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a b s t r a c t 

The newly developed electro-spinning based on triboelectric nanogenerator (TENG) is one of the most 

convenient ways to produce nanofibers, however, it’s required to have a high-voltage of no lower than 

80 0 0 V, meanwhile, it remains challenging to enhance productivity on push forward the commercializa- 

tion and with low cost. Herein, we report an innovative electro-blown spinning (EBS) methodology based 

on a cylindrical rotating (CR) TENG that is fast, efficient, lower high-voltage and cost-effective for the 

fabrication of polymer nanofiber membranes. The CR-TENG serves both as a high-voltage source and as 

a receiver, it gave a stabilized elecric output that the short-circuit current ( I sc ) and transferred charge 

( �Q sc ) are ~75 μA, ~0.78 μC, and the peak power density ( σ) reaches a maximum of ~ 2.23 W/m 

2 . 

Combined with assisted blowing technology, we have successfully achieved in driven the EBS system by 

a voltage 6250 V, which has saved more than 21% of high-voltage consumption. In addition, the thick- 

ness of produced nanofiber membranes had reached several microns level at manufacturing time within 

5 s, then productivity is obviously increased compared with the electro-spinning, and the diameter size 

of nanofibers has significantly decreased compared to the solution blowing spinning. Moreover, the pro- 

duced membranes had reached a new level in just a case of a few microns thickness, take the polyethy- 

lene oxide (PEO) nanofiber membrane for example, the output V oc , I sc and �Q sc are nearly 1.6, 1.5, and 

1.7 times higher than commercial films. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Exploring new fabrication methods for nanocomposite and

anofiber materials has never ceased for the past decades [1–3] .

olution-spinning and melt-blowing are most widely adopted tech-

ologies for the production of superfine fibers in industry [ 4 , 5 ],

owever, each of these has its own disadvantages. Electro-spinning

s one of the methods to produce effectively ultrafine or nanofibers

ossesses unique advantage in a lab environment [6–8] , mean-

hile is thought to have the most potential technique of commer-

ial nanofibers fabrication. However, hazard of high-voltages, long

unning period, low mass production, complicated operating con-
∗ Corresponding authors. 

E-mail addresses: nd@imut.edu.cn (D. Nan), zhong.wang@mse.gatech.edu 

(Z.L. Wang). 
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itions and energy-intensive are its serious hurdles for large-scale

pplications in the textile industry. Then, the method of solution

lowing spinning was invented which uses high-speed air flow to

eplace the high-voltage electrostatic field [9] . But it is difficult di-

ected to collect the fibers and very difficult to control without the

ffect of electrostatic field, generally they are from a few microns

o a dozen of micron range in diameter. 

The first TENG was invented by Z. L. Wang’s group since 2012

10] , aiming at harnessing much underutilized the ambient en-

rgy, it’s not only a innovative, high conversion efficiency energy

arvesting technology [11–16] , but also has novel ultrasensitive

ensing characteristic [17–22] . The intrinsic output advantages

f TENG is high-voltage and lower current in larger load resis-

ance [ 23 , 24 ]. The potential applications of TENGs in high-voltage

lectrostatic fields have been developed with various types on

ecently, such as making it feasible for indoor air purification, low-

emperature triboelectric micro-plasma, catalysis, electrochemistry 

https://doi.org/10.1016/j.apmt.2020.100631
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:nd@imut.edu.cn
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and other fields [25–29] . A self-powered electrospinning system

driven by rotating disk type TENG was designed by Z. L. Wang’s

group in 2017, which a combination of TENG and electrospinning

was realized that it can supplying a high-voltage of 80 0 0 V

for powering electro-spinning easy to fabricate nanofibers [30] .

But, because of its inherent defect, that is unable to avoid the

inefficiency problem of system due to the limited feed rate of

micro-syringe. Self-powered system is not only demonstrating the

potential applications of the TENGs in high-voltage manufacturing

but also broadens the application to scenarios of electro-spinning.

We hope technology advantages of TENGs and its characteristics

of high-voltage can be fully exerted and can be widely applied to

the preparation of functional nanofibers. 

Here, we developed a simple, new EBS methodology for the

production of polymer nanofiber membranes, it has been realized

so that the blowing technique and the CR-TENG can be effectively

combined for the first time. This methodologoy is not only could

overcome the inherent defect of a single electro-spinning technol-

ogy, but also lower voltages, quick, and easy to operate. Mean-

while, the CR-TENG can not only provide electric field of 6250 V,

but also serve as a cylindrical receiver for nanofibers. In addition,

we have successfully fabricated three polymer nanofiber mem-

branes, i.e. polyethylene oxide (PEO), polyacrylonitrile (PAN) and

polyvinyl alcohol (PVA). Moreover, in triboelectric properties test,

these polymer membranes reached a new output level in just a

few microns thickness, the results shows that the electric output is

higher than commercial films, which can easily be used to power-

supplying for powering dozens of green light-emitting diode (LED)

bulbs. 

2. Results and discussion 

2.1. The structure and fabrication process of CR-TENG 

One of the prime objective of our work was the production

of the polymer nanofiber membranes in a quick and easy way,

for this reason, the key advantages of our designed new EBS

system are lower of voltages and high-speed spinning as com-

pared to electro-spinning, the schematic and structure is shown

in Fig. 1 . It was composed of a freestanding mode CR-TENG de-

vice, a matched boosting circuit and pneumatic unit and protec-

tive covers, a schematic diagram of the EBS system is shown in

Fig. 1 a. The structure detail of the CR-TENG is show in Fig. 1 b,

that is consists of a inside stator, a outside rotor and supporting

frames, which acrylic was selected as the structural material. For

the stator part, in accordance with the order from the outside-in

that is consists of polyamide (PI) triboelectic-layer, copper (Cu) foil

and a acrylic hollow tube fixed on a frame, which Cu foil serves

as the back electrode of the CR-TENG. For the rotor part, two Cu

foils are equi-spaced fixed on the inner surface of acrylic hollow

tube, play dual roles as a sliding triboelectic-layer and as a elec-

trode. Detailed description and digital images of the components,

as shown in Fig. 1 c and d and Supporting Information Fig. S1 a. The

stator and rotor were set to be coaxial to thoroughly contact dur-

ing assembled into a CR-TENG unit, as shown in Fig. 1 e and Fig.

S1 b. Further details of the fabrication process will be discussed in

the Experimental Section. 

2.2. The working principle of CR-TENG 

The working principle of the CR-TENG can be described by the

coupling of contact electrification and electrostatic induction. The

design of the CR-TENG is based on the freestanding mode. The pro-

cess of electricity generation and the characteristics of electrical

potentials, as schemed in Fig. 2 . The running state of the CR-TENG

is show in Fig. 2 a, an actual three-dimensional working principle of
he CR-TENG and the electricity generation process including four

ypical steps (i–iv) were shown in Fig. 2 b. At the initial step i, the

u electrode of the rotor is completely aligned with the Cu elec-

rode of the stator that it’s not relatively sliding, there is no cur-

ent flow or charge transfer at this point. Due to the difference on

riboelectric polarities, the surface of the PI film is uniformly nega-

ive charges, the surface of the Cu foil is uniformly positive charges

31] . At the step ii, charge transfer takes place when the rotor is

tart to turning in the clockwise direction that the relatively slid-

ng began to appear, that a lot of triboelectric charges will generate

n their surfaces. At the intermediate step iii, the charge transfer

each the maximum when the mismatch between the two sliding

urfaces reaches the maximum. At the step iv, when the rotor con-

inues to turning, the flow of charge will is opposite direction to

he beginning on the same principle, until the fully aligned posi-

ion is restored ( Fig. 2 b step i). During this period, the density of

ositive charges on Cu foil is equivalent as much as the negative

harges on the PI film according to the law of charge conserva-

ion [32–34] . So that, in a cycle of electric generation process, one

et Cu electrode has negative charges and the adjacent another Cu

lectrode has the same quantity of positive charges to keep the

lectrostatic equilibrium, AC electric output is generated [35–37] . 

To theoretically predict distribution of the electrical potential

etween the Cu electrodes of rotor and Cu electrodes of stator,

he two-dimensional cross-sections electrical potential was numer-

cally calculated by the finite element method. At the initial point,

he calculated electrical potential difference between the two elec-

rodes is zero ( Fig. 2 c). Then, a potential is generated to keep the

harge balance according to the simulation ( Fig. 2 d and f). Based

n the converting process, the generated current can essentially

e described by the corresponding displacement current of second

erms in the Maxwell’s equation as proposed by Z. L. Wang (Equa-

ion S1-4 in the Supporting Information). 

.3. The electric output performances of the CR-TENG 

To quantitatively measure the electric output, a rotary motor

as used to drive the CR-TENG for all following tests, with the

perating frequency of ~13 Hz. We fabricated CR-TENG is a size

f 70 mm (outside diameter) × 245 (length) mm in experiments,

t gave a stabilized open-circuit voltage ( V oc ) of up to ~1300 V,

 short-circuit current ( I sc ) of ~75 μA and a corresponding trans-

erred charge ( �Q sc ) of ~0.78 μC, as shown in Fig. 3 a and c. The

haracteristics of peak power ( P ) and output current ( I ) with dif-

erent load resistance, the testing results is schemed in Fig. 3 d. The

esults shown that the P increases and the I decreases with the in-

reases of load resistance, when the external load resistance is up

o nearly ~100 M �, the instantaneous P reaches a maximum of

0.012 W. The P will decrease rapidly with the continuing increase

f load resistance. Fig. 3 e shows the peak power density ( σ) and

utput current density ( J sc ) for the CR-TENG operated at load resis-

ance from 1 k to 100G ( �). The σ increases and the J sc decreases

ith the increases of load resistance, when the matching load re-

istance is up to nearly ~100 M �, the σ reaches a maximum of

2.23 W/m 

2 . The charging ability of the CR-TENG was measured

or different capacitance (4.7 nF, 10 nF, 47 nF and 100 nF) by a

ridge rectifier (inset: the circuit diagram of charging), as schemed

n Fig. 3 f. It was found that the characteristic of charging tends to

ecome nonlinear saturation, the saturated time is very fast, and it

ould be seen that the charging time increases with the increase

apacitance of capacitor, but all capacitors can be charged to near-

ly ~1300 V in a few seconds. Moreover, the results revealed that

he charging voltages of capacitors were appear even slightly fluc-

uated in the saturation stage. This is because of the capacitor leak-

ge, especially when the capacity of capacitor is lower, this is much

ore obviously. On the contrary, with the increase capacitance of
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Fig. 1. Schematic illustration and digital images of the EBS system based on the CR-TENG. (a) The schematic illustration of the EBS system. (b) The structure detail of the 

CR-TENG. (c) The assembling drawing of the CR-TENG as a high voltage source. (d) Digital image of the CR-TENG’s parts. (e) Digital image of the CR-TENG. 
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apacitor the fluctuation is reduced progressively. However, when

he capacitance value is too large, the charging process will take

 long time to achieve the required high-voltage. For this reason,

e considered capacitance of capacitor, charging time, leak current

nd so on, so that, a optimum capacitance of 47 nF is adopted in

he following experiment. 

.4. The EBS system based on CR-TENG and its application 

According to the above researchs and analysis, the electric out-

ut of the CR-TENG is demonstrated, but it is still insufficient to

s a high-voltage power of the EBS system for the fabrication of

olymer nanofiber membranes. To solve this problem, at present

he most common approach of improve voltage, that is con-

tructed a matched boosting circuit by configuring multiple capac-

tors and diodes for this system to get enough operating voltages

 30 , 38–39 ]. Take many factors into comprehensive consideration

hen a boosting circuit was designed, in which included lowest

perating voltage, running time and efficient of the EBS system,

nd the electric output of the CR-TENG. Schematic diagram of the

R-TENG is connected to the boosting circuit, as shown in Fig. 4 a,

he circuit principle and digital images of the boosting circuit are

chemed in Fig. 4 b and c. A test on a trial-production of nanofiber

embranes for different amplifying multiples has proven that the
BS system is capable of successful operation when the boosting

ircuit was reached the amplifying of 16 times (including 16 ca-

acitors and 16 diodes) under a constant capacitance of 47 nF, and

t has also been demonstrated that the nanofiber membranes were

asier prepared under the assisted blowing. Therefore, the boost-

ng circuit was built by multiple experimental test, the relationship

etween the output voltages of the boosting circuit and amplify-

ng multiples is schemed in Fig. 4 d, it was obvious that the out-

ut voltage linear increases with the increase of amplifying mul-

iples. All in all, the output voltage of the CR-TENG is reached

bout ~6250 V by builted boosting circuit of 16 times, which it

an enough to provide stability and high-voltage electric field for

he EBS system. Based on the above analysis, it could be concluded

hat the optimum configuration is obtained under the amplifying

f 16 times and a constant capacitance of 47 nF. Further details of

he testing process and the devices’s information will be discussed

n the Experimental Section. 

Next, we investigated the running performance of the EBS sys-

em based on a CR-TENG as high-voltage source for the produc-

ion of polymer nanofiber membranes, its digital photographs and

he name of parts are shown in Supporting Information Fig. S2 .

he operating process of the EBS system was recorded by a digi-

al camera, as shown in Movie S1 . Before the spinning process, a

iece of aluminum (Al) foil was covered in the outside wall of the
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Fig. 2. The working principles and numerically calculated electrical potentials distribution of the CR-TENG. (a) Working scenario and structure of the CR-TENG. (b) The 

structure of the CR-TENG as a high voltage source. (b) Three-dimensional working principle of the CR-TENG and the electricity generation process including four typical 

steps. (c), (d), (e) and (f) Two-dimensional cross-sections electrical potential was numerically calculated by COMSOL software. 
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CR-TENG’s rotor as a receiver to collect polymer nanofibers, and

it can rotate with the rotor. Firstly, polymer solution was loaded

in a syringe connected with a coaxial spinneret, which the driven

by a microinjection pump. Secondly, the CR-TENG is connected to

boosting circuit of 16 times, which the negative electrode of the

high-voltage was connected to Al receiver, and the positive elec-

trode was connected to the coaxial spinneret as well, then con-

nect all pneumatic parts. Finally, the CR-TENG was operated by a

rotary motor at a rotation rate of 400 rpm, the process of charg-

ing and boost usually finishes in a few seconds, a uniform layer of

nanofibers membranes have been successfully prepared within 5 s

after the run formally of spinning. The focus is on the CR-TENG, the

results confirmed that the nanofibers can be collected directional

on Al receiver under the function of the CR-TENG’s high-voltage

electric field. It overcame the disadvantages of solution blowing

spinning, and is realized to increase controllability and efficiency.

Sure, this EBS spinning process can also be drived by hand rotaedt-

ing within several minutes. Schematic diagram of the spinning pro-

cessing is in shown the Fig. S3 , the digital images of PEO, PAN and

PVA solutions are in shown the Fig. S4 . The fabrication process of

PEO, PAN and PVA nanofibers membranes are shown in the Sup-

porting Information ( Movie S2 - S3 ), and the screenshots of movie is

in shown the Fig. S5 . The thickness of PEO, PAN and PVA nanofiber
embranes was shown in Fig. 4 e, which were measured to be

4.12, ~2.76 and ~2.35 μm.Here, the thickness of PEO membranes

as obviously different from other two membranes (PAN and PVA),

nd is about 1.6 times higher than their. This is because the thick-

ess is largely influenced by spinning time, as it completed in a

ime was very short that was approximately 5 s in the whole fab-

ication processing, and thickness range is about within 5 μm. So

hat, such differences in the thickness, because of a smallish differ-

nce in the start and end time of the EBS system. The SEM images

f PEO, PAN and PVA membranes were shown in Fig. 4 f and k.

he macroscopical images of the three membranes is in shown the

ig. S6 . The nanofibers are filamentous morphology, while the

hape is regular and homogeneous, the diameter range of the

anofibers is between 500 nm and 1 μm ( Fig. S7 ), with the sim-

lar products as compared are close [30] . The results shown that

he diameter of three nanofibers has a little different, which the

iameter increases with the increased of viscosity and molecular

eight. However, the diameter size of nanofibers has significantly

ecreased compared to the solution blowing spinning, achieves the

imilar compared to electro-spinning technology [40–42] . This is

ue to the high-voltage electric field provide by the CR-TENG and

ts effect of generated electrostatic force. When the fibers is been

ufficient stretch under the higher electrostatic force, we can see
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Fig. 3. The electric output performance of the CR-TENG. (a) The output open-circuit voltage of the CR-TENG. (b) The output short-circuit current of the CR-TENG. (c) The 

transferred charge of the CR-TENG under condition of the short-circuit. (d) Output current and instantaneous power of the CR-TENG wiht different load resistances. (e) 

Current density and power density of the CR-TENG wiht different load resistances. (f) The charging curves of the CR-TENG with different capacitance by through a bridge 

rectifier. Inset: circuit diagram of the charging. 
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hat the nanofibers are straightened and spindly. So that, the ex-

erimental results prove that the EBS system has better practica-

ility and reliability, with its fast, efficiency and diameter size is

onsistent with the need of industry production. 

.5. Applications of the prepared polymer nanofiber membrane 

To investigate the triboelectric performance of prepared poly-

er nanofiber membranes, a contact-separation mode TENG was

abricated with the contacting area of 5 cm × 5 cm. The nanofiber

embranes and polytetrafluoroethylene (PTFE) film serve as tri-

oelectric layers of the TENG, Cu foils serves as the electrode

onnected with the external load, they were attached the acrylic

ubstrate by double-sided adhesive, respectively. The experimental

esting apparatus for the TENG is shown in Fig. 5 a, a linear motor

as used to control the contact frequency, displacement and pro-

uce the uniform contact. The TENG’s structure and digital images

re illustrated in Fig. 5 b, its working principle and charge distri-

utions is based on the Z. L. Wang’s contact electrification which

onsists of “four-cycle” operation [43–45] , as shown in Fig. 5 c. The

lectrical output measurements of the TENG, which were carried

ut at the conditions of 1 Hz contact frequency and 20 mm spacer
istance, digital photographs of the testing process are shown in

ig. 5 d. The output V oc of PEO, PAV and PVA nanofiber membranes

ere measured to be ~58.5 V, ~57.4 V and ~52.4 V, as shown in

ig. 5 e. The output I sc of PEO, PAV and PVA nanofiber membranes

ere measured to be ~6.81 μA , ~6.89 μA and ~5.03 μA , as shown

n Fig. 5 f. The �Q sc of PEO, PAV and PVA nanofiber membranes

ere measured to be ~34.0 nC, ~34.6 nC and ~30.5 nC, as shown

n Fig. 5 g. In addition, as an example of the PEO nanofiber mem-

rane, the output V oc , I sc and �Q sc are nearly 1.6, 1.5, and 1.7

imes higher than the commercial PEO film (by tape-casting pro-

ess, the thickness is nearly ~40 μm), as shown in Fig. S8 . More-

ver, the results indicated that these of the produced membranes

ad reached a new level in just a case of a few microns thickness,

hich can also be used to power-supplying for dozens of green

ED lamp beads directly, as shown in Fig. 5 h and Movie S4 . As we

an see that, the fabricated nanofiber membranes by the EBS sys-

em has a positive effect on the TENG’s electric output, that due

o the unique nano-micro structure of nanofibers, which implies

hat the nanofiber membranes prepared by the EBS is compara-

le in quality to commercial processing technologies. Further, the

R-TENG made it possible to harvest various kinds of mechanical

nergy in our living environment to achieve a self-powered EBS

ystem. 
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Fig. 4. The charging characteristic of the boosting circuit and the properties of the produced nanofiber membranes. (a) Working scenario of the boosting circuit. (b) The 

circuitry principle of the boosting circuit. (c) Digital images of the boosting circuit. (d) The high-voltage values of the boosting circuit with different amplification multiple 

at capacitance of 47 nF. (e) The thickness of the produced PEO, PAN and PVA nanofiber membranes. (f) and (i) The SEM images of the PEO nanofibers. (g) and (j) The SEM 

images of the PAN nanofibers. (h) and (k) The SEM images of the PVA nanofibers. 
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3. Conclusions 

In summary, we developed an innovative EBS methodology

based on a CR-TENG, that is fast, efficient, lower high-voltage and

cost-effective for the fabrication of polymer nanofiber membranes.

The CR-TENG serves as both a high-voltage source and as a re-

ceiver, it gave a stabilized elecric output that the I sc and �Q sc 

are ~75 μA and ~0.78 μC, and the σ reaches a maximum of ~

2.23 W/m 

2 , respectively. Combined with assisted blowing tech-

nology, we have successfully achieved in driven the EBS system

by a voltage 6250 V, which has saved more than 21% of high-

voltage consumption. A test has proven that the thickness of pro-

duced nanofiber membranes had reached several microns level

at manufacturing time within 5 s, that productivity is obviously

increased compared with the electro-spinning, and the diameter

size of nanofibers has significantly decreased compared to the so-

lution blowing spinning. It overcame the disadvantages of solu-

tion blowing spinning and electro-spinning technologies, realized
 f  
o efficiency, quality and controllability at the function of the CR-

ENG’s high-voltage electric field. Moreover, the results indicated

hat these of the produced membranes had reached a new level

n just a case of a few microns thickness, take the PEO nanofiber

embrane for example, the output V oc , I sc and �Q sc are nearly

.6, 1.5, and 1.7 times higher than commercial films, which can

uite easily be used to power-supplying for dozens of green LED

amp beads directly, which verifies the the feasibility and effective

f the EBS system. This work achieve combination of assisted blow-

ng and TENG for the first time, give a new insight into the future

pinning technologies suitable for the commercialization. 

. Material and methods 

.1. The fabrication of the EBS system based on CR-TENG 

This innovative electro-blown spinning (EBS) methodology was

abricated by combined with assisted blowing and TENG technol-
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Fig. 5. The triboelectric properties of the produced nanofiber membranes. (a) Testing scenarios of contact-separation mode TENG. (b) The structure and digital images of the 

TENG based on nanofiber membrane. (c) Working principle and charge distribution characteristics of the TENG. (d) Digital images showing the testing process of the TENG 

from separation to contact. (e), (f) and (g) The open circuit voltage, short-circuit current and transfer charge of the TENG with PEO, PAN and PVA nanofiber membranes (the 

size of 5 × 5 cm). (h) Digital images shows that the TENG based on the nanofiber membranes be applied in low-power LED bulbs. 
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s  
gy, which composed of a cylindrical rotating triboelectric nano-

enerator (CR-TENG) unit, a matched boosting circuit and pneu-

atic system (including microinjection pump, an air compressor,

 coaxial spinneret, pipelines) and protective covers. Fig. S1 shows

he part names of the CR-TENG and its digital images in detail.

n this experiment, the freestanding mode CR-TENG was composed

f a inside stator, a outside rotor and supporting frames. The de-

ice which a size of ~70 mm (outer diameter) × ~245 (length)

m of the stator and × a size of ~60 mm (outer diameter) × 245

length) mm of the rotor in experiments, which the substrates are

he acrylic cylinder with 3 mm thick. The schematic diagram was

hown in Fig. 2 b and c, for the stator part, in accordance with the

rder from the outside-in that is consists of PI triboelectic-layer

~60 μm thick), Cu foil (~20 μm thick) and acrylic hollow tube

~3 mm thick) fixed on a frame, which Cu foil serves as the back

lectrode of the CR-TENG. For the rotor part, two Cu foils are equi-

paced fixed on the inner surface of acrylic hollow tube, play dual

oles as a sliding triboelectic-layer and as a electrode. Finally, the
 b  
tator and rotor are installed onto self-developed fixture by scaf-

oldings and bearings, with the double-sided foam layer (~2 mm

hick) attached onto outer surface of the central stator as a buffer

o ensure intimate contact for each other. The boosting circuit is

onsists of multiple capacitors and diodes for this system to get

nough operating voltages [ 30 , 38 , 39 ], which the high voltage ce-

amic capacitors are 3 kV-473 and the high voltage diodes is 2 kV-

.5 A ( Fig. S2 e and f). 

.2. Electrical measurements 

For investigate the output performance of the CR-TENG quanti-

atively, a rotary motor was utilized in the whole testing and spin-

ing process with a speed of 400 rpm (nearly ~13 Hz frequency).

lectrical outputs were measured by an electrometer (Keithley

oltage preamplifier, 6514), a data acquisition card and oscillo-

cope (Agilent, DSO-X 2014A). The software platform is constructed

ased on LabVIEW, which can realize real-time data acquisition
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control and analysis. The high-voltage range of the boosting cir-

cuit was measured by a noncontact electrostatic probe (Trek-347).

Numerical simulation steps, the potential distribution in the CR-

ENG was calculated from a finite-element simulation using COM-

SOL software. 

4.3. Fabrication process of nanofiber membranes by the EBS system 

Firstly, three solutions of PEO, PAN and PVA were prepared

by mixing their pure polymers with different dispersions, as fol-

low: pure PEO (8 wt%) with deionized water (92 wt%), pure PVA

(8 wt%) with deionized water (92 wt%), pure PAN (10 wt%) with

dimethylformamide (DMF, 90 wt%). These mixed solutions (10 ml

per sample) were quickly stirred by a magnetic stirrer for 30 min

separately and let stand for 15 min, the objective is that to ob-

tain well-proportioned and stable sample solutions, as shown in

Fig. S4 . Then, the mixed solution was loaded in a syringe of 10 mL

with a coaxial spinneret directly, which was connected to the pos-

itive electrode of the high-voltage source. The mixed solution was

pumped out of the needle tip using a microinjection pump with

the airflow loading pressure of about ~1.5 psi, with the injection

rate of PVA, PEO and PAN solutions is 4.8 mL/h,4.5 mL/h and

4.5 mL/h, respectively. A piece of aluminum foil was connected

to the negative electrode of the high-voltage source, and fixed on

stator of the CR-TENG for the collection of polymer nanofibers,

with the coaxial spinneret to receiver distance of 15 cm ( Fig. S5 a

and c). During spinning of polymer nanofiber membraness, the

temperature and relative humidity of electrospinning process will

be maintained at between 25 and 30 Degrees Celsius and over

~70% by an electric heating lamp and dehumidifier, respectively.

A contact-separation mode TENG based on the prepared polymer

nanofiber membranes was fabricated, with the contacting area of

5 cm × 5 cm. The nanofiber membranes and polytetrafluoroethy-

lene (PTFE, ~60 μm thick) film serve as triboelectric layers of the

TENG, Cu films (~80 μm thick) serves as the electrode connected

with the external load, they were attached the acrylic substrate

(~3 mm thick) by double-sided adhesive, respectively. 

4.4. Characterization 

The morphology of the prepared PVA, PEO and PAN polymer

nanofiber membranes were characterized by a Hitachi SU8020 field

emission scanning electron microscope (SEM). The thickness and

roughness of the nanofiber membranes are measured by the step

profiler. 
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