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1. Introduction

To alleviate the increasingly severe energy 
situation and satisfy the self-powered sys-
tems, it is critical to explore sustainable 
and micro-nano energy that could both 
satisfy the social development and resolve 
the global energy crisis.[1–3] In particular, 
harvesting energy from nature, such as the 
sunlight, wind, ocean, mechanical motion, 
etc., is considered as a strategic way for 
enabling the energy security.[4–9] Ever since 
the discovery of triboelectric nanogenera-
tors (TENGs) in 2012, researchers have 
been inspired by the idea of using the 
charging process in triboelectric layer to 
convert mechanical energy into electric 
power.[10] Their shared dream is to col-
lect mechanical energy widely present 
in the surrounding environment and 
people’s daily life and convert them into 
electrical energy.[11–13] TENGs, working 
under the principle of contact electrifica-
tion and electrostatic induction, have been 

Triboelectric nanogenerators (TENGs) use the displacement current as a 
driving force to convert mechanical energy into electric power, which has 
made great contributions to micro-nano energy harvesting, self-powered 
systems, and the sustainable development of mankind. To date, it is accepted 
that the output of TENGs is only dependent on the polarization effect. This 
study reveals that this view is incomplete and, in reality, the magnetization 
effect also makes a significant contribution to the output of TENGs. For the 
first time, a novel insight on the output of TENGs is discovered through the 
theoretical derivation and analysis of Maxwell’s equations in ferromagnetic 
medium. Experimentally, TENGs based on ferromagnetic media are con-
structed, which exhibit higher output than that of non-ferromagnetic media 
based. Interestingly, the output behavior of ferromagnetic media based 
TENGs is strongly related to the external magnetic field ambient, which 
is well demonstrated. The discovered output characteristics of TENGs are 
precisely derived from the working principle of TENGs, simultaneously, a 
completed and unified theoretical system is constructed for TENGs. This 
significant discovery and theory will be an indispensable supplement to the 
existing research on TENGs and also provide a general guidance and deeper 
understanding of the TENG.
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demonstrated by previously reported works.[14–16] Specifically, 
the contact electrification determines the transferred and stored 
charges in the triboelectric layer, and the electrostatic induc-
tion determines the amount of charges that can be induced and 
exported.

Typically, TENG uses the displacement current as a driving 
force to effectively convert mechanical energy into electric 
power, which is an extended application of Maxwell’s equations 
in the field of nano energy.[17] However, the displacement cur-
rent that could be generated by magnetic materials is almost 
overlooked in TENG. Historically, the displacement current 
was introduced into Ampere’s law for satisfying the continuity 
equations of the charges, and it was also proved by Maxwell 
that electricity and magnetism are equivalent.[17,18] On one 
hand, an electrical current could push the movement of mag-
netic domain by the coupling interaction between conduction 
electrons and localized magnetic moments, which was well 
studied.[19–22] On the other hand, an electromotive force gener-
ated by the movement and reorganization of magnetic domain 
wall was also predicted and demonstrated.[23–27] According 
to the fourth term of Maxwell’s equations (circuital law with 
Maxwell’s addition), the changing electric flux can generate a 
magnetic field, which can magnetize the magnetic medium, 
resulting in magnetization.[17] Similar to the alternating current 
generated by TENG in the periodic contact-separation move-
ment, a magnetic field is also generated around the device. 
Therefore, a magnetizing current and an electric field will be 
generated theoretically if a magnetic medium is introduced into 
TENG, which will improve TENG’s electrical output and the 
energy conversion efficiency.

In ferromagnetic substances, there is a powerful molecular 
field, which is originated from the mutual interaction between 
electrons. In addition, the magnetic moments of a specific area 
tend to be ordered, resulting in saturated magnetization in such 
a local area, which is also referred as magnetic domain.[28,29] 
However, owing to the irregular thermal motion, the magneti-
zation direction of each domain is randomly arranged, and the 
magnetic moments among these magnetic domains mutually 
offset each other. Therefore, the entire macro-ferromagnet does 
not exhibit magnetization without an external magnetic field.[30] 
Once driven by an external magnetic field, the magnetic 
moments tend to align with the external field, thus forming an 
additional magnetic field and generating magnetizing current 
in this dynamic process.[28,31,32] Therefore, we propose to couple 
a magnetic field generated by the displacement current with 
the ferromagnetic medium for improving the output character-
istics of TENG.

Based on the model of single electrode triboelectric nanogen-
erators (S-TENG), here we demonstrate that using ferromag-
netic electrodes could improve TENG’s performance, including 
short-circuit current, open-circuit voltage, transferred charges, 
and power density. This enhancement is originated from the 
Maxwell’s equations and does not involve any additional design 
or fabrication process, such as materials modification, pat-
terned structure, or structure optimization. Through the deri-
vation and simulation of a physical model, the performance 
of TENG was predicted theoretically and then verified experi-
mentally. Furthermore, the dynamic micro simulation and in 
situ information of domain wall structures in ferromagnetic 

electrode during magnetization were also investigated, which 
further confirm this proposed mechanism from a microscopic 
point of view. Anyway, the novel mechanism for enhancing 
TENGs’ performance proposed in this work is precisely origi-
nated from the working principle of TENG, which will provide 
a deep understanding of the theoretical mechanism for tribo-
electric devices and bring meaningful guidance for the future 
development and optimization of TENG.

2. Results and Discussion

2.1. Theoretical Prediction of TENG Output Based on  
Maxwell’s Equations

Based on the contact electrification and the principle of TENG, 
original Maxwell’s equations [Equations (1.1)–(1.4)] can be used 
to predict and derive the output of TENG as follows[33,34]

ρ∇ ⋅ =D 	 (1.1)

0∇ ⋅ =B 	 (1.2)

∇ × = − ∂
∂t

E
B

	 (1.3)

∇ × = + ∂
∂t

H J
D

	 (1.4)

where D is the electric displacement vector, and D = ε0E + P. 
Practically, in addition to the polarization caused by electric 
field, there also exists polarization induced by nonelectric field, 
such as piezoelectric and triboelectric effect. Therefore, an addi-
tional term of Ps is added in D for explaining the contribution 
of electrostatic charges induced by contact electrification as 
follows

0 sε= + +D E P P 	 (2.1)

0ε′ = +D E P 	 (2.2)

s= ′ +D D P 	 (2.3)

where D′ in Equation (2.2) is the electric displacement vector 
induced by electrical field. Therefore, the Maxwell’s equations 
in TENG can be written as follows[33,35]

sρ∇ ⋅ ′ = − ∇ ⋅D P 	 (3.1)

0∇ ⋅ =B 	 (3.2)

∇ × = − ∂
∂t

E
B

	 (3.3)

s∇ × = + ∂ ′
∂

+ ∂
∂t t

H J
D P

	 (3.4)

Note that ρ in Equation (3.1) is the distribution of total 
charges in space, including free charges and polarization 
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charges. In Equation (3.4), the first term J is the density of free 
conduction current in space as a result of flowing charges; the 

second term 
∂ ′
∂t

D
 is the displacement current induced by elec-

tric field; and the third term s∂
∂t

P
 is the displacement current 

induced by nonelectric field.
For ferromagnetic media, we have

0ε ε′ = + =D E P E 	 (4.1)

0µ µ( ) ( )= + =B H M H H 	 (4.2)

where ε0, ε, μ0, μ(H)H, and M are the vacuum dielectric con-
stant, dielectric constant, vacuum permeability, ferromagnetic 
permeability, and magnetization, respectively. Especially, the 
ferromagnetic permeability (μ(H)H) for ferromagnetic media is 
dependent on the varying magnetic field.

Start from Equation (4.2), which can be deformed as follows

0 0µ µ∇ × = ∇ × + ∇ ×B H M 	 (5.1)

By substituting Equation (3.4) into Equation (5.1), we have

0 0 0µ µ µ∇ × = +
∂ ′
∂

+
∂
∂

+ ∇ ×



t t

sB J
D P

M 	 (5.2)

where the terms related to the output of TENG can be expressed 
as follows

TENG
s= ∂

∂
+ ∇ ×

t
J

P
M 	 (5.3)

That is, both the polarization induced by nonelectric field 
and the magnetization field could contribute to the displace-
ment current of TENG and the output. According to Equation 
(5.3) derived above, the output of TENG is related to the M. 
For non-ferromagnetic media, they do not respond to the mag-
netic fields, therefore, the term of ∇  × M is zero. While for 
ferromagnetic media, the initial permeability is an indicator 
of the magnetization intensity for a magnetic medium. Based 
on the relationship between M and μ described in Equation 
(4.2), the greater the permeability, the greater the magnetization 
intensity (M), therefore, the larger output of TENG.

For ferromagnetic materials, there are many magnetic 
domains inside and shows spontaneous magnetization 
(Figure 1a). The source of spontaneous magnetization is 
the electron spin magnetic moment, that is, there is a state 
in which the electron shell of an atom is not filled with elec-
trons. According to the principle of minimum energy, Pauli’s 
exclusion principle, and Hund’s rules,[36,37] the arrangement 
of electrons outside the nucleus of common ferromagnetic 
substances is shown in Figure S1 (Supporting Information). 
Specifically, the 3d orbits of iron, cobalt, and nickel have four, 
three, and two vacancies, respectively, which is the source of 
electron spin magnetic moment. Additionally, according to the 
bonding theory, the energy in 3d and 4s orbit of a transition 
metal atom is not much different (Fe, Co, Ni), therefore, their 
electron clouds could be overlapped and cause the redistri-
bution of electrons in 3d and 4s states (Figure  1b,c). Such an 

exchange interaction (exchange integral A) generates a kind of 
exchange energy, and the magnetic moments of adjacent atoms 
are aligned in the same direction when the exchange integral 
is positive (A  > 0), thereby achieving spontaneous magnetiza-
tion. Besides, the exchange integral A is strongly dependent on 
the distance between the nuclei, i.e., the lattice constant. Only 
when the ratio of the distance between the atomic nuclei and 
the radius of electron shell participating in exchange is greater 
than 3, the exchange integral is positive. Therefore, iron, cobalt, 
and nickel satisfy the requirements for spontaneous magneti-
zation at room temperature.[29,31] Based on the theoretical anal-
ysis and physical laws, ferromagnetic inducing electrodes will 
not only provide the characteristics of conductors for electro-
static induction but also improve the performance of TENG by 
increasing the displacement current.

2.2. TENG Working Principle and Electrostatic Simulation

Similar to the conventional TENG,[33,34] the working principle 
of S-TENG to convert mechanical energy into electrical power 
involves contact electrification and electrostatic induction 

Figure 1.  The mechanism analysis of ferromagnetic medium enhanced 
output of triboelectric nanogenerator derived from Maxwell’s equations. 
a) Schematic diagram of magnetization process and the Ampere’s loop 
law of magnetic medium. b) Schematic diagram of the crystal structure 
of iron, cobalt, and nickel. c) Schematic diagram of the electron clouds of 
iron atoms, the overlapping of electron clouds outside the nucleus, and 
the formation of magnetic domains.
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(Figure S2a, Supporting Information). The corresponding elec-
trostatic simulation is illustrated in Figure S2b (Supporting 
Information). In this work, poly-dimethylsiloxane (PDMS) 
was used as a negative triboelectric layer for contacting with 
skin and harvesting energy considering its high electronega-
tivity and biocompatibility.[38] Typically, when finger and PDMS 
are in physical contact, the electrons will be transferred from 
finger to PDMS owing to the differences in triboelectric series, 
resulting in an equal amount and opposite polarity charges on 
the interface of finger and PDMS, respectively. Meanwhile, the 
negative charges stored in PDMS could be kept for a certain 
period owing to the insulated characteristics of polymer layer 
(Figure  S2ai, Supporting Information), and there is no output 
voltage at this stage from the simulated results (Figure S2bi, 
Supporting Information). Subsequently, as the finger starts to 
release, opposite charges on the surface of finger and PDMS 
are separated from each other and could not be completely neu-
tralized owing to the presence of an air layer. To reach electro-
static equilibrium, the electrode on the back correspondingly 
induces a certain amount of positive charges that are opposite 
to the un-neutralized charges on PDMS. Thus, a potential dif-
ference between the electrode and ground is established, driving 
electrons from the electrode to ground through an external cir-
cuit and generating an electrical output signal (Figure S2aii,bii, 
Supporting Information). Then, when it reaches to a certain 
distance between finger and PDMS, which are completely sepa-
rated from each other, the charges induced by electrode are sat-
urated and the output voltage of TENG reaches the highest at 
this moment (Figure S2aiii,biii, Supporting Information). After-
ward, when the finger and PDMS are gradually approaching, 
the separated distance decreases. The positive charges on finger 
could neutralize a portion of negative charges on the PDMS, 
which makes the positive charges on the inducing electrode 
decrease. Meanwhile, the electrons are flowing from ground to 
the inducing electrode through an external circuit, reducing the 
surface’s potential of the inducing electrode (Figure S2aiv,biv, 
Supporting Information). Finally, once the physical contact 
is restored again between the finger and PDMS, the opposite 
charges supported by them could neutralize each other. There is 
no induced charges in the electrode, and consequently, there are 
neither voltage nor current signals. The potentials of electrode at 
different distances between the finger and PDMS are simulated, 
as shown in Figure S2c (Supporting Information). The relation-
ships between electrical characteristics and separation distance 
are plotted in Figure S2d,e (Supporting Information). As the 
separated distance increases, the surface potential of inducing 
electrode and the amount of transferred charges gradually 
increases and finally reaches a stabilized status. The measured 
electrical signals of S-TENG during the periodic contact-sepa-
ration movement, including short-circuit, open-circuit voltages, 
and transferred charges, are presented in Figure S2f–h (Sup-
porting Information), which are consistent with the working 
model discussed in Figure S2a (Supporting Information).

2.3. Improved Output of TENG with Ferromagnetic Media

In this work, the electrical and magnetic characteristics of 
various electrodes were simulated and calculated. Based on 

the principle of TENG, the simulation model simultaneously 
involves both electricity and magnetism. The circuit diagram of 
electromagnetic simulation is shown in Figure S3a (Supporting 
Information). Figure S3b–e (Supporting Information) shows 
the input alternating current (AC), conductivity, and relative 
permeability in the electromagnetic simulation. It can be clearly 
seen from the simulated diagram (Figure S3f and Note S1, Sup-
porting Information) that the magnetic line density of ferro-
magnetic electrodes (iron, nickel, cobalt) increases significantly 
compared with that of traditional electrodes (silver, copper, alu-
minum). The simulated magnetic flux density under AC exci-
tation increases with increasing the magnetic permeability of 
electrodes (Figure S3g, Supporting Information). There is no 
obvious difference in magnetic flux density among traditional 
conductive electrodes (Figure S3h, Supporting Information). 
The average magnetic flux density increases by three orders of 
magnitude from 10–11 T for traditional electrodes to 10–8 T for 
ferromagnetic electrodes (Figure S3i, Supporting Information). 
The increased magnetic flux density shows that the magnetiza-
tion current is accompanied by the magnetization process in 
ferromagnetic electrodes, which makes additional contribution 
to the improvement of TENG’s performance.

The conductivity of a thin film is closely related to its thick-
ness, i.e., the square resistance (Rs) generally decreases with an 
increasing thickness. For better comparison, various electrodes 
used in this work have the same thickness of about 50 μm. 
Figure 2a shows the cross-section scanning electron micros-
copy (SEM) images and elemental mappings of TENG with 
various electrodes, showing the layered structure of inducing 
electrode/PDMS, and confirming the electrode composition. 
In addition, the composition and elemental distribution of the 
negative triboelectric layer PDMS used in various TENG were 
also confirmed, which mainly includes silicon, carbon, and 
oxygen (Figure S4, Supporting Information). Furthermore, 
SEM was performed to examine the surface topography of 
inducing electrodes. Despite the differences in surface mor-
phology, in general, all surfaces are flat without any prominent 
micro/nanostructures (Figure S5, Supporting Information). 
Figure S6 (Supporting Information) shows the X-ray diffraction 
(XRD) spectra of individual electrodes, further confirming the 
crystal structures of various metallic electrodes. Figure  2b–d 
shows the short-circuit current density, open-circuit voltage, 
and transferred charges of different TENG based on tradi-
tional electrodes (Ag, Cu, Al) and ferromagnetic electrodes (Fe, 
Ni, Co). Figure  2e–g shows the comparison of peak electrical 
signals of TENG based on different electrodes. Overall, the 
output characteristics of TENG based on traditional electrodes 
are lower and virtually the same, while those of ferromagnetic 
electrodes are much higher. Figure  2h shows the comparison 
of square resistance, which are much smaller for traditional 
conductive electrodes than ferromagnetic electrodes. Neverthe-
less, the instantaneous ideal power density of TENG supported 
by ferromagnetic electrodes is significantly higher than that of 
traditional electrodes (Figure 2i and Note S2, Supporting Infor-
mation). The power density of Fe-based TENG is about twice of 
traditional ones, and the power density of Ni, Co-based TENG 
is about 1.5-folds of traditional ones. In general, the initial 
permeability is a key indicator of the magnetic sensitivity. For 
ferromagnetic electrodes used in this work, the initial relative 
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permeability of Fe is larger than that of Ni and Co, and the 
latter two are close to each other (Figure S7, Supporting Infor-
mation). As a result, the TENG with Fe electrode has the best 
electrical performance, TENG with Ni and Co electrodes have 
equivalent performance lower than Fe, but higher than tradi-
tional electrodes. The experimental results are consistent with 
theoretical and simulation expectations. As long as a certain 
conductivity is satisfied, increasing the magnetic permeability 
of inducing electrodes could significantly enhance the output 
characteristics of TENG.

To investigate the influence of electrode thickness on the 
output of TENG, in detail, we choose two typical materials, Cu 
versus Ni, as inducing electrode with different thickness for the 
fabrication of TENG. For Cu-based TENG, the electrode thick-
ness varies among 10, 20, 30, 50, and 100  µm. Figure  S8a–c 
(Supporting Information) shows the short-circuit current 

density, open-circuit voltage, and transferred charges of Cu-
based TENG with different electrode thickness. Figure S8d 
(Supporting Information) shows the square resistance of elec-
trodes at different thickness. The square resistance decreases 
significantly with increasing thickness, indicating that the con-
ductivity of electrodes is significantly improved. However, there 
is no significant difference in the electrical performance and 
power density of TENG based on different thickness electrode, 
as summarized in Figure S8e,f (Supporting Information). 
Similarly, for the Ni-based TENG, the short-circuit current den-
sity, open-circuit voltage, and transferred charges are almost 
identical for different electrode thickness (Figure S8g–i, Sup-
porting Information). The square resistance of Ni electrodes 
decreases with increasing thickness, but the output of TENG is 
independent on thickness (Figure S8j–l, Supporting Informa-
tion). The nondependent conclusions of thickness on TENG’s 

Figure 2.  The structure and output of the fabricated TENG supported by different electrodes. a) The cross-section SEM images and elemental map-
pings of different TENG. b–d) The short-circuit current density, open-circuit voltage, and transferred charges of different TENG. e–g) The comparison 
of short-circuit current density, open-circuit voltage, and the transferred charges among different TENG. h) The square resistance of different inducing 
electrodes. i) The comparison of instantaneous ideal power density among different TENG.
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performance based on this work are consistent with the pre-
viously reported.[39] Notably, despite a lower conductivity of Ni 
electrode than that of Cu electrode with the same thickness, 
the output characteristics of Ni-based TENG are better than Cu, 
revealing the magnetizing current generated by Ni electrode 
makes significant contribution to the output of TENG.

To further verify the proposed mechanism, the Cu- and 
Ni-based TENG were examined under different magnetic 
field environments. Figure 3a is the schematic diagram of 

skin-based S-TENG and the contact-separation movement 
between finger and PDMS. Figure 3b is the testing schematic 
of S-TENG at different magnetic field angles, which varied 
from 0° to 180° (under a constant strength of 500 Gs). Figure 3c 
is the testing schematic of S-TENG under different magnetic 
field strength, which was varied among 0, 500 and 2000 Gs, 
respectively (at a constant angle of 0°). For Cu-based TENG, 
the output is basically the same with the varying magnetic 
field angles, indicating that the traditional electrode has no 

Figure 3.  The output of TENG under an external magnetic field. a) Schematic diagram of skin-based single triboelectric nanogenerator and the 
contact-separation movement between finger and PDMS. b) The testing schematic of S-TENG at different magnetic field angles with 500 Gs. c) The 
testing schematic of S-TENG under different magnetic field strength (0-500-2000-0 Gs). d–f) The short-circuit current density, open-circuit voltage, and 
transferred charges of Cu-based TENG under different magnetic field angles. g–i) The short-circuit current density, open-circuit voltage, and transferred 
charges of Ni-based TENG under different magnetic field angles. j–l) The short-circuit current density, open-circuit voltage, and transferred charges of 
Ni-based TENG under different magnetic field strength (0-500-2000-0 Gs). m–o) The comparison of short-circuit current density, open-circuit voltage, 
and transferred charges of Ni-based TENG under different magnetic field strength (0-500-2000-0 Gs).
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obvious response to the external magnetic field and only plays 
a role of charge conduction and separation in the electrostatic 
induction process (Figure  3d–f). While for Ni-based TENG, 
the short-circuit current density, open-circuit voltage, and 
transferred charges change significantly with the varying mag-
netic field angles (Figure  3g–i). Notably, the output of TENG 
is enhanced prominently after applying an external magnetic 
field, and the maximum output is reached at the angle of 90°. 
According to Equation (5.3), the term ∇ × M is a vector that is 
orientation-dependent. The magnetization effect of ferromag-
netic electrodes inside the TENG depends on the external mag-
netic field angle. Therefore, the output of TENG varies with the 
magnetic field angles during mechanical triggering. Addition-
ally, the output of TENG was investigated under the same angle 
(0°) with different strength, which was controlled by adjusting 
the distance between the magnet and TENG. Figure 3j–l shows 
the short-circuit current density, open-circuit voltage, and trans-
ferred charges of Ni-based TENG under different magnetic 
field strength, indicating the output of TENG is improved by 
increasing the magnetic field strength at a constant angle of 0°. 
After the examination at 2000 Gs, the TENG’s performance was 
retested under the condition without an external magnetic field, 
and the output was much lower (Figure 3m–o). The magneti-
zation effect on the internal magnetic domain structure is dif-
ferent for different magnetic field strengths (∇ × M), resulting 
in different output of TENG. Compared with the initial output 
of TENG without a magnetic field, the retested performance 
under no magnetic field had a slight increment, which is 
probably caused by the remanence inside the ferromagnetic 

electrode under the action of a strong magnetic field. Overall, 
the output behavior of TENG based on ferromagnetic electrode 
is strongly related to the external magnetic field environment, 
further matching the Maxwell’s equations theory and verifying 
the proposed enhancement mechanism.

2.4. Microscopic Simulation and In Situ Observation  
of Magnetization and Domain Structure

Figure 4a shows the simulated evolution of magnetic domains 
inside a ferromagnetic electrode, which is under the action of 
an external magnetic field. Before applying the magnetic field, 
the total magnetic moment exhibited externally is approxi-
mately zero, but the magnetic moment of individual domain 
is distinct from each other, with nonzero strength (Figure 4ai). 
Subsequently, the variable magnetic flux density is increased 
under the action of an external magnetic field. Meanwhile, 
the magnetic moment’s direction of partial magnetic domains 
tends to align with the external magnetic field, resulting in 
a nonzero total magnetic moment and improved magnetic 
field strength (Figure  4aii). Finally, more and more magnetic 
domains align with the applied magnetic field and reach the 
saturated state. Meanwhile, the magnetic flux density and 
magnetic field intensity displayed externally reach the largest 
values (Figure  4aiii). Figure  4b,c presents the in situ observa-
tion of magnetic domains by Lorentz-transmission electron 
microscope, revealing the structure of magnetic domains 
and the direction of magnetic domain walls with and without 

Figure 4.  Microscopic simulation and in situ observation of magnetization and domain structures. a) The simulation of magnetic flux density corre-
sponding to the initial magnetization, intermediate magnetization, and saturated magnetization. b) The structure and magnetic flux lines of magnetic 
domains without magnetization based on iron: i) just focus; ii) over focus; iii) under focus; and iv) the enlarged image of magnetic domains and 
domain walls. c) The structure and magnetic flux lines of magnetic domains with magnetization based on iron: i) just focus; ii) over focus; iii) under 
focus; and iv) the enlarged image of magnetic domains and domain walls.
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magnetization. The magnetic domain walls could be clearly 
identified by comparing the under-focused and over-focused 
images, and the magnetic flux lines in the corresponding area 
could also be observed via the electronic holography. The in 
situ characterization during the magnetization process further 
demonstrates that the microstructures of magnetic domains 
have changed significantly, accompanied by the deflection and 
movement of the magnetic domain walls (Figure  4biv,civ). 
As a result, the movement of magnetic domain walls and the 
changes of domain structures lead to the changes of spatial 
magnetic field and the formation of displacement electric field.

3. Conclusion

In summary, we have predicted and proposed a novel effect of 
spatially varying magnetic field on the displacement current of 
triboelectric nanogenerators, where is starting from the Max-
well’s equations, and the output characteristics of TENG is 
redefined and explained. To our best knowledge, this discovery 
and theory is proposed for the first time since the creation of 
triboelectric nanogenerator. We found that not only the polari-
zation effect, but the magnetization effect can also make great 
contributions to the output of TENG. Experimentally, TENGs 
based on ferromagnetic media are constructed, which exhibit 
higher output than that of non-ferromagnetic media based. 
Interestingly, we found that the TENG output behaviors are 
closely related to the external magnetic field ambient, further 
verifying our proposed theoretical analysis and systems for 
TENG. Finally, we believe that this interesting and significant 
discovery will be an indispensable supplement to the existing 
research of TENG, and a completed and unified theoretical 
system is also constructed for TENG, which will provide a deep 
understanding of the theoretical mechanism for triboelectric 
devices and bring meaningful guidance for the future develop-
ment and optimization of TENG.

4. Experimental Section
Fabrication and Measurements of the S-TENG Supported by Different 

Electrodes: The thickness of inducing electrodes used in this work 
was controlled at about 50 μm, and its morphology and structural 
characterization were carried out by SEM and XRD. Then the electrodes 
with a diameter of 3 in. were fixed on glass substrate with the same 
size, and the spin-coating of PDMS (Sylgard 184 silicone elastomer) was 
conducted, i.e., PDMS/electrode/glass. Afterward, the samples were 
placed on a hot plate for curing at 120 °C (details in Note S3, Supporting 
Information). Finally, the S-TENG supported by various electrodes were 
cut to the same size (2 × 1  cm2) for examining the electrical output. 
The short-circuit current, open-circuit voltage, and transferred charges 
were examined through a Keithley 6514 electrometer. In the process of 
testing, all samples would continuously accumulate charges during the 
periodic contact-separation movements until a stable output signal was 
reached, as shown in Figure S9 (Supporting Information). In addition, 
the test details and results of the contact-separation TENG based on 
a dual-electrode mode (2 × 2  cm2) have been presented in Note S4, 
Figures S10 and S11 (Supporting Information).[40,41]

TENG’s Electromagnetic Simulation and Analysis: The working 
principle of TENG was simulated by using an electrostatic field 
model. The ferromagnetic electrodes used in TENG were simulated 
via electromagnetic field, and its mechanism was analyzed from 

the perspective of microscopic magnetic domains. Except that the 
electrostatic simulation is a stable state physical field, the rest are 
simulated in a transient physical field.

Fundamental Characterization and Analysis: The topography of 
electrodes was analyzed by a JEOL JSM-7800F field-emission scanning 
electron microscope (JEOL, Japan), indicating the flat electrode surface 
without any microstructures. The layered structure and chemical 
composition of the fabricated S-TENGs were observed by an energy-
dispersion spectrum (EDS) and elemental surface scanning. The 
phase structure of various electrodes was characterized by a D/max 
2500PC  high-resolution X-ray diffractometer (Rigaku, Japan) with Kα 
radiation, proving the crystal plane structure of the electrodes. The 
magnetic performance of ferromagnetic electrodes was obtained 
by a SQUID vibrating sample magnetometer (VSM), including the 
initial permeability (Quantum Design, USA). Additionally, the in situ 
observation of magnetic domains structure and domain walls was 
performed by a JEM-2100F Lorentz-transmission electron microscope 
(JEOL, Japan), which reveals the dynamic changes during the 
magnetization.

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