG devices in this work are referred to as ferro-
electric assisted TENGs rather than hybrid TENGs as the piezoelectric
contribution can be considered relatively insignificant. All the above
effects (increased permittivity and higher surface polarization) essen-
tially combine in the case of the electrospun P(VDF-TrFE)-TBTO NFs to
boost tribo-charge density and deliver the best output performance in
the Fe-TENGs device (Fig. 2).

3.2. Pressure sensitivity, topography and contact area

We turn now to some other key factors that affect the output of these
ferroelectric-assisted NF based TENGs. We know that TENG output is
generally sensitive to contact pressure for TENGs having solid rough
surfaces [27,28]. Fig. 5 shows that this is also the case for the fibrous P
(VDF-TrFE) matrix in contact with PET here. At this low-pressure range
(3.2-12.8 kPa), we observe a roughly linear increase of voltage with
pressure. The calculated pressure sensitivities (S) for pristine P
(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO are 27, 28,
and 32 V/kPa, respectively. Interestingly, the obtained sensitivity value
for P(VDF-TrFE)/TBTO (S = 32 V/kPa) is higher than previously
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Fig. 5. Open circuit voltage versus nominal contact pressure.

reported for TENG-based pressure sensors [66]. As expected, the P
(VDF-TrFE)/TBTO plot shows higher voltages than P
(VDF-TrFE)/CBTO and the P(VDF-TrFE)-CBTO plot gives higher
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voltages than the pristine P(VDF-TrFE) case.

We know that contact area also affects TENG output [27,28] via the
contact pressure and, although the contact pressure was fixed at 12.8
kPa for the electrical results in Fig. 2, it is still possible that differences in
the topography or elasticity of the fibrous (electrospun) surfaces could
be responsible for the differences in output already discussed. To eval-
uate this prospect, we imaged the topography of each surface type and
used the boundary element method to estimate the real contact area.
The topographies of all three P(VDF-TrFE) based nanofiber mats were
measured using an optical profilometer (Infinite Focus, Alicona) prior to
testing and the surface roughness of the PET film was measured by
Atomic Force Microscopy (AFM, Bruker, US). The roughness height
contours of pure P(VDF-TrFE), P(VDF-TrFE)/CBTO and P
(VDF-TrFE)/TBTO NF mats are shown in Fig. 6a—c, respectively and
the corresponding height contour plot is shown for the PET counter-
surface in Fig. S11. The root mean square roughness (Sq) of the three
types of P(VDF-TrFE) mats and the PET film are given in Table 2. It is
nearly impossible to optically measure the real contact area between
these two thin layers using the current test rig, thus, the boundary
element method (BEM) [67] is utilized to simulate the linear elastic
quasi-static contact between PET and each of the three types of P
(VDF-TrFE) based NF mat. Since the sampling area (0.5 x 0.7 mm?)

P(VDF-TrFE)/TBTO vs. PET (8N)

BTN EH
. ® .

Fig. 6. Surface topography and contact analysis: surface height contour plots of (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/TBTO. SEM images of
nanofiber surfaces for (d) P(VDF-TrFE), (e) P(VDF-TrFE)/CBTO and (f) P(VDF-TrFE)/TBTO (inset images at higher magnification). BEM prediction of real contact
area (in black) for: (g) P(VDF-TrFE) & PET, (h) P(VDF-TrFE)/CBTO & PET and (i) P(VDF-TrFE)/TBTO & PET. Note how the predicted contact area follows the peaks

of the fibers in the fiber orientation.
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Table 2
Areal root mean square surface roughness of the tribo-contact surfaces and
predicted contact area percentage (BEM) of the Fe-TENGs tribo-contact pair.

Negative RMS
tribo-layer roughness (Sq)

Average contact area
percentage (A./A,

Positive tribo-layer
(PET sheet) RMS

(um) x 100) roughness (Sq) (nm)

P(VDF- 0.57 10.8% 9.5

TrFE)
P(VDF- 1.7 6.7% 9.5

TrFE)/

CBTO
P(VDF- 1.8 5.6% 9.5

TrFE)/

TBTO

measured by the optical profilometer is much smaller than the nominal
contact area of the TENG devices (25 x 25 mmz), the periodic
assumption is adopted in the BEM assuming that the sampling area is
periodic along two orthogonal scanning directions. Since the Sq of the
PET film is approximately 143 times smaller than the average Sq of all
three P(VDF-TrFE) NF mats (see Table 2), the rough surface contact
simulation can be simplified to a rough-on-flat scenario. Note, the
roughness of the positive tribo-layer was fixed by reusing the PET sheet.
The surface morphology of the electrospun nanofibers for the three cases
of tribo-negative layers were characterized using the SEM and are shown
in Fig. 6d-f. Each of the three types of NF mats exhibited a completely
fibrous structure with uniform distribution of nanofibers and an average
fiber diameter of 250 nm. As shown in Fig. 6e and f, the BTO nano-
particles are inserted into the nanofibers uniformly and particles can be
seen on the surface of the fibers. We see from Table 2 that the mats with
the BTO particles have higher Sq roughness (1.7 and 1.8 pm) than the
pristine case (0.57 pm). The BEM results for real contact area on the
Fe-TENGs interfaces (at 12.8 kPa) are illustrated in Fig. 6g—i in the form
of binary images where black pixels represent contact area. The binary
images indicate that: (1) the contact commonly occurs on the higher
peaks of the PVDF mats and its composites and, (2) the contact area
distributions reflect the orientations of the clusters of high peaks on the
rough surfaces. The total real contact area (A,) is simply the sum of the
black areas and the contact area ratio is defined as A, /A, where A, is the
(total) sampling area of the rough surface. The BEM calculation for each
device is repeated three times using three different rough surface data
measurements at different locations over the same P(VDF-TrFE) based
NF mats. The BEM predicts a contact area ratio of 10.8% for P
(VDF-TrFE), 6.7% for P(VDF-TrFE)/CBTO and 5.6% for P
(VDF-TrFE)/TBTO. This corresponds with the surface roughness trend
- i.e., the rougher the surfaces, the lesser the contact area. Considering
the electrical outputs now, we note that, although the contact area
prediction is highest for pristine P(VDF-TrFE), electrical output is lowest
for this case. Also, electrical output is significantly higher for P
(VDF-TrFE)-TBTO compared to P(VDF-TrFE) but this is not the case
for the predicted real contact areas which were similar (TBTO actually
predicting a slightly lower contact area). Thus, we can rule out contact
area as an explanation for the trends already observed in the results
based on all devices based on fibrous electro-negative material.

3.3. Ferroelectric-assisted TENG powered high performance self-charging
system

Finally, the ability of the best performing Fe-TENGs (i.e., P(VDF-
TrFE)/TBTO & PET) to charge an integrated supercapacitor was inves-
tigated. The purpose of demonstrating charging of the supercapacitor
with the Fe-TENG device is to show its self-charging ability for appli-
cations like wearable electronics. In such applications, a supercapacitor
is more suitable compared to a common electrolytic capacitor due to its
very high energy density, flexibility, and ease of integration. A graphene
sheet (GS) based flexible supercapacitor (FSC) [51] with PVA-H3PO4 gel
electrolyte was used as shown in Fig. 7a. The electronic circuit which
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connects it with the Fe-TENGs via a rectifier is shown in Fig. 7b. In the
self-charging system, the Fe-TENGs will generate the free charges which
are stored in the graphene sheet supercapacitor (GSC) through the
rectifier. The purpose of the rectifier is to convert the alternating current
(AC) output of the Fe-TENGs (see Fig. 2d,e) to direct current (DC) and
hence provide a continuous electrical power supply to store the energy
into the GSC. Fig. 7c shows rapid charging (~5 min) of the GSC with the
Fe-TENGs under different applied forces with a fixed vibration time
(5 min) and frequency (8 Hz) followed by a slower self-discharging. It is
evident from Fig. 7c that with increase in contact forces between 2 and
8 N (i.e., 3.2-12.8 kPa), the maximum output voltage of the SC also
increased roughly linearly. This is further evident from Fig. 7d which
shows the variation in maximum output voltage with nominal contact
pressures (i.e., contact force/nominal area). It was observed that the
voltage could be improved from 0.75 V to 1 V, when the contact pres-
sure increased from 3.2 to 12.8 kPa. A similar observation can also be
seen in Fig. 7e and f, when the operation frequencies varied between 2
and 10 Hz at a fixed time (5 min) and contact pressure 12.8 kPa (8 N) —
i.e., the output voltage also increases roughly linearly with frequency.
This is due to the increased output current with increasing TENG
operating frequency [68] which can be calculated as:

Y

=
dt

(2)
Where, Q is output charge and t is generation period. To increase con-
fidence in the results, three GSC devices with near identical specifica-
tions were fabricated and the experiments repeated, with results shown
in Fig. 7d and f. Note that the error in Fig. 7d and f is due to expected
variation between the three separately fabricated GSC devices rather
than instability in a single device.

Table 3 summarizes the performance of the present device with the
related TENG based self-charging supercapacitor systems in the litera-
ture. In the present work, we could charge the GSC to 1.25 V voltage
within the short time period of about 5 min. This is a considerably lower
charging time then the other TENG based supercapacitor systems in
Table 3 which vary from 20 to 180 min, thus showing the compatibility
of presented devices as an excellent energy harvesting and storage sys-
tem. For instance, the Polypyrrole paper-based SC charged by a TENG
interface pair of PPy/Cellulose paper and Nitrocellulose membrane
exhibited a maximum charged voltage value of 1.5V in 167 min at a
frequency of 10 Hz (similar to this work) and under much higher contact
pressure of 30 kPa [69]. In the present work, we were able to charge the
SC in a considerably lower charging time and much lower contact
pressure, thus indicating the high efficiency of the self-charging system.
The rapid charge time is due to high electron mobility in the graphene
electrodes which reduce SC impedance as well as the high current being
produced by the Fe-TENGs. However, during the self-discharging of the
GSC, arapid drop in voltage to about 0.4 V, followed by a slow decrease,
is apparent (Fig. 7c and e). This high drift in potential or fast discharging
indicates the low efficiency of charge storing capacity of the graphene
electrode. This is because of the low electroactive surface area, low
electrochemical activity and hydrophobicity of graphene electrodes
[51]. However, this may still be sufficient for wearable applications as
often low power sensors (nanowatt to microwatt power range [70-73])
are needed to be powered. We have also demonstrated the charging of
three series connected GSCs to a maximum 2.3 V voltage with the pre-
sented Fe-TENG devices (see Video 1 in Supplementary Information). To
demonstrate the high energy harvesting efficiency of the Fe-TENGs
supercapacitor system, we have lighted 40 LEDs connected in series
forming the word ‘BEST’ as shown in Fig. 7g. In this case, the applied
contact pressure was 0.8 kPa at a frequency of 8 Hz. Video 2 in Sup-
plementary Information illustrates how the LEDs are bright even at this
low contact pressure. Hence the Fe-TENGs/supercapacitor system pro-
duces usable output even at low contact pressures such as those avail-
able in wearable applications.
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Fig. 7. (a) Schematic of graphene electrode
based flexible supercapacitor (SC), (b) energy
harvesting circuit for self-charging system (i.e.
integration with the Fe-TENGs), (c) charging
and discharging voltage of SC at different con-
tact forces (frequency of 8Hz), (d) the
maximum value of voltage charge into the SC
versus nominal contact pressure, (e) charging
and discharging voltage of SC by different fre-
quencies (contact pressure 12.8 kPa), (f) the
maximum value of voltage charge into the SC
versus vibration frequencies, (g) representative
energy harvesting circuit of Fe-TENGs for
lighting LEDs and (h) photograph of lighted
LED array representing the word “BEST"’".

Typical charging performance and charging period for TENG based self-charging systems in the literature as compared with the present work (final row).

TENG interface pair

SC electrode & electrolytes

Pressure (kPa)

Frequency (Hz) Period (min) Vimax , sc (V) Ref.

C4Fg & ITO

PTFE & ITO

LIG & PTFE

PTFE & Al

PVDF-HFP & steel

Electrode: CNT/paper
Electrolytes: PVA/H3PO4
Electrode: Cu sheet

Electrolytes: [BMIM] [BF4]/ ETPTA

Electrode: LIG

Electrolytes: PVA/H,PO4
Electrode: peptide-CogSg
Electrolytes: KOH/PVA
Electrode: CoFe;04 and Fe-RGO
Electrolytes: Fe>*-PAA/KOH

PPy/Cellulose paper & Nitrocellulose Membrane Electrode: Polypyrrole

P(VDE-TrFE)/TBTO NFs & PET

4. Conclusions

Electrolytes: PVA/H3PO4
Electrode: Graphene
Electrolytes: PVA/H3PO4

In this paper, novel ferroelectric-assisted TENGs (Fe-TENGs) are
fabricated whereby the tribo-negative surface is based on electrospun P

10

40

44

30

12.8

8

3.8

10

10

180 0.9 [74]
20 0.06 [75]
117 3 [76]
167 1.78 [77]
32 1.6 [78]
167 1.5 [69]
5 1.25 This work

(VDF-TrFE) composite nano-fibrous mats (having the advantageous
p-phase) with dispersed BaTiO3 (BTO) nanofillers in either cubic (CBTO)
or tetragonal (TBTO) form. The approach uses electrospinning to
significantly

increase

triboelectric output by boosting surface
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polarization. TENGs with three types of tribo-negative surface were
investigated: pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-
TrFE)/TBTO. The tribo-positive surface was smooth PET. Open circuit
voltage and short circuit current density increased progressively from
the pristine P(VDF-TrFE) case (225 V & 1.9 pA/cmZ) to P(VDF-TrFE)/
CBTO (293V & 5.5 uA/cmz) and reached a maximum for P(VDF-
TrFE)/TBTO (315 V & 6.7 pA/cmz), representing 1.4 and 3.4 times in-
crease in voltage and current density, respectively. The corresponding
optimum power densities were 0.75, 2 and 2.75 W/m?, respectively.
Accounting for contact pressure, max output (Vo = 315V &
Jse = 6.7 pA/em?) is significantly higher than for TENGs having spin-
coated P(VDF-TrFE)/BTO. The gain (versus spin-coating and poling) is
likely due to enhanced dipole alignment in the P(VDF-TrFE) matrix
owing to the higher applied voltage during electrospinning. Also, uni-
axial fiber stretching during electrospinning is likely to produce highly
aligned, more crystalline P(VDF-TrFE). These effects are likely to confer
higher surface polarity (i.e., higher surface potential). The increase in
electrical output with the addition of the BTO particles is partly due to
these high permittivity particles boosting the permittivity of the P(VDF-
TrFE) as has been noted in previous literature. However, we found a
significant output increase in moving from P(VDF-TrFE)/CBTO to P
(VDF-TrFE)/TBTO even though these two materials have near iden-
tical permittivity. XRD and FTIR Spectroscopy analysis have revealed
that TENG output is boosted by enhancing the amount and crystallinity
of the g-phase of the P(VDF-TrFE) matrix. Higher crystallinity in the
p-phase is likely to further increase dipole alignment and further boost
surface potential. The overlapped electron cloud (OEC) model explains
how this can then boost TENG performance: higher surface potential
increases the energy gap between Fermi levels and thereby increases the
amount of tribo-charge transfer. Thus, we show that the addition of BTO
particles boosts TENG output, not just by enhancing permittivity, but by
enhancing the crystallinity and amount of the P(VDF-TrFE)/BTO matrix
— hence the higher output with TBTO. Finally, we have developed an
efficient self-charging system by integrating the Fe-TENGs with a gra-
phene electrode based flexible supercapacitor. The system is capable of
charging to 1.25 V in the notably short time of 5 min due to high elec-
tron mobility in the graphene electrodes and high current output from
the Fe-TENGs. This technology can have significant application in
wearable electronics where higher output currents and more efficient
charging are required from devices.
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