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distributed mechanical energy, such as 
wind energy, body motion energy, and 
vibration energy, into electrical output 
by coupling triboelectric effect and elec-
trostatic induction.[1] The converted 
electrical energy can be used not only as 
a power source but also as a signal for 
biochemical sensing, because the elec-
trical output signals can be significantly 
affected by molecules adsorbed on the 
contact surface of TENG. To date, many 
different types of self-powered biochem-
ical sensors based on TENG for the 
detection of catechin, dopamine, phenol, 
thrombin, heavy metal ions, etc. have 
been demonstrated.[2] However, most of 
these sensors relied on the solid–solid 
contact electrification, which have some 
issues such as durability and output sta-
bility due to the cross-contamination that 
resulted from adsorption of chemicals 
during the contact of triboelectric layers. 

Moreover, the humidity and surface roughness may also affect 
the output of TENG,[3] thus affects the accuracy of analysis as 
a biochemical sensor.

Recently, liquid–solid contact TENG has also been success-
fully designed for harvesting water wave energy and developed 
as self-powered sensors for solution temperature, polarity, and 
chemical concentration.[4] As a chemical sensor, the liquid–solid 
contact TENG has many advantages over solid–solid contact 
TENG. It not only overcomes the issues existing in solid–solid 
contact TENG as mentioned above, but also is more flexible 
for the development of various miniaturized chemical sensors, 
such as microfluidic chips sensors and capillary tube sensors.[5] 
However, as one of the most important kinds of TENG, the 
current study of liquid–solid contact TENG is only based on a 
single liquid phase, and there are no reports focusing on the 
liquid–solid contact TENG in oil/water multiphase systems. 
Oil/water mixtures are ubiquitous in nature and the oil/water 
interfacial charges are particularly important in chemistry, 
physics, engineering, biology, and life sciences.[6] It has long 
been known that the oil/water interface can acquire negative 
charges,[7–9] which is a potential energy source that can be har-
vested by TENG.

Here, a single-electrode liquid–solid contact TENG has been 
fabricated with poly(tetrafluoroethylene) (PTFE) film, a copper 

A liquid–solid contact triboelectric nanogenerator (TENG) based on 
poly(tetrafluoroethylene) (PTFE) film, a copper electrode, and a glass substrate 
for harvesting energy in oil/water multiphases is reported. There are two 
distinctive signals being generated, one is from the contact electrification and 
electrostatic induction between the liquid (water/oil) and the PTFE film (VTENG 
and ITENG); and the other is from the electrostatic induction in the copper 
electrode by the oil/water interfacial charges (ΔVinterface and Iinterface), which 
is generated only when the liquid–solid contact TENG is inserted across 
the oil/water interface. The two signals show interesting opposite changing 
trends that the VTENG and ITENG decrease while the oil/water interfacial 
signals of ΔVinterface and Iinterface increase after coating a layer of polydopamine 
on the surfaces of PTFE and glass via self-polymerization. As an application 
of the observed phenomena, both the values of ITENG and Iinterface have a 
good linear relationship versus the natural logarithm of the concentration of 
the dopamine. Based on this, the first self-powered dual-signal detection of 
dopamine using TENG is demonstrated.

Triboelectric Nanogenerators

Harvesting ambient mechanical energy not only provides a 
viable means of producing renewable energy, but also opens 
up a new path to self-powered sensors/systems without 
an external power source. The triboelectric nanogenerator 
(TENG), which was first invented by the Wang group in 2012, 
is a kind of device that can effectively convert ambient and 
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electrode, and a glass substrate (Figure  1a) to investigate the 
signal output of TENG at oil–water–solid multiphase interfaces. 
Two distinctive signals were obtained when the liquid–solid 
contact TENG was inserted into the oil/water multiphase, 
one is from the contact electrification and electrostatic induc-
tion between the liquid and the PTFE film, and the other one 
is from the electrostatic induction in the copper electrode by 
the oil/water interfacial charges. These two distinctive signals 
provide an excellent self-powered dual-signal platform for 
biochemical sensing and has been successfully demonstrated 
for dopamine (DA) detection. In some complex samples, such 
as biological matrix, a single signal detection may cause false-
positive or false-negative results. In comparison, the dual-signal 
detection system can improve the accuracy of detection. To the 
best of our knowledge, this is the first self-powered dual-signal 
biochemical sensing platform based on TENG.

The structure of the single-electrode liquid–solid contact 
TENG is shown in Figure 1a. The substrate is a plain glass slide 
(75  mm × 25  mm × 1  mm). A 20  mm × 15  mm rectangular 
copper electrode was deposited on the glass slide substrate by 
physical vapor deposition (PVD). On the vertical direction of the 
electrode, a 2 mm wide strip-shaped copper was deposited for 
connecting the copper electrodes and external wires. An elec-
trification thin film made of PTFE was tightly adhered to the 
surface of the glass slide on the copper electrode side to insu-
late the copper electrode from the surrounding liquid. PTFE is 
a good electrification material for the fabrication of liquid–solid 
contact TENG not only due to its strong capability to obtain 
electrons after contact electrification with most materials,[10] but 

also due to its good hydrophobicity to avoid a decrease of elec-
tric output caused by electrostatic screening.[11] The liquid–solid 
contact TENG was operated by periodically inserting it into and 
pulling out of solution to generate electric output (Figure 1a). 
The electricity generation mechanism can be explained as a 
result of contact electrification and electrostatic induction due to 
the emerging and submerging TENG to liquid, which drives the 
electron exchange between the triboelectrode (copper electrode) 
and ground. Figure  1b illustrates the electricity generation 
process of a complete cycle. PTFE is a highly negative mate-
rial in the triboelectric series, and it is reported that negative 
charges will be generated at the PTFE surface due to contact 
electrification when the PTFE contact with liquid (e.g., water), 
and the negative charge layer on the PTFE surface will not dis-
sipate in an extended period of time, even though the TENG 
has been pulled out of water.[11,12] In this case, positive charges 
will be induced into the copper electrode to maintain electro-
static equilibrium, as shown in Figure 1b(I). When the TENG 
is gradually inserted into the water again, the negative charge 
layer on the PTFE surface will be partially screened by forming 
an electrical double layer, which will induce electrons to flow 
from the ground to the copper electrode to reneutralize the 
unbalanced charges distributed between the triboelectric layer 
and copper electrode (Figure  1b(II)). This process will reach 
an equilibrium state when the copper electrode is completely 
immersed in water (Figure 1b(III)). As the TENG is pulled out 
of the water, the positive charges in water at the PTFE–water 
interface will be removed from the surface of PTFE due to its 
good hydrophobicity, while the negative charges remain on the 
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Figure 1.  a) Schematic illustration of the liquid–solid TENG and b) its electricity-generating process. c–f) Open-circuit voltage (Voc) and short-circuit 
current (Isc) of the liquid–solid TENG in water (c,d) and paraffin oil (e,f). Insets (c–f): enlarged view of single cycle and contact angle image of water 
and paraffin oil on PTFE.
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PTFE surface. To maintain electrostatic equilibrium, electrons 
will be induced to flow from the copper electrode to the ground 
(Figure  1b(III)) until reaching an equilibrium state when the 
electrode is completely out of water (Figure  1b(IV)). We first 
measured the open-circuit voltage (Voc) and short-circuit cur-
rent (Isc) of the liquid–solid contact TENG in single liquid phase 
of water and paraffin oil (Figure 1c–f), respectively. As demon-
strated in the contact angle image in Figure 1c,e, the PTFE film 
is hydrophobic to water and lipophilic to oil. The Voc for water 
and paraffin oil are approximately 15 and 0.65  V, respectively, 
and the Isc are approximately 25 and 0.22 nA, respectively. The 
enlarged view of single cycle of Isc (insets in Figure 1c–f) shows 
that the short-circuit current has an alternating behavior during 
the single cycle of inserting and pulling out TENG of solution, 
which matches well with the electricity generation mechanism 
discussed above.

To investigate the performance of the TENG in oil/water 
multiphase, the TENG was operated by periodically inserting it 

into and pulling out of paraffin oil/NaOH solution multiphase 
and measuring the Voc and Isc (Figure 2a–d). It has long been 
known that oil drops in the absence of surfactants spontane-
ously acquire negative charges and migrate toward the positive 
electrode in an electrophoresis cell.[7] The pH dependence of 
the electrophoretic mobility of the oil droplet, which increased 
with increasing pH of the aqueous phase, suggesting that the 
negative interfacial charges originated from preferential adsorp-
tion of hydroxyl ions (OH−) at the oil/water interface.[8,13,14] A 
reliable explanation of preferential OH− adsorption is that the 
interfacial water molecules are preferentially oriented with the 
oxygen atoms toward the hydrophobic phase, thus adsorbing 
OH− through the strong dipole or hydrogen bonding of the OH− 
ions with the hydrogen atoms of the interfacial water mole-
cules (as shown in Figure  2e).[14] Therefore, when the bottom  
of the TENG contacts the oil/water interface, the negative 
charges at the interface will induce an interfacial voltage drop 
(ΔVinterface) and a corresponding interfacial current (Iinterface) 
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Figure 2.  a) Open-circuit voltage (Voc) and b) short-circuit current (Isc) of TENG in paraffin oil/water (NaOH, 0.1 mol L−1) multiphase. c,d) Enlarged 
view of single cycle of Voc and Isc. e) Schematic illustration of oil/water interfacial charges and f) the interfacial signal-generating process. g,h) Voc and 
Isc of TENG in paraffin oil/water with different aqueous solutions of HCl (0.1 mol L−1), deionized water, NaOH (0.1 mol L−1), and mixture solution of 
NaOH and NaCl (0.1 mol L−1). Operation speed: 0.01 m s−1.
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by electrostatic induction (Figure  2f). The single cycle of Voc 
(Figure  2c) shows that a significant voltage drop of approxi-
mately 0.5 V appears when the bottom of the electrode contacts 
the oil–water interface. Correspondingly, a current pulse of 
approximately 14.7 nA appears simultaneously in the Isc curve. 
The interfacial signals of ΔVinterface and Iinterface also appear at 
different operating speeds of 0.1, 0.05, and 0.02 m s−1, as shown 
in Figure S1, Supporting Information. The electrical perfor-
mance at different oil depths is also measured. As shown in 
Figure S2, Supporting Information, the interface current peaks 
at different oil depths appear at approximately 1.04, 2.02, and 
3.55 s, respectively, at a moving speed of 1  cm s−1 (taking the 
bottom of the electrode to contact the oil surface as the starting 
point), which matches well with the depth of the oil of 1.0, 2.0, 
and 3.5 cm. Hexadecane, another widely used oil in the study 
of oil/water interfacial potential, is also used as the oil phase to 
investigate the electrical performance of the liquid–solid TENG 
in oil/water multiphase (Figure S3, Supporting Information). 
Similar to the results of paraffin oil, the interfacial signal of 
ΔVinterface and Iinterface also appears when the TENG contacts the 
oil/water interface. Moreover, the liquid–solid TENG were also 
fabricated with other materials, such as FEP film with glass 
substrate, PTFE film with acrylic substrate, to investigate the 
oil/water interfacial signal. The results show that the interfacial 
signals of ΔVinterface and Iinterface also appear when these TENGs 
are operated in the paraffin oil/water (NaOH) multiphase (as 
shown in Figure S4, Supporting Information).

To further confirm that the interfacial signals (ΔVinterface and 
Iinterface) are caused by the negative interfacial charges, the per-
formance of the TENG in oil/water multiphase are compared by 
using HCl (0.1 mol L−1), deionized water, NaOH (0.1 mol L−1),  
and a mixture solution of NaOH and NaCl (0.1 mol L−1) as 
the water phase separately (Figure  2g,h and Figure S5, Sup-
porting Information). It is reported that the oil/water interfa-
cial potential is negative, as mentioned above, and the negative 
oil/water interfacial potential decreases with decreasing pH of 
the aqueous phase and even becomes positive with strong acid 
aqueous phase.[15] As shown in Figure 2g,h, there are obvious 
interfacial signals of ΔVinterface and Iinterface in the oil/NaOH 
multiphase, which are approximately 0.5 V and 14.7 nA, respec-
tively. In contrast, the interfacial signals are very weak in the 
deionized water–based oil/water multiphase. More importantly,  
when the water phase is changed to a strong acidic HCl solu-
tion (0.1 mol L−1), the interfacial signals are even reversed, 
resulting in a voltage increase and a corresponding reverse 
current pulse at the oil/water interface. These results are con-
sistent with the reported pH dependence of the oil/water inter-
face potential, indicating that the interfacial signals measured 
from the TENG are derived from the oil/water interface poten-
tial.[14,15] To further support the inference, the electric potential 
distribution on the electrode when the TENG passes through 
the negative and positive oil/water interface was simulated by 
COMSOL (Figure S6, Supporting Information). The simula-
tion results for both the negative and positive oil/water inter-
face (Figure S6e,j, Supporting Information) are well matched to 
the open-circuit voltage curve of the NaOH and HCl solution, 
respectively, as shown in Figure  2g. It can be concluded that 
the interfacial signal is from the electrostatic induction in the 
copper electrode by the oil/water interfacial charges (Figure 2f).

As a controlled experiment, the performance of TENG in a 
single aqueous phase of HCl (0.1 mol L−1), deionized water,  
and NaOH (0.1 mol L−1) were also measured. As shown in 
Figure S7, Supporting Information, the interfacial signals of 
ΔVinterface and Iinterface do not appear in these single aqueous 
phases, and the electrical output decreases in both HCl and 
NaOH solution. By comparing the results of NaOH and the 
mixture of NaOH and NaCl solution (Figure  2g,h), it can be 
seen that the interfacial signals are significantly decreased 
after adding NaCl to the NaOH solution, which is also con-
sistent with the reported double-layer compression effect of the 
oil/water interface that the interfacial potential reduces with 
increasing NaCl concentration.[16]

The liquid–solid TENG in oil/water multiphase can generate 
two different signals (Figure  2a–d), as discussed above, one 
is from the contact electrification and electrostatic induction 
between the liquid and the PTFE film (called VTENG and ITENG), 
and the other is from the electrostatic induction of the oil/water 
interfacial charges (called ΔVinterface and Iinterface). These two 
distinctive signals provide a good self-powered dual-signal plat-
form for biochemical sensing. In this work, a dopamine detec-
tion method based on this dual-signal platform was developed 
to demonstrate its potential as a biochemical sensor. Dopamine 
is an important neurotransmitter for the function of the cen-
tral nervous systems, and its physiological level is related to 
neurological diseases such as Parkinson’s disease, Hunting-
ton’s disease, and schizophrenia.[17] The dual-signal dopamine 
sensing process is shown in Figure 3a. Firstly, the TENG device 
is immersed in a dopamine solution (pH 8.5 Tris-HCl buffer) to 
form a polydopamine (PDA) layer on the PTFE and glass sur-
faces of the TENG via the self-polymerization of dopamine. The 
PDA layer can firmly adhere to the PTFE and glass surfaces 
via the strong binding affinity of catechol functional groups, as 
shown in the scanning electron microscopy (SEM) images in 
Figure 3b. The photographs of PTFE and glass after being mod-
ified by dopamine with concentration of 25–500 µmol L−1 show 
that the PDA coating in PTFE and glass have good uniformity 
(Figure S8a,b, Supporting Information). The absorption spectra 
of dopamine-modified glass demonstrate that the amount of 
PDA absorbed on the TENG surface increases as the dopamine 
concentration increases (Figure S8c, Supporting Information). 
Then the electrical performance of the TENG without and 
with PDA layer were both measured in the oil/water mul-
tiphase (Figure  3c,d, Supporting Information). A pH 8.5 Tris-
HCl buffer was used as the aqueous phase because the PDA 
layer is not stable under strong basic solution. As shown in 
Figure  3c,d, the electrical outputs at an operating speed of 
0.01 m s−1 show interesting opposite changing trends for the 
dual signals after coating a layer of PDA in a 250  µmol L−1 
dopamine solution, that is, the VTENG and ITENG decrease sig-
nificantly from approximately 4.5 to 1.3  V and 1.9 to 0.4 nA, 
respectively, while the oil/water interfacial signal of ΔVinterface 
and Iinterface increases significantly from approximately 0.02 to 
0.1 V and 0.7 to 6.5 nA, respectively. The reported radical-scav-
enging property of PDA,[18] which can dramatically reduce the 
amount of surface charge generated by contact electrification, 
may be the main reason for the decrease of VTENG and ITENG. 
Moreover, the enhanced hydrophilicity after coating PDA layer, 
which can increase the electrostatic screening, may be another 

Adv. Mater. 2019, 1902793
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reason for the decrease of VTENG and ITENG. On the other hand, 
the increased hydrophilicity can result in much more adsorp-
tion of the aqueous solution on the surface of TENG, which 
can increase the conductivity of the surface of the TENG and 
thereby enhancing the electrostatic induction between the 
copper electrode and interfacial charges, this may be the reason 
for the increase of the interface signal of ΔVinterface and Iinterface. 
To further understand the effect of surface hydrophilicity on 
the interface signal, the glass surface of the TENG was treated 
with plasma (Figure S9, Supporting Information). The contact 
angle image (Figure 3e) shows that the glass surface becomes 
superhydrophilic after plasma treatment. The electrical output 
of the liquid–solid TENG without and with plasma treatment 
shows that the interfacial signal increases significantly after 

plasma treatment (Figure S9b–d, Supporting Information). 
However, when the plasma-treated glass surface is covered by 
a hydrophobic PTFE film, these interfacial signal will disap-
pear (as shown in Figure S10, Supporting Information). These 
results indicate that the surface hydrophilicity of the TENG 
glass surface is critical for generating interfacial signal in oil/
water multiphase. To further support the inference that the 
increased interfacial signal is attributed to the aqueous solu-
tion adsorption on the TENG surface, the short-circuit cur-
rent of the plasma-treated TENG during the first few periodic 
insertion and pull cycles was recorded. As shown in Figure 3e, 
in the first cycle, there is no interfacial signal because there is 
no water layer adsorption on the TENG surface. After the first 
cycle, the water layer gradually adsorbs on the TENG surface, 
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Figure 3.  a) Schematic illustration of dopamine polymerization on the surface of TENG. b) SEM images of PTFE and glass with PDA coating. c) Short-
circuit current (Isc) and d) open-circuit voltage (Voc) of liquid–solid TENG in oil/water (pH 8.5 Tris-HCl buffer) multiphase without (w/o) and with PDA 
coating. e) Isc of the plasma-treated TENG measured during the first few periodic insertion and pull cycles. Inset in (e): contact angle images of water 
on glass surface without (w/o) (left) and with (right) plasma treatment.
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and accordingly, the interfacial signal appears from the second 
cycle and gradually increases until a stable output is reached.

To investigate the linear relationship between the dual sig-
nals and dopamine concentration, the TENG was reacted with 
different concentrations of dopamine from 0 to 500  µmol L−1, 
and then the short-circuit current was measured at an operating 
speed of 0.05 m s−1. Figure 4a shows the contact angle of water 
on the TENG surface after reacting with different concentra-
tions of dopamine. The contact angle decreases with increasing 
dopamine concentration, indicating that the hydrophilicity of 
the TENG surface increases with increasing dopamine con-
centration, which can be attributed to the increased amount of 
adsorbed PDA on the TENG surface through self-polymeriza-
tion of dopamine. The dependence between short-circuit cur-
rent and dopamine concentration is shown in Figure 4b–d. The 
Iinterface gradually increased with increasing dopamine concen-
tration from 0 to 500 µmol L−1 (Figure 4c). A good linear rela-
tionship between the value of Iinterface and natural logarithm of 
dopamine concentration over the range from 25 to 500 µmol L−1 
is shown in the inset of Figure 4c. The fitted trend line can be 
expressed as Iinterface  = 4.40  +  1.11 × lnC(Dopamine) (R2  = 0.99). 
In contrast to the Iinterface, the ITENG gradually decreases as the 
dopamine concentration increases (Figure  4d). The inset of 
Figure 4d shows the good linear relationship between the value 
of ITENG and natural logarithm of dopamine concentration over 
the range from 25 to 250  µmol L−1, which is consistent with 
the results of short-circuit current of TENG in a single water 
multiphase (Figure S11, Supporting Information). The fitted 

trend line can be expressed as ITENG = 22.78–3.96 × lnC(Dopamine) 
(R2 = 0.98). The limit of detection (LOD) of dopamine for Iinterface 
and ITENG is calculated to be 3.96 and 5.15 µm, respectively, from 
the formula of 3Sb/k, where Sb is the standard deviation of the 
blank and k was the slope of the fitted trend line. These results 
demonstrate the good potential of the dual signals, which are 
generated simultaneously by the liquid–solid TENG in oil/water 
multiphase, as a sensitive biochemical sensing platform.

In summary, we reported a liquid–solid contact TENG for 
harvesting energy in oil/water multiphase. There are two 
distinctive signals being generated when the liquid–solid 
contact TENG is insert into the oil/water multiphase; one is 
from the contact electrification and electrostatic induction 
between the liquid and the PTFE film, and the other one is 
from the electrostatic induction in the copper electrode by 
the oil/water interfacial charges. These two featured signals 
have been successfully demonstrated for self-powered dual-
signal sensing of dopamine. The two signals show interesting 
opposite changing trends that the VTENG and ITENG decrease 
while the oil/water interfacial signals of ΔVinterface and Iinterface 
increase after functioning a layer of PDA on the surfaces 
of PTFE and glass via self-polymerization. Both the value 
of ITENG and Iinterface have a good linear relationship versus 
natural logarithm of concentration of dopamine. To the best 
of our knowledge, this is the first self-powered dual-signal 
biochemical sensing platform based on TENG. We believe 
that this concept will contribute to more reliable and advanced 
self-powered dual-signal sensors.

Figure 4.  a) Contact angle images of water on glass and PTFE surface after being modified by dopamine with concentration of 0–500  µmol L−1. 
b) Short-circuit current of liquid–solid TENG in oil/water (pH 8.5 Tris-HCl buffer) multiphase after being modified by dopamine with concentration 
of 0–500 µmol L−1. c,d) Plots of oil/water interfacial current (Iinterface) and ITENG versus concentration of dopamine from 0 to 500 µmol L−1. Inset of  
(c,d): Plots of Iinterface and ITENG as a function of ln(C), where C is the concentration of dopamine.
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Experimental Section
Fabrication of TENG: A plain glass slide (75 mm × 25 mm × 1 mm) 

was used as substrate. The glass slide was washed with a detergent 
followed by ultrasonicating 30 min in ethanol. After drying in a 60 °C 
oven, a layer of copper electrode was deposited on the surface of the 
glass slide substrate by PVD method. Then, an electrification thin film 
made of PTFE was tightly adhered to the surface of the glass slide on 
the copper electrode side to insulate the copper electrode from the 
surrounding liquid. The surface of the TENG was then cleaned with 
ethanol and dried with N2 gas.

Surface Modification with PDA Layer: A series of dopamine 
solutions with different concentrations are prepared in Tris–HCl buffer  
(pH 8.5). The TENG was rinsed with ethanol before coating and 
then immersed in a dopamine solution, followed by stirring for 12 h. 
The coated TENGs were rinsed with water and dried with N2 gas for 
subsequent electrical output measurements.

Electrical Output Measurements: The open-circuit voltage and short-
circuit current of the TENG device were measured by a Keithley 6514 
system electrometer. The TENG was operated using a linear motor 
by periodically inserting it into and pulling out of solution to generate 
electric output. 50  mL aqueous phase solution and 20  mL oil were 
sequentially added to a glass beaker to form a multiphase system for 
the electrical output measurements in oil/water multiphase.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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