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Abstract
Gas sensing is an important technology that is widely used in life science, security and
environmental protection. In this work, we introduced a fundamentally new working principle
in the gas sensing field by fabricating a blow-driven triboelectric nanogenerator (BD-TENG). By
using the electricity generated via mouth blowing, the induced voltage across the sensor holds a
proportional relationship with the breathed-out alcohol concentration regardless the blow
speed and quality air-flow. The as-developed BD-TENG, acting as an active alcohol breath
analyzer, is featured as high detection gas response of �34 under an optimized sensor working
temperature, fast response time of 11 s as well as a fast recovery of 20 s. Moreover, the device
shows outstanding capability of selectivity anti-interference for alcohol detection. In addition,
fabricated of common polymer materials, the reported breath analyzer is still light-weight and
cost-effective. The BD-TENG based alcohol detector not only presents a new principle in the
field of gas sensing, but also greatly advances the applicability of TENGs as self-powered active
sensors.
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Introduction

Gas sensing is widely used for monitoring the concentration and
species of ambient gases, especially for the detection of toxic
or explosive gases [1–4]. Ethanol, as a common volatile
chemical in many industrial productions, its detection is vital
for safety and drunk driving testing [5–8]. Various approaches
have been proposed for alcohol detection, including gas
chromatography, infrared spectroscopy, colorimetric sensor,
fuel cells-based sensors and semiconductor-based sensors
[9–13]. Widespread usage of these techniques is likely to be
shadowed by possible limitations, such as high-cost, structure
complexity, requirements of high-quality materials and reliance
on external power source.

In this regard, we report a blow-driven triboelectric nano-
generator (BD-TENG) based gas sensor for active alcohol
detection. Based on a coupling of contact electrification and
electrostatic induction [14–24], the as-developed alcohol sensor
can convert energy from air flow to power itself, the delivered
voltage holds a proportional relationship with the breathed-out
alcohol concentration in a wide sensing range of 10 to 200 ppm
regardless the blowing speed and quality of blown air. With a
good response/recovery kinetics (11 s and 20 s), the BD-TENG
based alcohol gas sensor exhibits a high gas response of �34 to
100 ppm alcohol under an optimized working temperature of
160 1C. Moreover, via testing with other similar gases, the BD-
TENG based device still shows outstanding selectivity for
alcohol detection. In addition, fabricated using common poly-
mer materials, the as-developed breath analyzer is light-
weight, cost-effective and easy fabrication. Given a collection
of exceptional properties resulting from its distinctive working
mechanism and novel structural design, the BD-TENG based
alcohol detector not only launches a new working principle in
the field of gas sensing, but also greatly advances the applic-
ability of TENGs as self-powered active sensors.

Experimental

Fabrication of a blow-driven triboelectric
nanogenerator

The BD-TENG mainly consists of three parts: a stator, a rotator
and a soft elastic. First, for the stator, acrylic sheet with
thickness of 1/16 inch was shaped by a laser cutter (PLS6.75,
Universal Laser Systems) to form the disk substrate. Then,
electrodes with complementary patterns have been deposited
onto the substrate by physical vapor deposition (PVD). And the
copper electrodes were separated by laser-cutter-defined fine
trenches in between. Second, for the rotator, cut a disc-shaped
acrylic sheet as a substrate with a diameter of 5 cm using the
laser cutter. And then a layer of fluorinated ethylene propylene
(FEP) (�50 μm), first tailored into an eighteen-segment struc-
ture, was aligned onto the substrate as one of the triboelectric
surface. Connect two lead wires respectively to the two sets of
electrodes. A soft elastic was employed as a spacer between
the rotator and the stator.

Fabrication of nanowires array on FEP surface

A 50 μm thick FEP thin film was washed with menthol,
isopropyl alcohol, and deionized water, consecutively, and
then dry with compressed nitrogen gas. Using a DC sputter,
coat a 10 nm thick layer of Au onto the FEP film as a
nanoscale mask for creating the polymer nanowires array.
Put the Au-coated FEP into inductively coupled plasma (ICP)
chamber, and introduce O2, Ar, and CF4 gases into the ICP
chamber at flow rates of 10.0, 15.0, and 30.0 sccm,
respectively. Use one power source of 400 W to generate a
large density of plasma and another power source of 100 W
to accelerate plasma ions toward the FEP surface. And then
perform the ICP reactive ion etching for 60 s. The surface
morphology of the FEP thin film was characterized by a
Hitachi SU-8010.

Gas sensing materials synthesis and
characterization

The rhombus-shaped Co3O4 nanorod arrays were prepared
via a two-step fluorine-mediated hydrothermal process
[6,13]. All chemicals or materials were of analytical grade
and used directly without any further purification prior to
usage. Deionized water (18.3 MΩ cm) was produced by using
a Millipore Direct-Q System, and used throughout the
experiments. The typical synthesis was carried out at a
temperature of 95 1C for 12 h and characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM).

Electrical measurement

Acquire the output voltage signal of the BD-TENG via a
voltage preamplifier (Keithley 6514 System Electrometer)
and the output current signal by a low-noise current
preamplifier (Stanford Research System SR570). The soft-
ware platform is constructed based on LabView, which is
capable of realizing real-time data acquisition control and
analysis.

Gas-sensing measurement

The electrical characteristics were measured at room tempera-
ture in the dark using a semiconductor parameter analyzer
(Agilent E5270B) with the bias voltage range of �10 to10 V.
The gas-sensing properties were performed in a high vacuum
system (Lacotech, LVS-1P2703) with a volume of 50 L, as shown
in Fig. S1. The gas sensor was driven by the BD-TENG under
different blowing speeds. When the output was stable, satu-
rated target gas was injected into the test chamber by a micro-
injector through a rubber plug. The saturated target gas was
mixed with air (relative humidity was �40%). After the output
reached a new constant value, the test chamber was opened to
recover the sensors in air. The voltage and current were
acquired and analyzed by the system in real time. Gas response
was designated as the ratio Va/Vg, where Vg is the voltage of a
mixture of target gas while Va is in air. Response and recovery
time are defined as the time needed for 90% of total resistance
change on exposure to gas and air, respectively.

Results and discussion

The basic structure of the BD-TENG mainly consists of three
functional parts: a rotator, a stator and a soft elastic, as



Fig. 1 Device structure of the blow-driven triboelectric nanogenerator (BD-TENG). (a) Schematic illustrations of the functional
components of BD-TENG, which mainly consists of three parts, a rotator, a stator and a soft elastic. (b) A SEM image of the FEP
polymer nanowires (scale bar, 500 nm). (c) A photograph of the as-fabricated stator (scale bar, 1 cm). (d) A schematic illustration of
the BD-TENG and (e) a photograph of an as-fabricated BD-TENG (scale bar, 2cm).
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schematically illustrated in Fig. 1(a). And the rotator can be
further decomposed into three parts: a rotor blade to
convert the air flow into a rotation, a disk made of acrylic
with a layer of FEP at the top, and a bearing to connect the
two. Photographs of the as-fabricated three components are
respectively shown in Fig. S2(a)–(c). The FEP layer is
�50 μm in thickness and 5 cm in diameter, which was
patterned into radially arrayed sectors with each sectional
angle of 101. And then it was aligned onto the acrylic disk
surface. Nanowire structures were created on the exposed
FEP surface by a top-down method through ICP etching to
enhance the triboelectrification for an enhanced electric
output. A SEM image of the vertically aligned FEP nanowires
is displayed in Fig. 1(b), which indicates that the average
clustering diameter of FEP nanowires is �100 nm with an
average length of �1 μm. The stator is composed of two
copper electrodes with complementary patterns, which
have been separated by fine trenches in between, as shown
in Fig. 1(c). The soft elastic is made of sponge, which acts as
a spacer between the FEP layer and the Cu thin film, a
photograph of the spacer is shown in Fig. S2(d). Fig. 1(d) is a
sketch of the as-developed breath analyzer with two vent
ports for air flowing. And the photograph of an as-fabricated
device is shown in Fig. 1(e).

The working principle of the as-developed alcohol sensor is
schematically depicted in Fig. 2, which could be elaborated
from two aspects, one is the air blowing induced electricity
generation part, which is the TENG, and the other is the alcohol
adsorption-desorption induced resistance change, which is the
sensor part that is electrically driven by the TENG for gas
measurements.

The electricity generation of the BD-TENG is based on the
coupling between contact electrification and electrostatic
induction [25–28]. The working principle of a sector unit is
depicted in Fig. 2(a). Here, both three-dimensional schematic
illustrations of the rotation states (up) and their corresponding
two-dimensional potential distribution (down) were used for
illustration. To start, an external pressure, e.g. finger taping,
will bring the rotator to contact with the stator. The FEP on the
rotator will thus contact with the copper foil on the stator. Due
to a different electron affinities of the two, charge transfer
emerges at the interface and the electron will inject from
copper to FEP [29–32]. When the pressure was released, the
soft elastic will separate the two. However, the generated
triboelectric charges are non-mobile and could sustain on the
surfaces. Here, the initial state and the final state are
respectively the states when the rotator is aligned with the
electrode 1 and electrode 2. And the intermediate state repr-
esents the transitional process in which the stator spins away
from the initial state to the final state. At the initial state, the
FEP fully aligns with the electrode 1, which corresponds to a
maximum electrical potential on electrode 1 and a minimum
potential on the electrode 2, and thus a maximized electrical
potential deference between the two, namely, a maximized
open-circuit voltage. When the rotator starts to spin as driven
by the blowing air, the open-circuit voltage starts to diminish
till the middle point, where it turns to zero. Further rotation
beyond this point will result in a reversely established open-
circuit voltage and is maximized at the final state [33–35]. This
is a full cycle of the voltage generation process. To obtain a
quantitative understanding about the working mechanism,
numerical calculations on the induced potential difference in
different motion steps were also carried out using COMSOL
(Fig. S3).

When an external resistive sensor is applied, the voltage
drop applied over the load by the BD-TENG increases with
increasing the load resistance of a sensor. This trend can be
used for self-powered active gas sensing if the magnitude of the
resistance is tunable via controlling the gas concentration at
the vicinity of the sensor. Regarding the alcohol sensor, a p-type
Co3O4 was synthesized that exhibiting a resistance increasing
upon an increasing of the ambient alcohol concentration. The
driving force of this trend is presented in Fig. 2(b). In vacuum,
the main charge carriers of Co3O4 are holes. After being



Fig. 2 Working principle of the BD-TENG for self-powered gas sensing. (a) An illustration of electricity generation process of the
BD-TENG, which holds three states, the initial state, intermediate state and final state. (b) Schematic diagram of the chemical
reactions under the applied voltage generated by the BD-TENG for self-powered gas sensing. And the proposed chemical reaction
process was described as three states, respectively, the surface processes in vacuum, air and alcohol vapor atmosphere.
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exposed to air, the surface of Co3O4 is readily covered with
negatively charged chemisorbed oxygen (O�, O2� and O2

�)
[36,37]. As a result, an increasing of the conductivity emerges
due to the generated holes and the thus formed charge
accumulation layer on the surface. Then, when the alcohol is
introduced, the charge carrier accumulation layer near the
surface is thinned by the electrochemical interaction between
negatively charged chemisorbed oxygen and ethanol molecules,
which releases free electrons and neutralizes the generated
holes [38,39]. The resistance is thus increased until a dynamic
equilibrium is re-established. A coupling of the Co3O4 resistance
change with the blow-driven triboelectric nanogenerator as the
power source, a novel active alcohol gas sensor was thus
developed.

To characterize the electric output of the BD-TENG, the
measurement was performed under different wind speeds. As
shown in Fig. 3(a), the open circuit voltage holds almost
constant at various wind speeds. While the output current
shows a positively proportional relationship with the wind
speeds, as demonstrated in Fig. 3(b). This is because the
output voltage depends on the maximum mismatched area of
the two triboelectric layers in the TENG, while the current
depends on the speed at which the sliding occurs. The
presented BD-TENG was driven by mouth blowing for an active
alcohol detection, which requires the electric output signal is
independent of the wind speeds for an accurate calibration. To
evaluate the resistance dependent electric output, external
load was applied, as shown in Fig. 3(c). The output voltage
increases with load resistance while the output current exhibits
an opposite trend. Both curves have a quasi-linear region
between 0.1 and 100 MΩ. Inset is the circuit for performing
the measurement. Fig. 3(d) plots the current–voltage (I–V)
characteristics between the two neighboring electrodes
bridged by the gas-sensing materials. The current increased
linearly with applied bias, which indicates a good ohmic
contact between the two. And this linear I–V curve ensures
that all of the upcoming gas sensing behaviors can be fully
captured and exhibited from the corresponding curve change
[40,41]. The up-left inset is the SEM image of the Co3O4

nanorod arrays, which holds a rhombic shape with an average
edge length of 400 nm (Fig. S4(a) and (b)). The down-right inset
is the sketch of the gas sensor for alcohol adsorption. The
corresponding XRD pattern and Raman spectrum of the as-
synthesized Co3O4 are presented in Fig. S4(c) and (d).

To characterize the performance of the BD-TENG based
active alcohol sensor, the first step was to determine the
optimum working temperature for the sensor. As shown in Fig. 4
(a), under a fixed alcohol concentration of 100 ppm, the
voltage was found to increase with the operating temperature,
and then decrease with a further increase, which indicates an
optimized working temperature of the sensor tip is at 160 1C for
the alcohol sensing system. It is unfortunate that this part of
heating energy has to be supplied by a power source.
Furthermore, the output characteristic of the BD-TENG at the
optimized working temperature of 160 1C was also system-
atically investigated. As show in Fig. 4(b) and (c), the voltage
and current output varies with alcohol concentrations in a
range of 10 to 2000 ppm. For TENG, when the load resistance
range is from 100 Ω to 0.1 MΩ, the voltage increases with
increasing the load resistance, while the current output holds
almost constant in such range. The real-time resistance change
of the Co3O4 based gas sensor is shown in Fig. S5, which
indicates a resistance change range of 0.2 to 7 kΩ at 160 1C
with an applied 100 ppm alcohol. When the alcohol



Fig. 3 Electrical output characterizations of the BD-TENG. Dependence of the (a) open-circuit voltage and (b) short-circuit current
on various blowing speeds from 2 to 10 m/s. (c) The variation of the output voltage and current with external load resistances under
a fixed blowing speed of 6 m/s (Inset is the measurement circuit diagram). (d) The current–voltage (I–V) curve of the as-fabricated
alcohol sensor. The up-left inset shows a SEM image of the synthesized rhombus-shaped Co3O4 nanorod arrays. The scale bar is
500 nm. And the down-right inset shows the structural design of the alcohol sensor.
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concentrations increase, the resistance of the Co3O4 based gas
sensor also increases accordingly. Consequently, the voltages
increases with the increasing the alcohol concentrations while
the current output holds almost constant. An enlarged view of
the voltage without alcohol is demonstrated in Fig. S6. More-
over, the result indicates that the BD-TENG based gas sensor
could detect ethanol in a wide range of concentrations with a
low detection limitation of 10 ppm. Fig. 4(d) displays the
measured gas response curve of the as-developed breath
analyzer in term of voltage with a testing range of 10–
2000 ppm at a working temperature of 160 1C. At the lower
concentration range blow 200 ppm, the voltage increases
linearly with the elevated alcohol concentration. While at a
higher concentration range of above 500 ppm, a saturation
emerges due to the fully adsorbed positions. Inset is the
enlarged view of the response curve in a range of 10 to
200 ppm, which confirms capability of the device for low
concentration alcohol detection. Fig. 4(e) is a real-time
continuously measured voltage profile to show the dynamic
response of the BD-TENG to ambient alcohol concentrations,
which renders a fast response and recovery time of 11 and 20 s,
respectively. It proves that the approach is an effective way for
rapid alcohol detection. Fig. 4(f) shows the selectivity of the
BD-TENG as an active gas sensor for alcohol detection. The gas
response to 100 ppm alcohol vapor is �34.5, which is signifi-
cantly higher than other similar gases, including isopropanol
(�23.2), methanol (�18.6), acetone (�6.3) and toluene
(�1.8), under the same concentration. This test exhibits high
anti-inte-
rference ability of the device for alcohol detection.

To demonstrate, the BD-TENG was integrated with a signal-
processing circuit to develop a complete wireless warning
system. The circuit diagram of the complete self-securing
system is shown in Fig. S7. And a photograph of the customized
signal processing circuit was shown in Fig. S8. It is worth noting
that, for an experimental demonstration, here we employed a
heating platform to assure a normal working temperature of
160 1C for the sensor. When the BD-TENG was blew by a tester
without drinking alcohol, the voltage drop across the sensor is
almost zero due to a low sensor resistance (Fig. 5(a)). When the
BD-TENG was blew by a tester after alcohol drinking, the
breathed-out alcohol vapor will dramatically increase the
resistance of the sensor, which leads to an increased voltage
drop across the sensor, as shown in Fig. 5(b). This increased



Fig. 4 Performance characterization of the self-powered alcohol sensor based on a BD-TENG. (a) Under a fixed alcohol
concentration of 100 ppm, the dependence of the voltage output on the applied temperatures, which indicates an optimized
working temperature of 160 1C. Under a fixed temperature of 160 1C, the variation of (b) output voltage and (c) current with alcohol
concentrations ranging from 10 to 2000 ppm. (d) The measured gas response curve in term of output voltage. Inset is the enlarged
view of the response curve in a range of 10 to 200 ppm. (e) A real-time continuously measured voltage profile to show the dynamic
response of the BD-TENG to ambient alcohol concentrations. (f) Test of the selectivity of the BD-TENG based self-powered alcohol
sensor.
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voltage signals trigger an IC timer that controls a wireless
transmitter and remotely switches a siren between a panic
state and a silence state. Fig. 5(c) is a schematically illustration
of the BD-TENG based wireless warning system for the alcohol
drunk test. And Fig. 5(d) is a photograph of the corresponding
experimental setup. As shown, when a person after drinking
alcohol blew the BD-TENG, the siren will be on with light
flashing as a warning (Movie S1).



Fig. 5 Demonstration of the BD-TENG as a self-powered breath analyzer. The acquired voltage signals of the BD-TENG when it was
blew by a tester (a) before and (b) after drinking alcohol. The insets show that a wireless alarm was triggered with siren on after
drinking alcohol. (c) A schematic illustration and (d) a photograph showing the BD-TENG acting as a self-power breath analyzer. The
scale bar is 5 cm.
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The BD-TENG based alcohol breath analyzer holds several
unique advantages. First, the output voltage is independent of
the blowing speed and also the user. The constant output
voltage of the BD-TENG is exceptional for the alcohol detec-
tion. Second, the voltage is sensitive to the external resistance
in a range of 0.1 and 100 MΩ, and this tunable resistance is
easy to be fulfilled by various alcohol concentrations. Third, a
designed trigger voltage threshold of 0.1 V enables the alcohol
breath analyzer to work stably even when the gas concentra-
tion is very low.
Conclusion

In this work, we introduced a fundamentally new working
principle in the gas sensing field by fabricating a blow-driven
triboelectric nanogenerator (BD-TENG) that supplies the power
for the sensor measurement. By using a mouth blowing, the
induced output voltage is constant and independent of the
users and blowing speed. But it holds a proportional relation-
ship with the breathed-out alcohol concentration. The response
to 100 ppm vapor ethanol reached �34 with low detection
limit of 10 ppm. Meanwhile, the sensor exhibited good
response/recovery kinetics (11 s and 20 s) and also outstanding
selectivity anti-interference ability. When a drinking person
blew the BD-TENG gently, the generated voltage signals can
trigger to emit a warning signal. We must point out that
although the TENG can supply the power for the sensor
measurement, the power required for the heating unit has to
be supplied. In a case we can found materials that works good
for gas sensing at room temperature, such a sensor is truly
totally self-powered. Given other competitive features, includ-
ing being light-weight, easy fabrication, cost effectiveness, the
justified concept in this work not only launches a new approach
with extensive potential in the field of gas sensing, but also
make a significant progress towards the practical application of
TENGs as self-powered active sensors.
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