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ABSTRACT: Recently, atmospheric pollution caused by
particulate matter or volatile organic compounds (VOCs)
has become a serious issue to threaten human health.
Consequently, it is highly desirable to develop an efficient
purifying technique with simple structure and low cost. In
this study, by combining a triboelectric nanogenerator
(TENG) and a photocatalysis technique, we demonstrated a
concept of a self-powered filtering method for removing
pollutants from indoor atmosphere. The photocatalyst P25
or Pt/P25 was embedded on the surface of polymer-coated stainless steel wires, and such steel wires were woven into a
filtering network. A strong electric field can be induced on this filtering network by TENG, while both electrostatic
adsorption effect and TENG-enhanced photocatalytic effect can be achieved. Rhodamine B (RhB) steam was selected as
the pollutant for demonstration. The absorbed RhB on the filter network with TENG in 1 min was almost the same amount
of absorption achieved in 15 min without using TENG. Meanwhile, the degradation of RhB was increased over 50% under
the drive of TENG. Furthermore, such a device was applied for the degradation of formaldehyde, where degradation
efficiency was doubled under the drive of TENG. This work extended the application for the TENG in self-powered
electrochemistry, design and concept of which can be possibly applied in the field of haze governance, indoor air cleaning,
and photocatalytic pollution removal for environmental protection.
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In the past decades, atmospheric pollution caused by
particulate matter (PM), gaseous pollutants, such as
volatile organic compounds (VOCs) and NOx has become

a serious environmental problem to threaten human life.1,2 For
example, asthma and chronic bronchitis can be exacerbated by
the effects of PM on lungs,3 formaldehyde caused by indoor
decoration can make people feel uncomfortable or even
poisoned.4 Consequently, several techniques have been
employed to purify the indoor atmospheric pollution, including
high efficiency particulate air (HEPA) filter, polymer nanofiber
filter,5 activated carbon absorption,6 plant species removal, and
so on.7 However, each of these techniques still remain
challenging. For example, HEPA and polymer filters are
inefficient for VOC removal; activated carbon has limited
absorptivity and easily creates secondary contamination; plant
removal is time-consuming. Another widely used filtering

technology is an electrostatic adsorption method based on a
high electrostatic field, which universally collects various
suspended particles with a very high efficiency.8 However, the
applied high electric field increases the consumption of energy,
and the ozone generation caused by the high electric field can
be a secondary pollutant to the environment. Hence, a series of
studies should be continuously devoted to pursue more
efficient and more convenient methods for the absorption
and degradation of various atmospheric pollutants.
Since the invention of triboelectric nanogenerators

(TENGs), they have been employed as the energy harvesting
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element for various nano- and microsystems.9−11 By converting
various mechanical vibrations available in our living environ-
ment into electrical energy, TENGs can be directly used to
charge batteries, light LEDs, or drive many electromechanical
devices.12−19 Moreover, based on the effect of electrostatic
absorption from the tribo-induced high electrostatic field,
TENGs can also be used as a filter device to remove pollutant
particles (PM 2.5) in the air. In comparison with conventional
electrostatic precipitation by applying high voltages, the TENG-
based filter device shows several advantages, such as high
efficiency, no energy consumption, and no ozone gener-
ation.20−22 However, the self-powered absorption can only
collect PM, and it offers no chemical degradation of the
pollutants, which is not enough for indoor air purification. On
the other hand, photocatalysis is a powerful technology for
solving environmental problems, including degradation of
aqueous and gaseous pollutants.23−25 The photocatalyst
materials can be smoothly integrated into the design of
TENG devices because the materials used for fabricating
TENG are rather diverse. Thus, the integration of TENG
technique and photocatalysis technology will develop an
improved self-powered filtering method, that is able to
effectively remove and degrade the VOCs, especially form-
aldehyde, for the indoor atmosphere.

Here, we demonstrate a self-powered filter by combining
TENG and photocatalysis technique for removing organic
vapor pollutants in the indoor atmosphere. The filtering
network is fabricated by weaving a series of polymer-coated
steel wires, while the photocatalyst P25 or Pt/P25 is embedded
on the surface of polymer-coated stainless steel wires. A high
electric field can be induced by using the filtering network as
the output terminal of single electrode triboelectric nano-
generator (SE-TENG). Moreover, the high electrostatic field
generated by TENG can induce electrostatic adsorption effect,
collecting tiny particles in the air, which can also enhance the
photocatalytic effect for degrading the pollutants in the indoor
air. Both electrostatic adsorption and TENG-enhanced photo-
catalytic effect can be achieved by this filtering device. This
work shows the potential of TENG for indoor air cleaning and
photocatalytic pollution control.

RESULTS AND DISCUSSION

The structural design of the self-powered pollutant filter based
on TENG and photocatalysis techniques is shown in Figure 1.
The network device was woven from PTFE-coated metal wires,
which can serve as a filter for the pollutants. The polymer-
coated stainless steel wires were prepared as in Figure 1a, and
the detailed fabrication process is described in the Experimental
Section. The raw stainless steel wire was about 100 μm in

Figure 1. (a) The proposed schematic images for self-powered absorption from electrostatic Coulomb force based on triboelectrification effect
and self-cleaning based on photocatalytic effect. (b) SEM image and (c) XRD pattern of the used photocatalyst commercial P25 nanoparticles.
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diameter (Figure S1a) with an internal resistance <0.1 Ω. On
the surface of steel wire, 3 μm of parylene (Figure S1b) and 5
μm of PTFE (Figure S1c) were successively deposited as the
dielectric layer using vacuum vapor deposition and dip-coating
methods, respectively. After annealing at 300 °C, the PTFE
layer shrunk due to fusion (Figure S1e). To realize photo-
catalytic VOC degradation, the photocatalyst, commercial P25
or noble metal Pt-loaded P25 (Pt/P25), was embedded on the
surface of the PTFE layer through the dip-coating method in
P25 or Pt/P25/PTFE suspension. The fabricated network
device is shown in Figure S2. Two groups of strip electrodes
(Al tape) were attached on the frame of the filter. All the metal
wires in vertical or horizontal directions were electrically
connected to the same strip electrodes (see the inset in Figure
1a). The metal wires in vertical and horizontal direction were
separated by the dielectric layers, and the electrostatic field can
be established between them. A SE-TENG was applied for the
system, while the filter network was connected between the SE-
TENG and the ground, as shown in Figure 1a. With the output
voltage from TENG, the surface of filter network could be
charged, which led to a strong electrostatic field along the wires.
Consequently, the tiny dust, microparticles, or polar organic
pollutant molecules could be adhered to or absorbed on the
surface of the PTFE-coated network, as shown in Figure 1a.
With embedded commercial P25 or Pt-loaded P25 nano-
particles (photocatalyst) on the surface layer, the filter network
could realize the degradation of indoor blastomogenic gaseous
matter, like formaldehyde, into nontoxic CO2 and water under
UV irradiation. The applied commercial P25 particles are
nanosized (Figure 1b) and consist of anatase (PDF # 21-1272)
and rutile (PDF # 21-1276) phases (Figure 1c), which possess
strong photon response under UV irradiation. Meanwhile, the
photocatalytic performance could also be enhanced by
restraining the recombination of hole−electron pairs under
the surface electrostatic field.
The detailed schematic of how SE-TENG enhances electro-

static absorption and photocatalytic pollutant degradation is

shown in Figure 2. To demonstrate electrostatic absorption and
enhanced photocatalytic degradation, azo dye RhB was selected
as a sample pollutant. After the spraying process, RhB steam
carried some electrostatic charges, resulting from friction with
compressed air (see Figure 2a).26−28 For the filter network
without electric field, most RhB droplets passed through the
mesh aperture and only a small amount of droplets precipitated
randomly on the surface of the filter. When the filter network
was excited by SE-TENG, a strong electrostatic field was
generated on each wire. Thus, the charged RhB droplets can be
absorbed on the filter due to Coulomb force and the absorbed
dosage on the filter network increased significantly. This
process is the TENG-enhanced electrostatic absorption. The
typical photocatalytic degradation process is shown in Figure
2b. Photocatalyst first captures the photons with an energy
larger than the band gap to generate electron−hole pairs, then
the photogenerated pairs separate and migrate to the surface of
the photocatalyst to induce the oxidation−reduction reaction
on the surface of the catalyst. However, the severe
recombination of free electrons and holes greatly restricts the
photocatalytic process. In this case, the strong electric field
provided by SE-TENG can help to separate the electron−hole
pairs and promote the migration of the charges to the surface of
photocatalyst. The separated electrons and holes can generate
hydroxyl group and superoxide radical based on the reaction
with water and oxygen. Ultimately, holes, as well as hydroxyl
groups and superoxide radical, can directly or indirectly
contribute to the degradation of the pollutants, as shown in
Figure 2b.
The working principle of SE-TENG is based on the coupling

effects of contact electrification and electrostatic induction, as
shown in Figure S3. The contact between dielectric layer and Al
electrode results in an electrification process occurring at the
interface. And the successive separation motion can establish a
strong electrostatic field between Al electrode and ground. In
order to balance this field, the charges from the grounded
position move toward the Al electrode, as can be seen in Figure

Figure 2. Detailed schematic illustration of how SE-TENG enhances (a) electrostatic absorption of RhB dye and (b) photocatalytic
degradation of RhB and formaldehyde.
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S3. Hence, the energy generation process can be achieved. In
this filter system, the SE-TENG was used as the source of
electrostatic field, and the output performance of the device was
systematically illustrated in Figure 3a,b. The detailed structure
of the SE-TENG device can be seen in the inset of Figure 3a.
The dielectric material in the device was the Kapton film with a

contacting area of 60 cm2. The Al foil had the dual function of
output electrode and the tribo material for contact with the
Kapton film. A linear motor with a working frequency of 1 Hz
was applied for driving the SE-TENG, and a continuous
electrical signal can be applied on the filter by SE-TENG under
the periodic motions. Due to the high output voltage from SE-

Figure 3. (a) The open-circuit voltage, (b) the maximum transferred charges, and (c) the short-circuit current of the SE-TENG. The inset of
panel a is a schematic image of the fabricated SE-TENG. (d) The voltage on the filter network device fabricated by P25/PTFE/parylene-
coated stainless steel when combining the SE-TENG. (e) The surface potential distribution on one aperture hole and (f) the voltage drop on
the filter network within 30 min.

Figure 4. Absorption performance of RhB dye on the surface of filter network device (a) without and (b) with SE-TENG. The photographs
were taken (a1, b1) at 5 min, (a2, b2) at 10 min, and (a3, b3) at 15 min. (c) The visible region absorption spectra shows the changing dosage
of absorbed RhB on the surface of filter network; left spectra and right spectra were recorded without and with SE-TENG, respectively. (d)
The absorption intensity recorded at the characteristic wavelength of RhB (554 nm).
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TENG, we modified an electrometer (Trek Model 344)
according to our previous work26 and used the dynamic module
to record the performance of SE-TENG. The voltage output
applied by SE-TENG is a natural square-wave voltage signal, so
no rectifier was used in the process. The open-circuit voltage
(Voc) was measured to be about 1900 V in the contact-
separation cycles (Figure 3a), showing the high voltage output
of SE-TENG. The maximum transferred charges (Qsc) were
only 220 nC, and the short-circuit current (Ioc) was about 14
μA, as shown in Figure 3b,c. When SE-TENG was connected to
the filter network, the established electric field on the filter
network was different from the Voc value. As shown in Figure
3c, the maximum voltage on the network was 1110 V under the
drive of SE-TENG, indicating that the insulating performance
of the filter network was not as good as the open-circuited
condition. It was also important to note that the voltage drop of
1110 V on the filter network was enough to realize all the
filtering function, and no electrical damage on the filter network
had been observed when such a high voltage was applied. The
detailed potential distribution on an aperture hole was
investigated by using probing technique, as shown in Figure
3e. Since the wires in horizontal direction were contacted to the
ground position, the potential signals on the horizontal wires
were very weak. In contrast, the detected potentials on the
vertical wires (connecting to SE-TENG directly) were
exceedingly strong. The highest potentials were located at the
points of crossed sites, which were about 700 V relative to
ground. Between the nearest two crossed sites, the potentials
on the surface showed the sunken distribution along the wire.
At the center of the hole, it was only 150 V relative to ground.
Meanwhile, the electrostatic field established on the network
frame vanished slowly. As shown in Figure 4f, the electrostatic
filed induced on the network only decreased 40% after 30 min.
It is also important to note that the electrostatic field generated
on the network is harmless to human beings, because the Qsc
from the SE-TENG is quite small.
RhB aqueous solution was selected as the pollutant sample

for the electrostatic filter. After being sprayed out from an
atomizer, the tiny RhB droplets can carry some electrostatic
charges. With increased spraying time, the red color on the
filter surface gradually deepened, and the red area gradually

increased. We recorded the photograph of the filter network at
5, 10, and 15 min, respectively, as shown in Figure 4a1−3. It
was not obvious in color variation on the filter without the
electric field. As explained before, RhB droplets absorbed faster
due to Coulomb interactions by applying the strong electro-
static field. Hence, as shown in Figure 4b1−3, the color change
of the filter network became very significant under the drive of
SE-TENG, which can be quantitatively evaluated using
absorption spectra measurement. The visible region absorption
spectra of the network at different times are shown in Figure 4c.
The absorption intensity at the wavelength of 554 nm for the
filter network with and without SE-TENG were recorded, as
can be seen in Figure 4d. When combined with a SE-TENG,
the absorption intensity of the network surface within 1 min
was almost the same intensity achieved within 15 min without
SE-TENG, demonstrating a strong electrostatic absorption
effect.
The commercial P25 nanoparticles, which can help to

degrade the absorbed RhB under UV irradiation, were
embedded on the surface of each wire of the filter network
(Figure S4). When P25 nanoparticles were embedded on the
surface of PTFE-coated stainless steel wires by soaking in a
P25/PTFE suspension, those wires exhibited self-cleaning
ability after fabrication into mesh network under 60 W UV
irradiation, and the color of the filter network was changed due
to the degradation. The photographs in Figure 5 a1,a2 were
captured after staying in UV light for 0 and 30 min, where the
electrostatic field was not applied on the filter. The color
changing of the filter was not so significant in Figure 5a1,a2,
which indicated a slow degradation process of the RhB. When
combined with the SE-TENG, the red dye on the surface faded
dramatically. As can be seen in Figure 5b1,b2, RhB was totally
deconstructed within 30 min. The visible region absorption
spectra of the filter network at different times are shown in
Figure 5c, and indicating that the degradation rate was doubled
under the drive of SE-TENG.
The fabricated filter network can also be applied to degrade

formaldehyde for the indoor air. By loading Pt nanoparticles on
commercial P25 in a photoreduction method, the hybrid
photocatalyst can possess excellent performance on form-
aldehyde degradation. UV−Vis diffuse reflectance spectra

Figure 5. Photocatalytic performance on P25-coated filter network (a) without and (b) with SE-TENG. The filter network irradiated for (a1,
b1) 0 min, (a2, b2) 30 min under UV irradiation. The absorption spectrum of the filter network surface (c1) without and (c2) with SE-TENG.
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(DRS) (Figure S5a) showed that Pt/P25 hybrid powder had
noticeable absorption in the visible region. However, no
obvious corresponding diffraction peaks of metallic Pt were
observed (Figure S5b), indicating that the loaded Pt particles
were rather small and high dispersed. A high angle annular dark
field (HAADF) scanning transmission electron microscope
(STEM) image of Pt/P25 is provided in Figure S5c. The large
Z difference between P25 nanoparticles and Pt metal showed
the distribution of Pt nanoparticles. Moreover, the energy
dispersive X-ray spectrum (EDX) mapping in Figure 6a showed
the distribution of Ti and Pt elements, which also indicated that
the distribution of Pt element was successful. After fabrication
into the mesh network using the Pt/P25-embedded wires, the
voltage on the mesh network dropped to 660 V, as shown in
Figure 6b, which was possibly due to the increasing
conductivity of the PTFE/parylene layer resulting from the
embedding of Pt nanoparticles.
To evaluate the photocatalytic degradation of gaseous

formaldehyde, Pt/P25 alcohol dispersion was dip-coated on a
piece of glass (100 cm2). The total photocatalyst on glass was
quantified to be 5 mg. An absorption−desorption equilibrium
on photocatalyst was established before the photocatalytic
degradation of formaldehyde by circulating convection for 60
min. Under UV irradiation (365 nm LED, 80 W), the
concentration of formaldehyde decreased dramatically as a
function of time, and formaldehyde was totally degraded after
210 min, which demonstrated excellent formaldehyde removal
ability of Pt/P25 photocatalyst (see Figure S5d).
As discussed, application of SE-TENG on the polymer-

coated network could enhance the adsorption ability of charged
droplets and microparticles by the Coulomb force. Since the
formaldehyde molecule is polar, the absorption equilibrium
state on the surface of the network was re-established under the
force of the electrostatic field when the filter was connected to
SE-TENG. Accordingly, the absorption of formaldehyde
molecules was enhanced as was the case for RhB molecules.
Similarly, in some previous reports, the polarized surface could

increase the adsorption of polar ions and gaseous molecules,
such as Ag+, RhB in solution, and gaseous ethanol.29−31 In this
case, the formaldemeter was ineffective to detect the dosage of
increased gaseous formaldehyde absorbed on the filter network
due to the sensitivity and unmatched absorption dosage to total
formaldehyde. Under UV irradiation, formaldehyde molecules
degrade due to photocatalytic effect. Meanwhile, the photo-
catalytic performance was enhanced by the electrostatic field
from SE-TENG, which was similar to the case of RhB
degradation. As shown in Figure 6d, under the drive of the SE-
TENG, the formaldehyde concentration decreased to 60%
within 250 min, while the formaldehyde concentration only
decreased to 80% without SE-TENG. This result suggested that
the degradation efficiency was doubled compared with the case
without SE-TENG, showing the synergistic effect of electro-
static field enhanced absorption and TENG-enhanced photo-
catalytic degradation. More experiments were performed to
confirm the enhanced photocatalytic property of this TENG-
built-in filter. SE-TENGs with different working frequencies
(0.5, 1, 2 Hz) as the sources of electrostatic field were selected
to show the relation between the degradation effect and the SE-
TENG working frequency. The results in Figure S6c indicated
that the formaldehyde degradation rate increased with the SE-
TENG working frequency. Furthermore, it suggested that it can
realize further degradation on more filters (Figure S6d).
Compared with a DC power supply (500 V), the formaldehyde
degradation rate on the filter (Figure S7) was still 5% higher
when combined with a SE-TENG at the working frequency of 1
Hz. The above results proved the concept of this self-powered
filtering method based on TENG technique. Prospectively, the
integrated filter and SE-TENG, as shown in Figure S8, can be
potentially applied in daily life.
Furthermore, a shouter window device was also fabricated to

show the triboelectric-enhanced photocatalytic degradation
method as shown in Figure S9. In order to avoid short-circuit,
a designed insulative slice was used to separate the neighboring
louvered battens. The louvered battens were made of Al foil

Figure 6. (a) An EDX mapping showing the distribution of Pt and P25 nanoparticles in Pt/P25 powder. The green pixels correspond to Ti
element, while red pixels correspond to Pt element. (b) The voltage applied on the Pt/P25-embedded filter network by SE-TENG. (c) The
used setup illustration and (d) the concentration change in formaldehyde photocatalytic degradation process with and without SE-TENG.
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and were prepared by the same method as that in Pt/P25/
PTFE/parylene-coated stainless steel wire preparation. The
result of formaldehyde photocatalytic degradation on shouter
device with SE-TENG was also higher than that without SE-
TENG, which proved the universal strategy of triboelectric-
enhanced adsorption and enhanced photocatalytic degradation
method.

CONCLUSIONS

In summary, we demonstrated a concept of self-powered
filtering method based on TENG technique for purifying the
indoor atmosphere. The photocatalyst P25 or Pt/P25 for
degrading the pollutants was embedded on the surface of
polymer-coated stainless steel wires, and then the steel wires
were woven into a filtering network. A SE-TENG with a
contact area of 60 cm2 was connected to the filtering network,
where contact-separation motion could generate a strong
electric field over 1100 V on the filter network. In order to
demonstrate the electrostatic absorption capability of the
device, RhB steam was selected as the pollutant. The absorbed
RhB on the local filter network within 1 min under the drive of
TENG was almost the same amount of absorption achieved
within 15 min without TENG. The high electrostatic field from
TENG can also enhance the photocatalytic degradation of RhB,
where the time for the degradation of RhB was decreased more
than 50% with the help of TENG. Hence, both electrostatic
adsorption and TENG-enhanced photocatalytic effect can be
achieved on this filter device. Finally, the same network was
employed for the degradation of formaldehyde, where
degradation efficiency within the same time was doubled
under the drive of SE-TENG. This work is a combinational
study of TENG technique and photocatalytic air-pollution
degradation, which can broaden the applications of self-
powered nanosystems. The demonstrated concept can be
widely used in the field of haze governance, indoor air cleaning,
and photocatalytic pollution removal.

EXPERIMENTAL SECTION
Fabrication of the SE-TENG. The SE-TENG was fabricated

according to the previous work.26 A thin Al foil was adhered to an
acrylic board and was used as an electrode. A thin kapton film was
fixed on a linear motor and was used as the friction layer.
Preparation of Pt/P25 Photocatalyst. The Pt/P25 photocatalyst

was prepared by a photoreduction process. P25 powder (1.0 g,
Degussa) was first dispersed in mixture solution of 150 mL of DI water
and 50 mL of alcohol. Then, H2PtCl6 solution was added dropwise
into the previous solution. The formed suspension was stirred for 30
min. After that, a 365 nm LED (CEAULIGHT, 100 W) was vertically
irradiated upon the mixture for 1 h. As a result, the gray powder was
collected with water and ethanol wash, followed by drying process.
The loading of Pt nanoparticles was estimated to be about 1 wt %.
Fabrication of the Filter Network. First, the stainless steel wires

(φ = 100 μm) were thoroughly washed in the ethanol and DI water.
After the drying process, the wires were coated with a 3 μm parylene
layer through chemical vapor deposition (LACHI, LH300). The
coated wires were then soaked in a polytetrafluoroethylene (PTFE)
solution (DuPont, 60 wt %) followed by P25/PTFE or Pt/P25/PTFE
dispersion (P25 0.5 wt %). After annealing at 300 °C for 10 min, the
wires were woven into a mesh structure in an acrylic frame. To
stabilize the wires and ensure electric conductivity, the contact sections
were sealed with Al tape, which served as current collector.
Characterization of the Device. The output characteristics,

including voltage output, current output, transferred charges, and
potential distribution, were recorded by Trek model 344 electrometer
and Keithley 6514 system electrometer. The morphology of

photocatalyst and polymer-coated wires were characterized with a
scanning electron microscope (SEM, HITACHI S4800) and a field
emission transmission electron microscope (FETEM, FEI Tecnai G2
F20 S-TWIN). The crystal structures of photocatalysts were analyzed
by an X-ray diffractometer (XRD, Panalytical Xpert 3 powder, Cu Kα
radiation). UV−vis diffuse reflectance spectra (DRS) were obtained by
using a spectrophotometer (Shimadzu UV 3600) with an integrating
sphere attachment and with BaSO4 as reflectance standard.

Adsorption of RhB Dye. The adsorption of RhB on the filter
network was carried out by a homemade setup. The RhB solution (500
ppm) was sprayed out at the spray flux of 0.2 mL/min by an air
compressor atomizer (nozzle diameter = 17 mm, barometric pressure
= 0.2 MPa), and the filter network was placed vertically 10 cm away
from the nozzle. After certain spraying time, the surface color and
absorption spectrum were characterized by digital photos and
spectrophotometer (Shimadzu UV 3600).

Photocatalytic Degradation of RhB Dye. To carry out the
photocatalytic degradation of RhB on the filter network, the fabricated
device was first immersed in RhB solution (500 ppm) for 5 min to
establish the absorption equilibrium. For the test, the device was
placed under the irradiation of a 365 nm LED (CEAULIGHT, 60 W).
Such discoloration process was recorded by digital pictures and
spectrophotometer (Shimadzu UV 3600).

Photocatalytic Degradation of Formaldehyde. The photo-
catalytic degradation of formaldehyde was carried out in a quartz box
(27 L). Before the quartz box was sealed, 5 μL of diluted formaldehyde
solution was injected into the box, and a tiny fan was used to circulate
the sealed air. The concentration of formaldehyde was measured to be
1.0 ± 0.05 ppm at the equilibrium stage. A 365 nm LED
(CEAULIGHT, 80 W) was irradiated vertically upon the fabricated
filter network with a distance of 10 cm to carry out the photocatalytic
degradation process. The concentration of formaldehyde in the quartz
box was recorded by a formaldemeter (PPM Tech. Ltd. HTV-m).
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