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a sustainable power source for powering 
these devices is a focus of today’s research. 
Various approaches based on piezoelec-
tric, [ 1–4 ]  electromagnetic, [ 5,6 ]  electrostatic 
effects [ 7–10 ]  have been demonstrated. 
Besides, many novel liquid-based energy 
conversion technologies, including reverse 
electrowetting [ 11 ]  and electric-double-layer 
modulating [ 12 ]  are also proposed. Recently, 
by combining triboelectric effect [ 13,14 ]  and 
the electrostatic induction phenomenon, 
triboelectric nanogenerator (TENG) is 
invented. It features in low cost, diversi-
form material options, and free of pre-
charging, and shows a signifi cantly high 
power output and a high energy conver-
sion effi ciency up to 55%. [ 15–18 ]  There-
fore, it enables self-powered, autonomous 
electronics and potentially large-scale 
power generation possible. [ 19,20 ]  However, 
all of the TENGs reported today are nor-
mally based on solid materials, so that the 
effectiveness of contact, especially to the 
nanometer level, can be largely affected by 
the roughness of the two surfaces and the 

match between the two. According to the literature, the present 
TENG’s charge density is about 100 µC m −2 . [ 21,22 ]  Meanwhile, 
the solid–solid friction will result in heat generation and dissi-
pation. Those two largely limit the effi ciency of the TENG. 

 The current mostly used low-cost electrodes are aluminum 
and copper. As a metal material, liquid metal is widely inves-
tigated for its outstanding physical capabilities, [ 23,24 ]  such as 
high conductivity and favorable fl exibility, which initiates prom-
ising applications in chip cooling, [ 25 ]  printed electronics, [ 26,27 ]  
and energy science (lithium battery, [ 28 ]  thermoelectric cell). [ 29 ]  
Since triboelectrifi cation is a surface charging effect [ 14,30 ]  and 
the liquid–solid contact will potentially introduce larger contact 
area, higher contact intimacy, and lower friction coeffi cient, 
with respect to the solid–solid contact, the liquid metal would 
be an ideal contact material for TENG’s contact electrode. 

 In this work, we develop the liquid-metal-based triboelectric 
nanogenerator (LM-TENG). Operating at a separating velocity 
of 0.25 m s −1 , the LM-TENG having a contact area of 15 cm 2  
could generate a voltage of 679 V and a current of 9 µA. More 
importantly, its output charge density reaches 430 µC m −2 , 
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  1.     Introduction 

 With the rapid increasing of portable electronics and wireless 
sensing networks, scavenging ambient mechanical energy as 

Adv. Funct. Mater. 2015, 25, 3718–3725

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201501331


FU
LL P

A
P
ER

3719wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

which is over four times higher than that of the solid–solid-
contact TENG, and its power density reaches 6.7 W m −2  and 
133 kW m −3 . Owing to the shape-adaptive advantage, with 
a 20-layer confi guration, the LM-TENG achieves a high cur-
rent output above 130 µA. In addition, the liquid-metal-based 
TENG’s energy conversion effi ciency is demonstrated to be 
70.6%, even higher than the previous reported 55%. Further-
more, the LM-TENG is applied for vibration energy harvesting. 
At amplitude of 1.2 mm and a frequency of 10 Hz, the LM-
TENG outputs a voltage of 145 V, a current of 5.8 µA, and 
charges a 100 µF capacitor to 1 V in 65 s. This work presents a 
new approach for enhancing the TENG’s output performance 
and further broadening its applications.  

  2.     Liquid-Metal Triboelectric Nanogenerator 

 In this work, the output voltage and current of the LM-TENG 
are measured using a digital oscilloscope from Agilent with its 
inner impedance of 100 MΩ and an SR570 low noise current 
amplifi er from Stanford Research Systems, respectively. 

  2.1.     Device Confi guration and Working Principle 

 A LM-TENG is composed of two parts, as schemed in 
 Figure    1  a. One part is a slice, composed of friction material and 
its induction electrode, and the other is the liquid metal. The 
friction material could be any insulating material with different 
electron-attractive ability compared to the liquid metal, such as 
polyimide (Kapton), polytetrafl uoroethylene (PTFE), polyeth-
ylene terephthalate (PET), and so on. The induction electrode’s 
one end is fully covered by the friction material, avoiding any 
shortcut between the induction electrode and the liquid metal. 
As for the liquid metal, many choices are valid, including mer-
cury, gallium, etc.  

 Figure  1 b depicts the working principle of the LM-TENG step 
by step, which can be explained as a result of triboelectrifi cation 
and electrostatic induction. When the slice is partly immersed 
into the liquid metal, the friction material makes contact with 
the liquid metal. According to the literature, [ 15,16 ]  due to their 
different abilities in attracting electrons, the electrons will be 
injected from the liquid metal to the surface of the friction 
layer, so that there will be net negative charges on the surface 
of the friction layer and net positive charges on the interface 
of the liquid metal (Figure  1 b(i)). As the slice moves out of 
the liquid, the tribocharges in the interface regions are sepa-
rated, which will induce a higher potential in the liquid metal 
than the induction electrode; thus the electrons in the induc-
tion electrode will be driven to fl ow to the liquid metal through 
an external load (form a current fl ow in the reverse direction, 
Figure  1 b(ii)). In this process, electrons keep fl owing until the 
slice is fully taken out, which is represented by Figure  1 b(iii). 
At this moment, both the induced potential difference and the 
amount of transferred charges between the induction electrode 
and the liquid metal reach the maximum values. As the slice 
moves back into the liquid metal, the potential difference will 
drop with the increase of the slice’s wetting area. As a result, 
the electrons will fl ow back in the opposite direction from the 
liquid metal to the induction electrode (Figure  1 b(iv)). Thus, the 
entire process will result in an AC pulse output.  

  2.2.     Characterization of the LM-TENG 

 The electric characteristics of the LM-TENG are measured at 
the slice’s moving velocity of 0.25 m s −1 . The Kapton (50 µm 
thick), copper, and mercury serve as the friction material, 
induction electrode, and liquid metal, respectively. The meas-
ured results of the open-circuit voltage ( V  oc ), short-circuit cur-
rent ( I  sc ), and amount of transferred charges ( Q ) are displayed 
in  Figure    2  a–c. It can be observed that the LM-TENG can 
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 Figure 1.    Working principle of the liquid-metal-based triboelectric nanogenerator. a) Schematic illustration showing the device confi guration of the 
LM-TENG. b) Step-by-step illustration showing the working principle of the LM-TENG.
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deliver a high output performance as  V  oc  = 679 V,  I  sc  = 9 µA, 
and  Q  = 0.645 µC. Taking the contacting area of 15 cm 2  into 
account, the output charge density reaches 430 µC m −2 , which 
is much higher than the previous solid–solid contact-induced 
charge density that is around 100 µC m −2 . [ 21,22 ]  The output cur-
rent is also measured with different resistances connected in 
the load. It remains stable when the resistance is smaller than 
100 MΩ and then decreases as the resistance increases. An 
optimum output power of 10 mW (6.7 W m −2  and 133 kW m −3 ) 
is delivered at a resistance of 1 GΩ (Figure  2 d).   

  2.3.     Materials Dependence of the LM-TENG 

 To further demonstrate the concept of the liquid-metal-based 
TENG, gallium is utilized (purity 99.999%). After placing in a 
tank fi lled with 50 °C hot water, the gallium melts. By using the 
similar experiment setup (a 50 µm thick Kapton serves as the 
friction material, with a contacting area of 6 cm 2 ), the gallium-
based TENG is examined and compared with the mercury-based 
TENG ( Figure    3  a,b). It shows that the gallium-based TENG 
defi nitely works, suggesting that any other liquid metal could 
be utilized, such as galinstan, which is commercial. As for the 
output performance, the maximum output voltage and current 
of the gallium-based TENG are around 50 V and 0.66 µA, which 
are, respectively, 12.5% and 13.8% of that of the mercury-based 
TENG. By integrating the curve of  I  sc , it can be found that the 
mercury-based TENG can provide a charge amount of 250.1 nC 
and a charge density of 416.8 µC m −2 , corresponding with our 
above test. Whereas, those of gallium-based TENG are much 
smaller, i.e., 50.7 nC and 84.5 µC m −2  (Figure  3 c). This is because 
the gallium’s surface gets oxidized instantaneously, when it is 

exposed to the ambient air, which makes it as if a gel rather than a 
normal liquid, [ 31 ]  and thus some gallium or gallium oxide remains 
on the Kapton’s surface even after the slice is separated from 
the liquid (Figure  3 d), resulting in a partial screening of the tri-
bocharges. Consequently, smaller electrical outputs are obtained. 
Considering this, oxygen-free encapsulation will solve this 
problem. [ 31 ]  In this work, our following tests are therefore simply 
based on mercury.  

 Subsequently, we measure the LM-TENG’s output 
 performance based on various friction materials, including 
Kapton, PTFE, PET, polyvinyl chloride, polydimethylsiloxane 
(PDMS), and parylene. Their contacting areas are all set at 
15 cm 2  and the thicknesses are appended right after its name, 
with the unit of micro meter. Measurement results are plotted 
in  Figure    4  .  

 It can be seen from the case of Kaptons, the fi lm thickness 
has a signifi cant infl uence on the TENG’s output, especially 
in the output current and charge density. As the Kapton thick-
ness increases from 50 to 200 µm, the LM-TENG’s output cur-
rent decreases from 9 to 5.47 µA (Figure  4 a) and the charge 
density descents from 430 µC m −2  to 229 µC m −2  (Figure  4 b). 
According to the literature, it is due to the increase of the induc-
tion distance. [ 32 ]  In addition, the output voltage is also lowered 
(Figure  4 c) as well as the output power (Figure  4 d). 

 From Figure  4 b, the triboelectrifi cation-induced charge series 
can also be obtained. Set at the same thickness (100 µm), PTFE 
outputs almost the same charge density as Kapton and obviously 
larger than PDMS. If the thickness is 200 µm, PET exhibits a 
lower charge density with respect to Kapton but higher than 
100 µm thick PDMS. Therefore, a triboelectric series for these 
materials can be concluded as Kapton ≈ PTFE > PET > PDMS, 
which corresponds to the previous work [ 15 ]  to some degree, 
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 Figure 2.    Electric characteristics of the mercury-based TENG with 50 µm thick Kapton as the friction material. a–c) Measurement results of the open-
circuit voltage, short-circuit current, and transferred charges of the TENG, respectively. d) Output current and power under variable load resistances.
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except for PDMS. This is explained as that the plane PDMS’s 
surface is so sticky that the mercury residuum attached on the 
surface (Figure S1, Supporting Information). It results in a par-
tial screening effect, similar to the gallium-based TENG. 

 Furthermore, it is worth noting that when the friction mate-
rial is parylene, the TENG shows a high current and a medium 
voltage, but its effective output power is rather low. We compare 
the electrical output of the parylene-based LM-TENG with that 
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 Figure 3.    Principle demonstration in another liquid metal—gallium. a–c) Comparisons of the gallium-based and mercury-based TENGs’ performances 
on the open-circuit voltage, short-circuit current, transferred charge, and charge density. d) Optical images of the Kapton surfaces after immersed in 
gallium and mercury, respectively.

 Figure 4.    Dependences of the output performance of the LM-TENG on various friction materials. Friction materials’ impact on a) the open-circuit 
voltage, b) the short-circuit current, c) the transferred charge density, and d) the output power density.
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of the Kapton-based one, upon connecting to different resist-
ances (Figure S2, Supporting Information). It is found that 
the current of the parylene-based LM-TENG starts to descent 
when the resistance is 1 MΩ; alternatively, the Kapton-based 
one starts decreasing when the resistance reaches 100 MΩ. 
Finally, the matched resistances for the two types of TENGs are 
100 MΩ and 1 GΩ, respectively. As a consequence, the max-
imum power output of the parylene-based LM-TENG is lower.  

  2.4.     Surface Morphology Infl uence on the LM-TENG 

 Triboelectrifi cation is a surface charging effect, so that the 
output current and charge of the TENG are expected to linearly 
scale with the contacting area between the two materials. [ 33 ]  
Since liquid is shape adaptive, it is promising to employ a large 
specifi c surface to enhance the LM-TENG’s output performance. 
Herein, we compare four surface morphologies with different 
depth-to-diameter ratios, as shown in  Figure    5  a. They are all 
made of aluminum sheet, with an array of cylinders structures 
on the surface. These cylinders are 1 mm in thickness, and 4, 2, 
and 1 mm, respectively, in both diameter and spacing (The fi rst 
type is the plane structure with its depth-to-diameter defi ned as 
0). Then, the four sheets are all covered by a layer of 10 µm 
thick parylene deposited by vacuum vapor deposition. 

  Testing results reveal that higher specifi c surface results in 
higher output current and charges (Figure  5 b,c). However, as the 
depth-to-diameter ratio approaches further higher, the amount of 
the electrons that can transport in one cycle saturates, and even 
drops a little. It is attributed to that mercury is not able to wet all 
the surface area on the sheet, although the specifi c surface area 
increases, which inevitably limits the generator’s output.  

  2.5.     Performance Enhancement by Layer Integration 

 The scalability of the LM-TENG’s output in two dimensions is 
proved by changing the contacting area, as discussed above. Mul-
tilayer integration is thereby employed in the vertical direction 
to achieve multifold enhancement, which is previously reported 
to be very effective. [ 22 ]  In this work, the liquid metal is continu-
ously deformable, so that the experiment is performed expedi-
ently by stacking the slices together, as shown in  Figure    6  a.  

 Each slice is electrically connected with others in parallel. 
The equivalent circuit model is illustrated in Figure  6 b. As 
the layer number increases from 1 to 20, the output current is 
signifi cantly enhanced from 9 to 131 µA. Due to the uneven 
liquid metal level over all the slices, the achieved enhance-
ment is not as high as 20 times bigger. As for the output 
voltage, it increases considerably and then saturates around 
1400 V. It is owing to that the voltage meter in our experiment 
is similar to a load resistance. Therefore, with the increase of 
the current, the voltage value also increases to some degree.  

  2.6.     Energy Conversion Effi ciency of the LM-TENG 

 The effi ciency of the LM-TENG is defi ned as the ratio between 
the input mechanical energy and the generated electric energy 
that is delivered to the load. When the slice is pushed down to 
the bottom of the liquid metal, the buoyancy and surface ten-
sion will force it to rise up. Under the action of the buoyancy, 
surface tension and its own weight (Figure S3, Supporting 
Information), the slice is accelerated to some speed and mean-
while delivers out the electric energy. Therefore, the effi ciency 
is determined by the following equation
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 Figure 5.    Dependences of the output performance of the LM-TENG on various surface morphologies. a) Schematic illustrations of the four kinds of 
surface morphologies. b) The short-circuit current for the four kinds of surface morphologies. c) Varying tendencies of the surface area, current, and 
transferred charges for the four kinds of surface morphologies (here  y  represents the value measured at each depth-to-diameter ratio and  y  0  represents 
the value of the plane structure).
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 where  E  ele  and  W  total  stand for the electric energy and the total 
work done by the ambient, and  W  B ,  W  S , and  W  G  represent the 

work done by the buoyancy, surface tension, and gravity, respec-
tively.  E  ele  is measured under various load resistances and 
shows an optimum energy output of 0.149 mJ at a load of 1 GΩ 
( Figure    7  a,b). Whereas, the  W  total  is calculated to be 0.211 mJ 
(see Note 1 in the Supporting Information). Consequently, the 
effi ciency reaches 70.6% at the best matched load (Figure  7 c).  

 Figure 6.    LM-TENG’s output enhancement by layer integration. a) Schematic illustrations of the multilayered LM-TENG. b) The equivalent circuit 
model of the multilayered LM-TENG. c–f) Current and voltage enhancement with the increasing of the integrated layer number.

 Figure 7.    LM-TENG’s energy effi ciency measurement. a) Output current of the LM-TENG under free rising process at a load resistance of 1 GΩ. b) The 
output current and energy as a function of the load resistance. c) The energy effi ciency of the LM-TENG at various load resistances.



FU
LL

 P
A
P
ER

3724 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 3718–3725

www.afm-journal.de
www.MaterialsViews.com

 Such a high effi ciency is attributed to the extremely low fric-
tion coeffi cient and large effective contacting surface of the 
liquid–solid contact. In addition, it is worth noting that, the 
slice is accelerated to some speed and thus possesses some 
kinetic energy. This is not dissipated during the energy genera-
tion process and should be excluded from the total input work. 
In our calculation, such a kinetic energy is ignored, which 
means that we underestimate the effi ciency. The energy loss 
could be owing to that, during the surface tension’s working 
process, the liquid requires inner motion and thus consumes 
some energy.   

  3.     LM-TENG as a Power Source by Harvesting 
Human Motions and Ambient Vibrations 

 To demonstrate the capability of the LM-TENG as a power 
source, it is directly connected to hundreds of light-emitting 
diode (LED) bulbs. Driven by the hand motions, even very 
gentle, the LM-TENG can power up 150 LEDs (Video S1, Sup-
porting Information). 

 Additionally, the liquid is normally easy fl uctuating, 
which suggests an inherent technique of vibration energy 
harvesting. The confi guration of the device is illustrated in 
 Figure    8  a. An acrylic box with 4 cm × 4 cm × 1.5 cm in size 
is fabricated to contain and seal the liquid metal, while ten 
slices are mounted in the box’s lid, with their bottom ends 
suspended over the liquid level. Figure  8 b shows the testing 
results of the device under various vibration frequencies 
with the amplitude of 1.2 mm. The maximum output cur-
rent and voltage are 5.8 µA and 145 V, obtained at 10 Hz. 
With a bridge rectifi er, the output charge without external 
load reaches 100 µC in 65 s (red line in Figure  8 c). Video S2 

 (Supporting Information) shows the device powers up 150 
LEDs under vibrations.   

  4.     Conclusions 

 In summary, we develop the liquid-metal-based triboelec-
tric nanogenerator. Owing to the outstanding properties of 
the liquid metal contact, such as enhanced effective contact, 
shape adaptability, and low friction coeffi cient with solid, the 
LM-TENG exhibits an output charge density of 430 µC m −2 , 
which is four to fi ve times higher than that in the case if 
the electrode is solid fi lm. With a 20-layer confi guration, the 
LM-TENG achieves a high current output above 130 µA. In 
addition, the liquid-metal-based TENG’s energy conversion 
effi ciency is demonstrated to be 70.6% at the best matched 
load. Moreover, the easy-fl uctuating property of the liquid 
metal makes it inherently suitable for vibration energy har-
vesting. Given its high output performance and other signifi -
cant advantages in volume, scalability, the LM-TENG is a very 
promising approach in harvesting mechanical motions for 
self-powered electronics.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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