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Mercury is a highly toxic metal that can pose serious dangers
to the environment and human health. Therefore, monitoring
the mercury concentration is an extremely important issue to
prevent such a toxic metal from endangering human life.[1]
Hg2+ ions are by far the most stable inorganic form of
mercury, which are non-biodegradable and bioaccumulable.
Even at a very low concentrations, they can still be fatal to
human brain, heart, and kidney.[2] Multiple approaches, such
as atomic absorption/emission spectrometry[3] and inductively
coupled plasma mass spectrometry (ICP-MS),[4] have been
applied to detect the Hg2+ ions in environmental and
biological samples. Among these approaches, ICP-MS is the
method that has the highest sensitivity and the widest linear
range. However, sample preparation before measurement is
rather complicated and time-consuming, and requires expensive instrumentation and the use of noble gas. Another
drawback of this method is the difficulty in performing infield analysis. In consideration of the above disadvantages,
researchers have instead developed a number of optical
methods (colorimetric[5, 6] or fluorometric assays,[7–9] and
systems based on surface plasmon resonance[10] or surfaceenhanced Raman scattering[11]) and electrochemical sensors[12, 13] for the detection of Hg2+ ions. Optical approaches
are advantageous in high sensitivity and selectivity, and
practicable for in-field analysis, yet they are involved with
sophisticated chemistry in incorporating organic probes, such
as crown ethers, porphyrins, specific proteins, DNA, and
polymers, which substantially limits their application range.
To overcome the limitations of these methods, the concept
of self-powered nanosensors has recently been proposed and
tested for its potential toward toxic pollutant detection.[14, 15]
The working principle of self-powered nanosensors is based
on combining/integrating nanogenerators with sensors. The
nanogenerators harvest energy from the environment[16–19] to
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power the sensors. Owing to its convenient monitoring
mechanism, the self-powered nanosensors could be the most
desirable and promising prototype for environmental protection/detection in the near future because no battery is needed
to power the device. For the time being, the major challenge is
how to develop a fully integrated, stand-alone and selfpowered nanosensor.
The triboelectric effect is an old but well-known phenomenon in daily life. Recently, it has been utilized as an effective
way to harvest mechanical energy.[20] Contact between two
materials with different triboelectric polarity yields surface
charge transfer. The periodic contact and separation of the
oppositely charged surfaces can create a dipole layer and
a potential drop, which drives the flow of electrons through an
external load in responding to the mechanical agitation. As
for triboelectric nanogenerator (TENG), maximizing the
charge generation on opposite sides can be achieved by
selecting the materials with the largest difference in the ability
to attract electrons[21] and changing the surface morphology.[22] For the plate-structured TENG, it needs more time and
stronger applied force to ensure the contact and separation of
the two oppositely charged material surfaces upon pressing
and releasing are complete, especially under the electrostatic
attraction between them. Adding spacers between two
plates[23] or using arch-shaped substrates[24] have been demonstrated to improve the output of TENG.
Herein, we show that the principle of the TENG can be
used as a sensor for the detection of Hg2+ ions. The first step is
to improve the performance of the TENG through the
assembly of Au nanoparticles (NPs) onto the metal plate.
These assembled Au NPs not only act as steady gaps between
the two plates at the strain-free condition, but also enable the
function of enlarging the contact area of the two plates, which
will increase the electrical output of the TENG. Through
further modification of 3-mercaptopropionic acid (3-MPA)
molecules on the assembled Au NPs, the high-output nanogenerator can become a highly sensitive and selective nanosensor toward Hg2+ ions detection because of the different
triboelectric polarity of Au NPs and Hg2+ ions. On the basis of
this unique structure, the output voltage and current of the
triboelectric nanosensor (TENG) reached 105 V and 63 mA
with an effective dimension of 1 cm  1 cm. Under optimum
conditions, this TENG is selective for the detection of Hg2+
ions, with a detection limit of 30 nm and linear range from
100 nm to 5 mm. A commercial LED lamp was tested as the
indicator to replace the expensive electrometer and showed
the possibility to simplify the detection system. Our study
demonstrates an innovative and unique approach toward selfpowered detection of Hg2+.
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The TENG has a layered structure based on two plates
(Figure 1 a). Glass was selected as the substrate material
owing to its strength, light weight, and low cost. On the lower
side, the metal plate is prepared. The metal plate consists of

Figure 1. a) Fabrication process of the triboelectric nanogenerator
(TENG). b)–d) SEM images of the Au film modified with b) 13 nm,
c) 32 nm, and d) 56 nm Au NPs. The TENG has an effective dimension
of 1 cm  1 cm. Scale bars: b)–d) 1 mm; insets: 200 nm.
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an Au thin film and assembled Au NPs, which plays dual roles
of electrode and contact material. By utilizing 1,3-propanedithiol as the linker molecules, 13 nm, 32 nm, and 56 nm
Au NPs were uniformly assembled onto the surface of Au film
(Figure 1 b–d). Au NPs were prepared by the reduction of
Au3+ ions with sodium citrate, which also acted as a capping
agent to stabilize the as-prepared Au NPs. By carefully
controlling the amount of sodium citrate in the synthesis
process, different sized Au NPs were synthesized.[25] The UV/
Vis absorption spectra display maximum wavelengths of the
surface plasmon resonance (SPR) bands of the 13 nm, 32 nm,
and 56 nm Au NPs at 519, 528, and 545 nm, respectively
(Supporting Information, Figure S1). Compared with other
metal NPs, Au NPs feature greater long-term stability and
modifiable surface chemistry,[26] and can be synthesized with
narrower size distributions.[27, 28] For the purpose of selective
detection of Hg2+ ions, 3-MPA is self-assembled onto the
surface of Au NPs through strong AuS interactions, and its
recognition toward Hg2+ ions induces Hg2+ ions to selectively
bind to the Au NP surface.[29, 30] On the other plate, another Au
thin film is laminated between the glass substrate and a layer
of polydimethylsiloxane (PDMS). PDMS is purposely chosen
for its advantages of flat surface and easy processing. In this
designed device, PDMS and Au are extremely different in
their ability to attract and retain electrons in the triboelectric
series and can achieve the best results.[31]
The working mechanism of TENG can be explained by
the coupling between triboelectric effect and electrostatic
effect (Figure 2; glass substrates are not shown for simplification). At the original state before the contact of the two
plates (Figure 2 a), there is no charge transferred, and thus no
electric potential. When an external force is applied on one of
the substrates, the Au plate and PDMS plate are brought into
contact, which results in electron transfer from a material in
the positive side of the triboelectric series to the one in the
www.angewandte.org

Figure 2. Working mechanism of the TENG. a) Original status without
applied force. b) An applied force brings the Au plate and PDMS plate
to contact, with the triboelectric effect generating positive charges on
the Au plate and negative charges on the PDMS plate. c) Withdrawal
of the applied force causes a separation of the charged plates.
Potential difference drives electrons from the Au electrode 1 to the Au
electrode 2. d) TENG after the screening of triboelectric charges
caused by the release step and leaving behind some residual charges
to balance the potential difference. e) Electrons are driven from
electrode 2 back to Au electrode 1 as the two plates are in contact
again.

relatively negative side in the series.[28] Accordingly, electrons
are injected from Au electrode 2 onto the PDMS plate,
leaving positive charges on the Au plate (Figure 2 b). As the
force is withdrawn, the contacting surfaces is separated, the
Au electrode 2 has a higher potential than the Au electrode 1
at the bottom beneath the PDMS layer, and thus electrons
would transfer from the Au electrode 1 to the Au electrode 2
to neutralize the positive triboelectric charges in the Au
electrode 2 to reach an electrostatic equilibrium (Figure 2 c).
This is the first half of the electricity generation process.
In principle, the TENG can be regarded as a flat-panel
capacitor. We assume the charge on PDMS is Q, the charge on
Au electrode 1 (contact with PDMS) is Q1, and the charges on
Au electrode 2 (Au plate) is Q2. Based on electrostatic
induction and conservation of charges, Q = Q1 + Q2. If s is
the charge density on PDMS surface and s1 is the charge
density of Au electrode 1, we have:[32]
s1 ¼ 

s
1 þ d1 =d2 erp

where erp is the relative permittivity of PDMS, d1 is the
thickness of PDMS film, and d2 is the distance between the
two plates. Because d1 and erp are the constant values of 10 mm
and about 2.6,[24] respectively, and charge Q is stable for
a relatively long time on the PDMS surface, and therefore s1
is determined by the gap distance d2. The variation of d2 will
result in the redistribution of the charges between Au
electrode 1 and Au electrode 2 through the external load,
and finally reaches a new equilibrium (Figure 2 d), which is
the experimentally observed electric current. Once the
TENG is pressed again, a reduction of the distance d2 will
make the decrease of s1, which means that through the
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spacing is completely filled by the PDMS, reaching a saturated
limit.
Besides, we also compared the electrical output of TENG
with different sizes (0.5 cm  0.5 cm and 1.5 cm  1.5 cm;
Supporting Information, Figure S4) and the TENG with
larger size can provide stronger output. This can be explained
that the larger contact area yields more surface charge
transfer and hence increase the electrical output of TENG.
However, by considering the cost efficiency and electrical
output of each TENG, we choose the TENG with an effective
dimension of 1 cm  1 cm.
The open-circuit voltage (Voc) and short-circuit current
density (Jsc) were measured to characterize the electrical
performance of as-developed TENG. From Figure 3 b, when
the Au plate modified with 56 nm Au NPs is connected to the
positive probe of the electrometer, upon the release of the
pressing force, a positive voltage of 105 V is generated
because of the immediate charge separation. As in an opencircuit condition the electrons cannot flow to screen the
induced potential difference between the two plates, the
voltage will hold at a plateau until the subsequent pressing
deformation in the second half cycle. As shown in Figure 3 c,
the peak value of JSC reaches
63 mA cm2, corresponding to the
half cycle of pressing that is at
a higher straining rate than releasing. The integration of each current
peak gives the total charges transferred in a half cycle of deformation. We also measured the electrical output of the TENG with
a reverse connection to the electrometer. The generated Voc (Figure 3 d) and Jsc (Figure 3 e) showed
the corresponding opposite values
in Figure 3 b and d, indicating that
the measured signals were generated by the TENG. The experimental data validate the working mechanism described in Figure 2. The
gap and enlarged contact area from
the assembled Au NPs are the key
factors for the enhanced electrical
output. Figure 3 f displays the electrical performance of TENG modified with three different sizes of
Au NPs (13, 32, and 56 nm). The
decreasing order of the generated
electrical output is TENG modified
with 56 nm Au NPs > TENG modified with 32 nm Au NPs > TENG
modified with 13 nm Au NPs >
TENG without Au NP modification
(bare Au film). The TENG modified with 56 nm Au NPs provided
6.8 times higher Jsc and 5.09 times
Figure 3. a) Effect of the applied force impacting on the 56 nm Au NP-modified TENG. b)–e) The
higher
Voc than the TENG without
generated Voc and current density Jsc of the 56 nm Au NP-modified TENG at forward connection (b,c)
Au NP modification. This is because
and reversed connection (d,e) to the measurement system. Insets of (b)–(e): enlarged view of one
similar density of different-sized
cycle. f) The generated Voc and Jsc of different-sized Au NP-modified TENG.

external load the electrons would flow from Au electrode 2
and screen the positive triboelectric charges on the Au
electrode 1 (Figure 2 e), until reaching a new equilibrium
(Figure 2 b), which is the second half-cycle of electricity
generation. In our experiments, the maximum distance d2 of
the TENG is set up to be 30 mm.
The typical electrical output of the TENG is shown in
Figure 3. The TENG was mechanically triggered by a linear
motor that provided dynamic impact with controlled force
(50 N) at a frequency of 5 Hz, which was monitored by a force
sensor (Figure 3 a). The electrical output of the TENG greatly
depends on the applied force, yielding higher output with
larger force (Supporting Information, Figure S2). This is
because the two plates are not completely flat, and a larger
applied force will contribute more contact area.[20b] The
applied force-dependent contact area are shown in the
Supporting Information, Figure S3. At a small applied force,
the surface roughness prevents fully intimate contact between
the Au plate and the PDMS plate. With a larger force, the
PDMS can deform owing to its elastic property and fill more
vacant space, thus leading to larger contact area. As a result,
the electrical output of TENG increases until all the vacant
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Au NPs on the Au film result in the TENG modified with
56 nm Au NPs providing larger contact area than the others.
The density of Au NPs can be varied by controlling the
reaction time of Au NPs and 1,3-propanedithiol-modified Au
film surface. The lower density of Au NPs decreases the
electrical output of TENG (Supporting Information, Figure S5), which also verifies that the electrical output is highly
related to the contact area of the two plates. However, when
the reaction time is over 12 h, there will exist a non-single
Au NP adsorption layer and cause unstable electrical output.
Thus we chose the reaction time of 12 h to obtain the densest
Au NPs on Au film.
We now demonstrate TENG as a self-powered device for
detecting molecular species. Figure 4 a shows the output of
the TENG by using a full-wave rectifying bridge. For the
selective detection of Hg2+ ions, Tris-borate (50 mm, pH 9)
was used as the buffer solution. The Au plate was soaked with
the buffer solution containing various concentrations of Hg2+
ions and other metal ions at ambient temperature. The
reaction time was optimized to 60 min (Supporting Information, Figure S6). The Au plate was then washed with water
and dried at ambient temperature prior to electrical measurement. After the interaction with Hg2+ ions (5 mm), the
generated Jsc of TENG decreased from 63 mA cm2 to
8 mA cm2 (Figure 4 b). This is because that the adsorbed
molecular species modify the surface triboelectric behavior,
by which we can detect the concentration of the Hg2+. By
observing TENG performance with an LED lamp, we could
build a fully stand-alone and self-powered environmental
sensing device. The inset in Figure 4 b shows the LED lamp

was completely extinguished when detecting the Hg2+ ions
(5 mm). As a proof of concept, we demonstrated the TENG
with the capability to be an environmental sensor without any
supporting equipment (power source, capacitor, and electrometer).
Figure 4 c shows that the electrical signal of the TENG
decreased upon increasing the concentration of Hg2+ ions,
with a linear relationship between the short-circuit current
ratio ((I0I)/I0) and the concentration of Hg2+ ions ranging
from 100 nm to 5 mm (R2 = 0.98). This approach provides
a detection limit at an S/N of 3 at 30 nm for Hg2+ ions. Control
experiments were carried out to test the selectivity of the
developed system toward Hg2+ ion detection as compared to
other metal ions (each at a concentration of 5 mm). The results
displayed in Figure 4 d reveal that the sensing system is
specific to Hg2+ ions, mainly because in comparison to
Au NPs, the Hg2+ ions have lower tendency to transfer the
electrons to PDMS.[33] The high selectivity of 3-MPA toward
Hg2+ ions resulted from the carboxylic acid, which has much
higher binding affinity towards Hg2+ ions among all metal
ions (logb4 = 17.6).[34] The potential interference metal ions
could not bind to 3-MPA-modified Au NPs, resulting in
negligible changes in the electrical signal of the TENG.
In summary, we demonstrated the first triboelectric effectbased sensor for the detection of Hg2+ ions by using 3-MPAmodified Au NPs as electrical performance enhancer and
recognition element. Based on the high power density
(6.9 mW cm2) of the as-developed TENG, a commercial
LED lamp can be used as an indicator instead of expensive
electrometers. This novel TENG is quite sensitive (detection
limit of 30 nm and linear range of
100 nm–5 mm) and selective for the
detection of Hg2+ ions. With its high
sensitivity, selectivity and simplicity,
the TENG holds great potential for
the determination of Hg2+ ions in
environmental samples. The TENG
is a future sensing system for
unreachable and access-denied
extreme environments. As different
ions, molecules, and materials have
their unique triboelectric polarities,
we expect the TENG can become
either an electrical turn-on or turnoff sensor when the analytes are
selectively binding to the modified
electrode surface. We believe this
work will serve as the stepping stone
for related TENG studies and
inspire the development of TENG
toward other metal ions and biomolecules,[35] such as DNA and
proteins, in the near future.
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Figure 4. a,b) Rectified Jsc of the as-developed TENG before (a) and after (b) the interaction with
5 mm Hg2+ ions. Insets: photograph of the indicated LED lamp before (a) and after (b) interaction
with 5 mm Hg2+ ions, as an indication of detected concentration. c) Sensitivity and d) selectivity of
the as-developed TENG for the detection of Hg2+ ions. The concentration of all metal ions tested in
the selectivity experiment was 5 mm.
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Moving to mercury: The first triboelectric
effect-based sensor for the detection of
Hg2+ ions by using Au nanoparticles (see
picture; red) as electrical performance
enhancer and recognition element has
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been successfully demonstrated. This
self-powered and stand-alone triboelectric nanosensor has the advantages of
simplicity, low cost, high selectivity, and
sensitivity.
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