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ABSTRACT
The high-voltage power source is one of the important research directions of triboelectric nanogenerator (TENG). In this paper, a
high-voltage output TENG (HVO-TENG) is proposed with direct current/alternating current (DC/AC) optimal combination method
for  wind  energy  harvesting.  Through the  optimal  design  of  a  direct  current  generation  unit  (DCGU)  and  an  alternating  current
generation unit (ACGU), the HVO-TENG can produce DC voltage of 21.5 kV and AC voltage of 200 V, simultaneously. The HVO-
TENG  can  continuously  illuminate  more  than  6,000  light  emitting  diodes  (LEDs),  which  is  enough  to  drive  more  possible
applications of TENG. Besides, this paper explored application experiments on HVO-TENG. Demonstrative experiments indicate
that the high-voltage DC output is used for producing ozone, while the AC output can light up ultraviolet (UV) LEDs. The HVO-
TENG can increase the ozone concentration (C) in an airtight container to 3 parts per million (ppm) after 7 h and continuously
light  up  UV  LEDs.  All  these  demonstrations  verify  that  the  HVO-TENG  has  important  guiding  significance  for  designing  high
performance TENG.
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1    Introduction
High-voltage power sources are widely used in human life, such as
agricultural  insecticides  [1]  and  electrostatic  generators  [2].  The
current method of producing high-voltage power usually requires
a  complex  power  converter,  which  greatly  increases  the
complexity  and  cost  of  the  system  [3].  Moreover,  the  portability
and  safety  of  the  traditional  high-voltage  power  source  are  also
issues  needed  to  be  solved  [4].  By  contrast,  triboelectric
nanogenerator  (TENG)  has  the  inherent  characteristics  of  high
voltage  and  low  current,  which  makes  TENG  unprecedented
portability and safety [5].

TENG  with  high-voltage  characteristics  first  was  proposed  by
Wang’s group in 2012 [6], which can convert mechanical energy
extensively  existing  in  the  environments  into  electric  energy
[7–10].  As  a  new  energy  harvesting  technology,  TENG  has  the
characteristics  of  easy  fabrication,  low  cost,  and  multitudinous
choices  of  structures  [11–13],  which  is  widely  concerned  by
researchers  [14–17].  Based  on  these  advantages,  TENG has  been
widely  used  in  many  fields  [18–21],  such  as  intelligent
transportation  [22, 23],  environmental  protection  [24, 25],

harvesting environmental  energy [26–28],  harvesting blue energy
[29–31], and oil  purification [32], negative air ion generator [33],
plasma  applications  [34],  and  disinfection  [35–37].  Besides,  to
further  broaden  the  application  of  TENG,  studying  high
performance strategies for TENG is necessary.

Herein,  a  high-voltage  output  triboelectric  nanogenerator
(HVO-TENG) is proposed with direct current/alternating current
(DC/AC)  optimal  combination  method.  It  consists  of  two
generation units: a direct current generation unit (DCGU) and an
alternating  current  generation  unit  (ACGU).  Through  the
optimized  design  of  the  generation  units,  the  length  (L)  of  the
aluminum  electrode,  the  central  angle  (θ1)  of  the  aluminum
electrode,  and  the  central  angle  (θ2)  of  the  fluorinated  ethylene
propylene (FEP) films are finally determined, achieving maximum
output  performance  of  the  HVO-TENG.  Theoretical  calculation
results  show that  DCGU can generate  a  high voltage  of  21.5  kV,
and  experiments  show that  the  ACGU can  generate  a  voltage  of
200 V, simultaneously. In addition, more than 6,000 light emitting
diodes  (LEDs)  can  continuously  be  lighted  up  using  the  HVO-
TENG,  which  indicates  a  higher  output  capacity.  Besides,  the
HVO-TENG can generate ozone and ultraviolet (UV) at the same
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time,  by  combining  the  corona  discharge  and  UV  LEDs  into
DCGU  and  ACGU.  The  HVO-TENG  can  increase  the  ozone
concentration  (C)  in  a  12  L  airtight  container  to  3  parts  per
million (ppm), after 7 h of operation, and UV LEDs can be light
continuously.  In  general,  HVO-TENG  can  be  used  as  a  high-
voltage  power  source,  and  it  has  great  prospect  for  applying
TENG  in  the  field  of  environmental  energy  harvesting  in  the
future. 

2    Results and discussion
 

2.1    Structure design and operation mechanism
The basic structure of the HVO-TENG is demonstrated in Fig. 1.
The  HVO-TENG  is  comprised  of  a  wind  scoop,  a  driving  unit,
generation  units,  and  an  output  module  (Fig. 1(a)(i)).  The
mechanism of the driving unit is shown in Fig. 1(a)(ii). The input
shaft  connected  to  the  wind  scoop  drives  the  chucks  through
gears,  and  the  generation  units  are  installed  on  the  chucks.
Therefore, when the wind scoop is blown, rotor-A and rotor-B in
the  generation  units  will  rotate  with  the  chucks  (Fig. S1  in  the
Electronic  Supplementary  Material  (ESM)).  Besides,  the
generation  units  contain  a  DCGU  and  an  ACGU  (Fig. 1(a)(iii)).
As  the  two  sets  of  gears  have  the  same  transmission  ratios  and
different  numbers  of  idler  wheels,  the  rotation  directions  of  the
rotors are different, and the speeds are the same. To better harvest
wind  energy,  the  gear  is  designed  to  reduce  the  start-up  wind
speed  of  HVO-TENG.  When  the  transmission  ratio  is  0.5,  the
starting  wind  speed  of  HVO-TENG  is  4.53  m·s−1 (gentle  breeze),
which  happens  to  be  a  common  wind  speed  in  natural
environments.  To  better  describe  the  structure  of  the  prototype,
Fig. 1(b) shows  the  overall  structure  of  the  HVO-TENG,  and
Figs.  1(c)(i) and 1(c)(ii) illustrate  the  shapes  of  the  stators  and
rotors in the generation units.

Figure 2(a)(i) illustrates the composition of the generation units.
The conductive  rod-1 outputs  DC,  while  the  conductive  rod-2 is
responsible  for  transferring  the  charge  of  the  DCGU.  In  the
ACGU, the FEP films are fixed on both rotor-A and rotor-B and

sweep  stator-A  and  stator-B  (Fig. 2(a)(ii)).  The  operation
mechanism of the DCGU is depicted in Fig. 2(b). As the FEP films
rub  the  aluminum  electrodes  (Fig. 2(b)(i)),  the  aluminum
electrodes  at  each  end  of  the  conductive  rod-2  have  opposite
charges.  When  rotor-A  rotates,  the  aluminum  electrodes  will  be
charged with equal amounts of positive or negative charges. Then
the positive and negative charges will respectively output through
the conductive rod-1 (Fig. 2(b)(ii)). The same variation occurs on
rotor-B  (Figs.  2(b)(iii) and 2(b)(iv)).  The  functions  of  FEP  and
nylon films are to maximize the charge on rotor-A and rotor-B.

The operation mechanism of the ACGU is depicted in Fig. 2(c).
The  copper-1  and  copper-2  have  connected  alternately  through
the external circuit. When the FEP films in the ACGU are in the
initial  position,  the  copper-1  and  the  FEP  films  will  respectively
induce equal  amounts of  opposite charges (Fig. 2(c)(i)).  With the
running  of  the  FEP  films,  the  FEP  films  come  into  contact  with
copper-2  (Fig. 2(c)(ii)).  The  positive  charges  are  transferred  from
copper-1  to  the  copper-2  through  the  external  circuit  due  to
electrostatic induction.  When the FEP films are totally in contact
with  copper-2,  all  positive  charges  will  flow  to  copper-2
(Fig. 2(c)(iii)). After the FEP films separate from copper-2, another
operation  cycle  begins  and  thence  the  AC  is  generated.
Furthermore,  to  prove  the  feasibility  of  the  prototype,  2-
dimensional  simulation  results  got  from  COMSOL  Multiphysics
5.2a software clarify the operation mechanism of the HVO-TENG
(Fig. S2 in the ESM). 

2.2    Output performance
To  realize  the  better  performance  of  the  HVO-TENG,  the
generation  units  were  optimized.  First,  a  system  experiment  was
carried out to explore the performance of the DCGU. The L of the
aluminum  electrode  in  the  DCGU  was  researched  (Fig. 3)  when
the stepper motor was 270 rpm. When the L is 60 or 90 mm, the
open-circuit  voltage  (VOC),  short-circuit  current  (ISC)  and
transferred charge (QSC) are shown in Figs. 3(a) and 3(b), and each
set  of  illustrations  includes  the  shape  of  the  aluminum  electrode
and the signal of the magnified view. Herein, two parameters, the
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Figure 1    3-dimensional model of HVO-TENG. (a) The 3-dimensional structure diagram includes overall structure (i), driving unit (ii), generation units (iii) of the
HVO-TENG. (b) and (c) Actual pictures of (b) entire device, and (c) stators (i), and rotors (ii) in the generation units.
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peak  value  and  valley  value  of  current,  were  used  to  reveal  the
performance ISC (Fig. 3(c)).  As  the  speed  of  the  stepper  motor
increases  from  150  to  270  rpm,  the  peak  value  of ISC with L of
60 mm increases slowly from 1.6 to 2.5 μA, and the valley value of
current  increases  from  0.3  to  0.8  μA,  indicating  the  enhanced
charge  replenishment  from  transporting-electrodes  to
accumulators.  For  the  case  of  90  mm,  the  peak  value  of ISC
increases  slowly  from  2.7  to  3.7  μA,  while  the  valley  value
decreases  from  −0.2  to  −0.5  μA,  which  is  adverse.  It  can  be
speculated  that  the  aluminum  electrodes  in  the  central  area  of
rotor-A and rotor-B always overlap when the L is 90 mm, which

affects  the  performance  of  DCGU.  Under  no  bridge  rectifier  in
this experiment, the voltage signals of different capacitors charged
when L is 60 and 90 mm, respectively (Figs. 3(d)(i) and 3(d)(ii)). A
capacitor of 0.47 μF can be charged to 5.0 V within 1.9 s, revealing
that  the  output  capacity  of  the  DCGU  is  better  when  the L is
60 mm.

Then the influence of  the θ1 of  the aluminum electrode in the
DCGU  on  the  output  performance  was  explored  (Fig. 4).  When
the speed of the stepper motor is  270 rpm with θ1 of  4°,  the VOC
and QSC are shown in Figs. 4(a) and 4(b), and the dependence of
the voltage, current of the DCGU on external resistance is given in
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Figure 2    (a) Structures of generating units. (b) and (c) Mechanisms of the transferred charge of DCGU (b) and ACGU (c).
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Figure 3    (a) and (b) The performance of DCGU with the L of the aluminum electrode 60 mm (a) and 90 mm (b). (c) The relationship between rotation speed and
ISC. (d) The charging curve under different capacitance values by DCGU with L of 60 mm (i) and 90 mm (ii).

  Nano Res.  3
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Fig. 4(c).  The  relationships  of  the  peak  power  of  the  DCGU  on
external  resistance  at  different  rotation  speeds  are  given  in
Fig. 4(d), and the maximum peak power of the DCGU can reach
47.3 mW. A sample of the DCGU ISC is shown in Fig. 4(e), where
the  peak  and  valley  values  of  the  current  are  used  to  reveal  the
performance ISC. When the speed increases from 150 to 270 rpm,
the peak and valley values of the ISC increase from 4.6 to 6.2 and
0.9  to  2.0  μA,  respectively,  indicating  that  the  charge
supplementation  from  the  aluminum  electrode  to  the  battery  is
enhanced.  In  addition,  the  relationship  between  rotation  speed
and QSC is shown in Fig. S3 in the ESM.

Since  the VOC exceeded  the  range  of  the  programmable
electrometer,  a  50  GΩ resistor  was  added to  calculate  the  output
voltage of the DCGU [32]. The calculated output voltage gradually
increases  as  the θ1 becomes  smaller,  and  the  maximum  value  is
21.5  kV  (Fig. 4(f)).  As  the θ1 increases  from  4°  to  36°,  the  peak
value  and the  valley  value  of ISC gradually  decrease  from 6.1  and
2.0 to 0.8 and −0.3 μA (Fig. 4(g)),  which shows the weakening of
DCGU.  Because  the  charge  will  accumulate  at  the  edge  or  tip  of
the metal, the smaller the θ1 is, the greater the charge density is on
the surface of the aluminum foil;  finally,  the smaller the θ1 is,  the
greater  the ISC is,  which  can  be  explained  by  Eq.  S1  in  the  ESM.
The  original  data  of ISC are  shown  in Fig. S4  in  the  ESM.  To
further  clarify  the  effect  of θ1 on  DCGU  performance,  the  speed
rate  of  accumulation  charge  (η)  is  shown  in  Eq.  S2  in  the  ESM.
Therefore, when L is 60 mm and θ1 is 4°, the output performance
of the DCGU is the maximum (Fig. 4(h)).  This DCGU was used
to  charge  different  commercial  capacitors  without  a  bridge
rectifier  (Fig. 4(i)).  In  conclusion,  this  fully  confirms  the  output
capability of HVO-TENG.

Because the central region of the rotor is unused when L is  60
mm,  the  ACGU  is  installed  in  the  middle  blank  area  of  rotor-A
and rotor-B to improve the utilization of the generation units. The
insets  in Fig. 5 reveal  the  influence  of  FEP  film  parameters  and
stepper motor rotation speed on the ACGU output performance.

The corresponding VOC, ISC, and QSC of the different θ2 of the FEP
films with 150 rpm are shown in Figs. 5(a)–5(c). The detail of the
θ2 is  shown  in Fig. S5  in  the  ESM.  The  ACGU  reaches  its
maximum output performance when θ2 is  55°:  The VOC, ISC,  and
QSC are respectively 200 V, 2.5 μA, and 75 nC. When the speed of
stepper  motor  is  increased  from  150  to  270  rpm  with  other
conditions  remaining  constant,  the VOC, ISC, QSC are  shown  in
Figs.  5(d)–5(f).  When  the  rotation  speed  is  270  rpm,  the
dependence  of  the  voltage,  current  of  the  ACGU  on  external
resistance is  given in Fig. 5(g).  The peak powers of  the ACGU at
different  rotation  speeds  on  external  resistance  are  shown  in
Fig. 5(h),  and  the  maximum  peak  power  is  0.9  mW. Figure  5(i)
Figure 5(i) reveals the charging curves under different capacitance
values by ACGU. 

2.3    Demonstration
To  verify  the  application  ability  of  HVO-TENG,  a  series  of
experiments  are  presented  in Fig. 6.  Parameters L, θ1,  and θ2 in
HVO-TENG are set to 60 mm, 4°, and 55°, respectively. The HVO-
TENG can light up more than 6,000 LEDs, which proves the high-
voltage output capability of the HVO-TENG (Fig. 6(a) and Movie
S1  in  the  ESM).  Meanwhile, Fig. 6(b) shows  the  experimental
system  of  the  HVO-TENG  for  ozone  and  UV  production.  The
metal rod-1 (MR-1), metal rod-2 (MR-2), and UV LED board are
loaded in a 12 L airtight container made of acrylic. The MR-1 and
MR-2  are  connected  to  the  DCGU  through  capacitors,  and  the
UV  LED  board  is  connected  to  the  ACGU  through  a  bridge
rectifier.  When  the  wind  scoop  is  blown  about  4.53  m·s−1,  the
HVO-TENG  starts  to  operate.  The  MR-1  and  MR-2  can  create
corona  discharges  as  the  DCGU  continuously  charges  the
capacitor,  while  the  UV  LED  board  can  be  lit  up  by  the  ACGU
(Fig. 6(c) and  Movie  S2  in  the  ESM),  and  both  of  them  will
produce ozone. An ozone detector detects the gradual increase of
the C inside  the  airtight  container. Figure  6(d) depicts  the
variation of C in a 12 L airtight container within 24 h operation of
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Figure 4    The output performance of the DCGU: VOC (a); QSC (b). (c) The dependence of the output current, voltage on different resistive loads. (d) The relationship
between different rotation speeds and dependence of peak power on different resistive loads. (e) and (f) The relationship between rotation speed and ISC (e), and θ1 of
the aluminum electrode and VOC (f). (g) and (h) The relationship between θ1 and ISC (g), and θ1 and speed rate (h) of transferred charge. (i) The charging curves under
different capacitance values by DCGU when the θ1 is 4°.
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HVO-TENG.  The  detected  ozone  is  formed  by  converting  the
oxygen  in  the  airtight  container  through  corona  discharge.
Therefore,  with  the  continuous  ionization  of  the  air  by  HVO-
TENG, the ozone concentration in the airtight container increases
gradually.  However,  because  the  container  is  airtight,  the  rate  of
ozone  production  decreases  with  the  decrease  of  oxygen
concentration.  In  addition,  because  ozone  is  unstable  in  the  air,
ozone is also decomposing during the experiments. Therefore, the
ozone concentration will fluctuate near the saturation value after a
period of time.

In addition, this article proposes a sterilization system based on
the  HVO-TENG  (Fig. 6(e)).  Chen  et  al.  have  confirmed  the
feasibility  of  combined  ozone  and  UV sterilization  [38],  and  this
article  also  tested  the  antibacterial  properties  of  HVO-TENG
[39, 40]. The detailed experimental procedures are shown in Table
S1 in the ESM.
 

3    Conclusions
In  summary,  this  article  proposes  an  HVO-TENG  with  DC/AC
optimal  combination  method  for  wind  energy  harvesting.  Both
the DCGU and the ACGU are optimal designed and installed in
the generation units. Besides, the effects of the aluminum electrode
and FEP films in the generation units on the output of the HVO-
TENG  are  studied  and  the  optimal  parameters  assembly  is
obtained.  The  HVO-TENG  can  output  21.5  kV  DC  voltage  and
200  V  AC  voltage.  Finally,  the  HVO-TENG  combines  with  the
corona  discharge  generated  by  DCGU  and  UV  LEDs  lighted  by
ACGU,  establishing  a  self-powered  ozone  and  UV  generation
system  for  sterilization.  Experiments  show  that  the  HVO-TENG
can  increase  the C in  a  12  L  airtight  container,  which  reaches  3
ppm  after  7  h  and  continuously  light  up  a  UV  LED  board.  The
proposed HVO-TENG, as an ultrahigh-voltage power source, can
realize the high-voltage DC output simultaneously with additional

 

Figure 5    Output performance of the ACGU: (a) and (d) VOC; (b) and (e) ISC; (c) and (f) QSC. (g) The dependence of the output current, voltage on different resistive
loads.  (h)  The  relationship  between rotation  speed  and peak  power  of  the  ACGU.  (i)  Figure  5(i)  reveals  the  charging  curves  under  different  capacitance  values  by
ACGU.
 

Figure 6     (a)–(c)  Application  demonstration  of  HVO-TENG.  (d)  The  relationship  between  the  time  and C in  the  airtight  container.  (e)  A  proposed  sterilization
system based on the HVO-TENG.
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AC  output.  It  has  guiding  significance  for  investigating  high
performance TENGs. 

4    Experimental section
 

4.1    Fabrication of the HVO-TENG
The HVO-TENG had a dimension of 576 mm (length) × 576 mm
(width) × 297 mm (height). The frame of HVO-TENG was made
of  a  laser-cutting  acrylic  plate  and  a  3-dimensional  printing
polylactic  acid  (PLA).  The  driving  unit  of  the  HVO-TENG  was
machined  by  a  lathe.  The  thickness  of  FEP  films,  aluminum
electrodes,  and  copper  electrodes  were  100,  100  and  65  μm,
respectively. Other information is given in the ESM. 

4.2    Electrical measurement
The  rotation  was  generated  by  a  stepper  motor  (J-5718HBS401,
Yisheng, China), and the signal of the HVO-TENG was captured
by a programmable electrometer (6514, Keithley, USA) and a data
acquisition  card  (USB-6218,  National  Instruments,  USA).  The
signal  was  transmitted  to  the  computer  and  recorded  by
LabVIEW.  The  ozone  concentration  was  captured  by  an  ozone
detector (PLT300-O3, Pulitong, China). 
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