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The basic structure of high-field EL is an 
alternating-current electroluminescent 
(ACEL) device, where the electrons in the 
phosphor or injected by the electrode are 
accelerated in the crystal and collide with 
the luminescent center to excite or ionize 
under the applied electric field, and emit 
radio light when electrons return to the 
ground state.[11,12] Compared to the tradi-
tional LED, the ACEL device has attracted 
widespread concerns due to its low power 
consumption, long service life, and excel-
lent mechanical stability, however, the 
high frequency and unavoidable high 
driving voltage required for light-emit-
ting limits the wide application in smart 
wearable field. Meanwhile, with the rapid 
development of science and technology, 
electronic devices have shown a trend of 
miniaturization, low power consump-
tion, and multi-function, thus it is urgent 
to find a low carbon, environmentally 
friendly, and clean energy to get rid of the 
dependence on traditional power sources.

Pioneered by Wang and co-workers, nanogenerators based 
on the coupling of the triboelectrification and electrostatic 
induction have been developed in the last few years,[13–15] ush-
ering a new era of environmental energy collection and utiliza-
tion. Unlike traditional chemical batteries, which have a limited 
lifespan and need to be replaced or recharged frequently.[16–18] 
The TENG have shown unprecedented output performance 
and advantages in harvest randomly distributed or irregular 
mechanical energy from the environment into electrical energy, 

Low frequency, portable power source is one of the key challenges for appli-
cations of wearable alternating-current electroluminescent (ACEL) device 
because it typically requires a working frequency above 500 Hz. Here, an 
extremely low frequency self-powered ACEL system is proposed, which 
consists of a vertical contact-separation triboelectric nanogenerator and a 
self-made flexible ACEL device. It achieves directly-driven electrolumines-
cence phenomenon in real-time by triboelectrification and works completely 
self-powered through converting kinetic energy of human body into electricity. 
The working frequency has fallen from 500 to 1 Hz, i.e., the real frequency 
needed for electroluminescence has dropped 500 times, which is due to the 
favorable low-frequency high-voltage advantages of the triboelectric nanogen-
erator. It delivers a stabilized open-circuit voltage of 160 V and a short-circuit 
current of 6 µA for applied force of 0.1 N. Meanwhile, a strong blueshift is 
also observed experimentally with the change of working frequency. Fur-
thermore, a self-powered medical protective gown is demonstrated that is 
real-time monitoring both the temperature and humidity. This work breaking 
the bottleneck of high-frequency driving, demonstrates the great potential of 
self-powered ACEL systems in wearable electronics and medical health.
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1. Introduction

Electroluminescence (EL), a kind of non-thermal light pro-
duced by electric field, has been developed and applied as an 
important part in flexible lighting displays, human-machine 
interactions, and intelligent electronic skin.[1–10] Typically, EL 
is a luminescence phenomenon that converts electrical energy 
into light, including injection EL and intrinsic EL, which are 
classified into two categories: high-field EL and low-field EL. 
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such as ocean waves,[19,20] winds,[21,22] and human-body move-
ments.[23,24] In contrast to driving direct-current electronic 
devices or electrochemical reactions, TENG can drive ACEL 
devices easily without rectification circuits due to their AC com-
patibility. Hence, the integration of TENG and ACEL devices 
has been shown an effective way to improving the portability 
and wearability of wearable electronics, which not only effec-
tively harvest the mechanical energy in the environment, but 
eliminate the energy loss during rectification, providing a more 
powerful platform for portable electronic devices.

Herein, we have developed an extremely low frequency, port-
able power source by using triboelectrification for integrating 
flexible self-powered ACEL system, which consists of a vertical 
contact-separation triboelectric nanogenerator (VCS-TENG) 
and an ACEL device. The breakthrough of this work is that it 
can be achieved to directly drive EL device by triboelectrifica-
tion produced using the gently patting at the frequency of 
nearly 1 Hz. Another even more important is that the system is 
completely self-powered operating without any external power 
sources at all. Because of VCS-TENG based on the two opposite 
friction materials of Nylon and polyvinyl chloride (PVC) is fab-
ricated, which can freely convert kinetic energy of human body 
into electricity. Owing to the favorable low-frequency AC char-
acteristics of VCS-TENG and the flexibility of the device, that is 
easily attached to clothing, increasing practicality and security. 

Its results have been aided by the intrinsic output advantages 
of VCS-TENG in high-voltage and lower current under larger 
load resistance, which delivers an open-circuit voltage of 160 V 
and a short circuit of 6 μA with an effective contact area of  
25 cm2. More to the point, while the realized minimum working 
frequency is just 1  Hz when the system is working properly. 
The working frequency has fallen from 500 to 1 Hz when the 
system is working properly, which AC frequency needed for 
EL phenomenon has dropped 500 times. Meanwhile, a strong 
blueshift phenomenon is also observed experimentally with the 
change of working frequency and open-circuit voltage. Further-
more, a self-powered medical protective gown is demonstrated 
successfully that is both temperature and humidity monitoring 
in real-time, indicating that it is used mainly in fast warning 
and displays the efficacy and safety of epidemic prevention and 
provide protection to medical staff.

2. Results and Discussions

2.1. Structure of the ACEL

In general, the basic structure of the flexible ACEL device with 
four layers integration is shown in Figure  1a and the cross-
sectional SEM image of Figure  1b. It mainly consists of top 

Adv. Optical Mater. 2021, 2101918

Figure 1.  Structure design of the ACEL device. a) Schematic diagram showing the detailed structure of the ACEL device. b) Cross-section of the whole 
device. c) SEM image of BaTiO3. d) SEM image of ZnS: Cu. e,f) Optical images of the ACEL device at original and bending. g) Schematics of the 
operating principle for the VCS-TENG. h) Fabrication process of the ACEL device.
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electrode, phosphor layer, dielectric layer, and bottom electrode 
respectively. For electrodes, indium tin oxide (ITO) is the most 
commonly used as the top electrode, which provides a series of 
remarkable properties including high transparency (≥80%), low 
resistance (6Ω sq−1), flexibility, and conductivity. Silver paste or 
any material with excellent conductivity is an important part of 
the bottom electrode, which achieves arbitrary writing and elec-
troluminescence. The middle layer is composed of phosphor 
layer and dielectric layer. In the phosphor layer, copper-doped 
zinc sulfide (ZnS: Cu) was selected as the electroluminescent 
luminescent material due to its outstanding chemical stability 
and electroluminescent properties. The morphology of the 
ZnS: Cu particles is shown in Figure  1d. Among them, ZnS 
is the main material and Cu is the center of the luminescent 
emitting green or blue light during excitation. Doping and co-
doping with different transition metals is a key way to prepare 
inorganic luminescent materials, which can be easily adjusted 
by doping with different concentrations and types of elements. 
For instance, Manganese (Mn), Chromium (Cr), and Erbium 
(Er) can also be used as doping metals as luminescent centers 
are excited by highly accelerated electrons, resulting in emit-
ting light corresponding to respective energy bands. The dielec-
tric layer is composed of barium titanate (BaTiO3) and epoxy 
resin. BaTiO3 is the most popular insulating material due to its 
extremely high dielectric constant (2000–3000 at room tempera-
ture). It has been reported that nanoscale BaTiO3 enhance the 
brightness of electroluminescent device,[25–27] so we used ultra-
sonic method to reduce the size to avoid agglomeration. The 
SEM image is shown in Figure 1c. As a binder, epoxy resin not 
only promotes to form a dense and uniform layer of BaTiO3, 
but also enhances the dielectric coefficient of the dielectric 
layer. The existence of the dielectric layer mainly plays a protec-
tive role to prevent the short circuit of the electroluminescent 
device caused by the fluorescence quenching due to the high 
field intensity.

In addition, the ACEL device exhibits excellent EL perfor-
mance, which emits light under the bending state (Figure 1e,f). 
Figure 1h indicates the ACEL device was fabricated by an easy 
and simple method of blade-coating method (see Experimental 
Section for details), resulting in the thin thickness (391 μm) 
and light-weight (0.892  g) under the area of 4  cm × 2.5  cm  
(Figures S1 and S2, Supporting Information). Due to the thin-
ness and lightness, ACEL devices are more conducive to wear-
able integration and portability. Besides, Figure  1g illustrates 
the working principles of the VCS-TENG, which is in conjunc-
tion with triboelectrification and electrostatic induction. Owing 
to the simple structural design, an alternating current will 
be generated through the continuous contact and separation 
movements between the Nylon and PVC polymeric materials.

2.2. Electrical Output Performance of VCS-TENG

A photograph of a contact-separation structured VCS-TENG 
unit is shown in Figure 2a, which consists of Cu as the metal 
electrodes, a layer of Nylon as an electrification material with 
a thickness of 25 μm, PVC as another dielectric layer, where 
its thinness would enhance the wearability and contribute to 
the portability of the device. Through COMSOL, the potential 

distributions in the contact and separation states are simu-
lated accordingly to observe the power generation processes 
(Figure 2b). Figure 2c and Movie S1, Supporting Information, 
demonstrate that the VCS-TENG could light up 80 LEDs in 
series through tapping. In order to evaluate the effective elec-
trical output performance of the VCS-TENG, a linear motor was 
used to provide periodic contact-separation motion to inves-
tigate the output performance of the VCS-TENG at different 
frequencies. As demonstrated in Figures  2d,f, the VCS-TENG 
can effectively capture the energy in a frequency range of 0.5–
2.5 Hz, which generate a high output performance (Voc: 160 V, 
Isc: 6 μA) under a contact area of 25 cm2 and applied force of 
0.1 N (Figure S3, Supporting Information), and the current 
increases with frequency, voltage and charge output does not 
change significantly. This is explained by the fact that a faster 
contact-separation motion means that there will be more con-
tact release cycles per unit time, resulting in a larger current. 
Figure 2g shows that in the force range of 1–5 N, the open-cir-
cuit voltage gradually increases as the contact force increases. 
In addition, we measured the output current at different resist-
ances. The maximum output current of VCS-TENG gradually 
decreases as the external resistance increases. At the same time, 
the corresponding instantaneous power is 0.418 mW maximum 
at a load resistance of 300 MΩ (Figure 2h). In addition, in order 
to evaluate the stability of VCS-TENG, we tested the output per-
formance of the VCS-TENG after 5000 vertical contact-separa-
tion cycles at a frequency of 1 Hz, the output voltage changes 
minimally (Figures  2i), indicating the high durability of the 
VCS-TENG for long term operations.

As a wearable device, comfortable and compatibility are very 
important for long-term usage. Therefore, we have tested the 
bending performance of ACEL device and demonstrated supe-
rior stability and excellent EL performance. During the experi-
ment, the ACEL device was fixed at one end of the linear motor 
to test the stability in repeated motion conditions. As shown in 
Figure 3a,b, the emission intensity just led to a small decrease 
of 7.6% in the emission intensity even after 1000 bending cycles 
tests at a frequency of 1  Hz, which indicates that the ACEL 
device possess well bending stability and excellent luminous 
performance. Meanwhile, the ACEL device with different pat-
terns can be fabricated by blade-coating method (Figure 3c). In 
the ACEL device, the light-emitting wavelength and luminous 
intensity are rigidly related to the frequency and the driving 
voltage. Therefore, the emitting light colors and luminous 
intensity can be easily tuned by changing the frequency and 
magnitude of the applied voltage. However, due to the works 
for a long time at a condition of high voltage and high fre-
quency, the performance of the ACEL device will be affected 
that the brightness increase and shorten the life.[6] Therefore, 
the relationship between the luminous brightness and various 
applied voltages of ACEL device can be expressed by

L L Vβ= −exp( / )0
1/2 	 (1)

where L0 and β are empirical parameters determined by 
the device material and structure, L is luminance, V is the 
applied voltage. The normalized EL spectra of the ACEL device 
under different frequencies (0.5–2.5  Hz) are exhibited in 
Figure 3d,f. Figure 3e shows the associated optical image where 
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the brightness of the ACEL device increases as the frequency 
increases. Upon increasing the frequency from 0.5 to 2.5  Hz, 
the EL emission peak showed a blue shift with the emission 
peak maximum shifted from 521 to 518 nm (Figure 3f). Mean-
while, the relationship between the brightness of the ACEL 
device and the applied voltage is shown in Figure 3g,h. It can 
be seen that the luminous intensity increases with driving 
voltage increasing, which is attributed to the augment in the 
energy and number of excited hot electrons due to the improve-
ment in the driving voltage, which increases the electron transit 
from excited state to ground state, resulting in the increases of 
luminous intensity. The result also demonstrates the relation-
ship between luminous intensity and driving voltage. Figure 3i 
depicts that ACEL device exhibits an emission peak at 519 nm 
under a certain frequency and the luminous intensity increases 
rapidly with the increasing applied voltage.

2.3. The Electroluminescent Mechanism via TENG

As illustrated in Figure  4a, the ACEL device is composed of 
a phosphors layer that is sandwiched between the conductive 
layer and dielectric layer. At present, the theory inorganic EL is 

yet to be further studied as its not fully mature, while the ACEL 
device mainly relies on the excitation of electric fields including 
impact ionization or impact excitation theory.[28,29] The colli-
sion excitation is due to the direct collision between hot elec-
trons and the luminescent center as schematically illustrated 
in Figure  4b. First, the deep-level electrons in the phosphor 
layer interface or dielectric layer are excited to enter the phos-
phor layer by tunneling under the driving high field. The initial 
electrons are accelerated to become hot electrons, caused the 
electron energy transition from the ground state to the excited 
state via the collision with the EL center. As the electrons return 
from the excited state to the ground state, the energy is released 
in the form of light, and uncaptured hot electrons are trapped 
as space charges on the interface between the anode side of 
the insulating layer and light-emitting layer. It can be seen that 
EL is a complex physical process including interface emission, 
electron transport, collision excitation, and field ionization, 
which are interlinked and affect each other. The emitted light is 
transmitted from a highly transparent electrode substrate and 
the devices are expected to be used in large-area light sources 
and instrumentation display panels.

The results in Figure 4c,d shows the CIE color coordinates of 
the ACEL device at different driving voltages, from which it can 
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Figure 2.  Output performance of the TENG in vertical contact-separation mode. a) Optical images of VCS-TENG. b) Potential simulation by COMSOL 
to elucidate the working principle. c) The photograph of 80 LEDs lighted by hand tapping of the VCS-TENG. d–f) Open-circuit voltage, short-circuit 
current, and short-circuit transferred charges at various frequencies of the VCS-TENG (0.5–2.5 Hz). g) Open circuit voltages of VCS-TENG under 
different forces (1–5 N). h) The output current and power of the VCS-TENG under various load resistance. i) Output electrical stability of VCS-TENG 
under long-time cycling.
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be seen more intuitively that the coordinates gradually move 
from the light green area to the dark green area as the driving 
voltage increases, which also verifies the experimental results 
that the intensity of luminescence increases as the increase in 
voltage. Meanwhile, the chromaticity coordinates shift gradu-
ally from green towards blue in color space as the frequency 
increases from 0.5 to 2.5 Hz, which can be clearly observed in 
the 1931 chromaticity diagram (Figure  4f,g). The shift in peak 
position is attributed to the difference in application frequency, 
since the emission intensity and color are strongly dependent 
on the application frequency. As the frequency increases, the 
corresponding EL centers excited by the electric field and the 
EL intensity increases consequently. The main reason for the 
blue shift is due to the particularity of the ZnS: Cu energy 
level structure, which exists two different acceptor levels of Cu 
leads to a change in EL color. One is the deep acceptor level far 
from the valence band, corresponding to the green EL center 
as shown in Figure 4e. The other is the shallow acceptor level 
closer to the valence band of ZnS, where the holes at the energy 
level are easily relaxed into the valence band to produce fluo-
rescence quenching, corresponding to the blue EL center as 
shown in Figure 4h. At the low-frequency excitation, the holes 
in the blue EL center relax to the valence band or the green EL 
center during the half-period excitation due to the hole’s life is 
shorter than the half excitation period. Thus, the holes in the 

green EL center become the main ionization center and play 
a major role in the EL. Under the excitation of high frequency, 
the hole in the blue EL center become the dissociation center 
during excitation half-period, which increases the specific 
gravity compared to the holes in the green EL center without 
relaxation, so the blue component of the emission increased, 
resulting in the emission peak blue shift.

2.4. Applications in Medical Health Self-Powered Monitoring

With the epidemic of the Corona Virus Disease 2019, the safety 
of medical personnel is of utmost importance, while the protec-
tive suit is an important barrier to reduce the risk of infection 
to maximize the safety of medical personnel. However, the pro-
tective suit is easily damaged after prolonged activity, medical 
personals are exposed to bacteria, which increases the chance of 
infection. So, we designed a system in which the ACEL device is 
integrated with VCS-TENG and simultaneously monitors tem-
perature and humidity (Figure 5a). As displayed in Figure 5b, 
the VCS-TENG and ACEL device attached to the protective suit 
that the medical personnel writes on the ACEL device arbitrarily 
to achieve EL in real-time by patting the VCS-TENG at low 
frequency (nearly 1  Hz). The charging capability of the VCS-
TENG with different capacitors (Figure 5d), illustrating that the 
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Figure 3.  Optical properties of ACEL device. a,b) The brightness intensity of the ACEL device with the bending cycles. c) Patterned ACEL device.  
d–f) EL spectra of ZnS: Cu at various applied frequencies (0.5–2.5 Hz). g–i) EL spectra and the relative intensity of ACEL device under various voltage, 
the corresponding photographs are shown in the inset.



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101918  (6 of 8)

www.advopticalmat.de

charging rate gradually accelerated as the capacitance decreases. 
Besides, the collected power can be rectified and stored in a 
capacitor or battery for later use through rectification. Figure 5c 
and Movie S2, Supporting Information, demonstrate the VCS-
TENG which generates high voltage, low current, and AC 
compatibility that can directly drive ACEL device to emit green 
light, which can be observed clearly in the dark. Meanwhile, 
temperature and humidity sensors are placed in the protective 
suit, which monitors the temperature and humidity changes in 
real-time by the monitoring system (Figure 5e and Figure S5, 
Supporting Information). The monitoring system works nor-
mally when the protective suit is in normal condition, while as 
the protective suit is damaged (Figure 5f), the temperature and 
humidity indications drop dramatically leading to the triggering 
of an alarm, as shown in Figure  5e, Figure  5f and Movie S3, 
Supporting Information. Advanced technologies have a signifi-
cant impact on modern healthcare monitoring systems, such as 
the internet of things (IOT) and cloud computing, which pro-
vide statistics and analysis from massive data to contribute to 
remote healthcare monitoring, alerting, and making important 
medical indications. Thus, the system illustrates the feasibility 
of medical health self-powered monitoring, based on the sig-
nificant advantages of ACEL device in terms of flexibility, thin-
ness, stability, and integration, which has a promising prospect 
in wearable integrated device systems.

3. Conclusion

In summary, an extremely low frequency, wearable, self-pow-
ered ACEL system has been achieved based on triboelectrifi-
cation, which consists of a VCS-TENG and an ACEL device. 
This technologies breakthrough significance is that it can be 
achieved to directly drive EL phenomenon in real-time by triboe-
lectrification produced using the gently patting at the frequency 
of nearly 1  Hz, which is due to the favorable low-frequency 
high-voltage AC output advantages of VCS-TENG. Another 
even more important point is that the system is completely 
self-powered operating without any external power sources at 
all, because VCS-TENG can freely convert kinetic energy of 
human body into electricity. These results confirmed that the 
working frequency has fallen from 500  Hz to 1  Hz when the 
system is working properly, which AC frequency needed for 
EL phenomenon has dropped 500 times. Meanwhile, a strong 
blueshift phenomenon is also observed experimentally with 
the change of working frequency and open-circuit voltage. 
Furthermore, owing to the intrinsic flexibility advantages of 
VCS-TENG and EL device, that is easily attached to clothing, 
increasing practicality and security. A self-powered medical 
protective gown is demonstrated successfully that is real-time 
both temperature and humidity monitoring, indicating that it is 
used mainly in fast warning and display the efficacy and safety 
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Figure 4.  Structure, mechanism, and electroluminescence characteristics of ACEL device. a) Structure of ACEL device. b) The mechanism of lumi-
nescence. c,d) CIE coordinates of ACEL devices at different voltages. f,g) CIE coordinates of ACEL device at various frequencies (0.5–2.5  Hz).  
e,h) Schematic energy level diagram of electronic transitions.
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of epidemic prevention and provide protection to medical staff. 
This work breaking the bottleneck of high-frequency driving, 
demonstrating the great potential of self-powered ACEL system 
based on TENGs in wearable electronics and medical health 
monitoring.

4. Experimental Section
Fabrication of ACEL Device: The flexible ACEL device was fabricated by 

a simple blade-coating method consisting of two electrodes, a phosphor 
layer and a dielectric layer. First, the phosphor layer was prepared by 
mixing phosphor (ZnS: Cu) with epoxy resin in the ratio of 1.5:1, and 
then it was repeatedly scraped twice on the ITO electrode and dried in an 
oven at 120 °C for 10 min. Next, BaTiO3 and epoxy resin were mixed in a 
ratio of 1:1 and scraped on the phosphor layer after 30 min of ultrasonic 
method, and then dried in an oven at 120  °C for 15 min three times. 
Finally, a layer of silver paste or any conductive materials was scraped on 
the dielectric layer, thus contract the ACEL device.

Fabrication of VCS-TENG: A vertical contact-separation mode TENG 
was fabricated based on two different films of Nylon and PVC friction 
layers. A layer of Nylon as an electrification material with a thickness 
of 25 μm, PVC as another electrification material with a thickness of 
100 μm, the copper as the electrode with a size of 5 cm × 5 cm, which 
adhered on 3 M foam tape to serves as a buffer cushion.

Characterization and Measurement: The morphologies of luminescent 
powder (ZnS: Cu), dielectric powder (BaTiO3), and the cross-sectional 

images of ACEL device were measured by field emission scanning 
electron microscopy (Nova Nano 450). The EL spectrum was tested 
through a compact spectrometer. A linear motor was used to provide 
periodic contact-separation motion to produces output voltage and 
short-circuit current, which were measured by a programmable 
electrometer (Keithley, model 6514). The monitoring system was 
constructed based on LabView, which was capable of realizing real-time 
temperature and humidity data acquisition.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  Demonstration of the developed VCS-TENG with ACEL device in medical health self-powered monitoring. a) Corresponding application 
scenario diagram. b) Picture showing the ACEL device integrated with TENG are attached on the protective suit. c) Schematic diagram of various self-
powered intelligent electronic devices driven by VCS-TENG. d) Charging curve of the TENG at various capacitance capacities. e) Screenshot showing the 
temperature and humidity sensing system. f) Partial schematic diagram of protective suit. g,h) Monitored changes in temperature and humidity data.
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