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1. Introduction

The past few decades have witnessed 
the rapid progress of portable elec-
tronic devices and wireless sensor net-
works, during which extensive efforts 
have been devoted to the development 
of mobile and distributed energy. The 
big data and the imminent era of the 
Internet of things promote the research 
of harvesting micro/nano energy and sus-
tainable energy.[1] In recent years, triboe-
lectric nanogenerator (TENG) proposed by 
Wang’s group,[2] which can convert various 
environmental mechanical energy into 
electrical energy based on the coupling of 
triboelectrification effect and electrostatic 
induction effect, has attracted widespread 
attention.[3–9] Taking advantage of low 
cost, wide selection of materials, simple 
preparation, light weight, and high pulsed 

power density, TENG has been widely used in micro/nano-
power sources, self-powered sensors, high-voltage source, and 
blue energy.[10–19]

As an energy harvester, the wide range applications and com-
mercialization of TENG are determined by its power density, 
which is quadratically related to its surface charge density.[20] 
Generally, part of the surface charges will be consumed by the 
widespread existence of leakage current in dielectric film[21] 
and air breakdown effect.[22,23] The common TENG will quickly 
reach a low equilibrium state between the charge accumu-
lation and charge decay (Figure  1a (i)) due to the inevitable 
 degradations and limited surface charges generated by tribo-
electrification, accompanied by a low output performance.[20,24] 
To increase the charge density, some efforts, e.g., high vacuum 
environment[25] and high-pressure gas environment,[26] have 
been devoted to suppressing the surface charge decay by 
avoiding air breakdown in a high surface charge density state 
(Figure 1a (i)). These strategies can significantly maintain high 
surface charge density as well as high output performance. 
However, the extreme environmental conditions are difficult to 
realize in practical applications.

On the other hand, there are some effective methods that can 
be utilized to increase the surface charges through enhancing 
the charge accumulation process. Taking advantage of ion 
injection,[22] charge pumping,[27,28] and external/self-charge 
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excitation strategies,[29,30] the charge accumulation speed can 
be effectively quickened. Despite the increased charge decay 
under high charge density,[24] the surface charges will reach 
a higher equilibrium state due to the fast charge accumula-
tion (Figure  1a (ii)), resulting in a higher output performance  
of TENG. Especially, the self-charge excitation circuit can 
increase the surface charges of TENG exponentially, which 
is an effective technology for breaking through the limitation 
of triboelectrification to realize high surface charge density. 
Therefore, it can be utilized to improve the equilibrium state 
of surface charges for further facilitating the development of 
high- performance TENG. However, the current researches 
mainly focus on polypropylene,[28] polyimide,[29] or polyether-
imide (PEI) dielectric films,[30] whose low relative permittivity 
requires the utilization of ultrathin dielectric layer to achieve 
a higher theoretical charge density.[31] The latter will result in 
the decrease of contact efficiency[30] or the increase of inner 
leakage current,[21] limiting further improvements of output 
performance.

In this work, we propose an effective strategy to realize high 
charge density of TENG by using a fast charge accumulation 
process on dielectric material with high relative permittivity. 
Taking advantage of self-charge excitation and high  dielectric 
permittivity of P(VDF-TrFE) film, the charge density of TENG 
can be enhanced to 2.20 mC m−2. Meanwhile, the contact 
efficiency is increased to 82% by avoiding the utilization of 

ultrathin dielectric layer. What is more, with the help of the 
fast charge accumulation, the high equilibrium state of sur-
face charges is also realized in humidity environment, which is 
conducive to stable output performance under extreme condi-
tions. Even at 90% relative humidity environment, the charge 
density can maintain at 1.30 mC m−2, almost 260 times that of 
the common TENG. This work not only provides a new insight 
into the charge accumulation process and equilibrium state, 
but also has a crucial guiding significance for optimizing the 
output performance of TENG.

2. Results and Discussion

2.1. Fast Charge Accumulation and High Equilibrium State

The structure of TENG with fast charge accumulation is shown 
in Figure  1b (the inset is the corresponding circuit diagram). 
To better understand the charge accumulation and charge 
transferring processes, one voltage multiplier circuit (VMC) 
unit is taken as an example for illustration, which is com-
posed of two capacitors and three rectifier diodes, as shown in 
Figure  1c. During the periodic contact-separation movements 
of TENG, the external capacitors can be switched between 
series- connected and parallel-connected automatically, resulting 
in alternate charging and discharging to realize charge 

Figure 1. High equilibrium state and working mechanism. a) Schematic diagram of charge accumulation, charge decay, and dynamic equilibrium 
process. b) Structural illustration of self-charge excitation TENG in this work. c) Working mechanism of self-charge excitation TENG during periodic 
contact-separation process. d) Relative permittivity of three different dielectric layers. e) Surface charge density and output current density with three 
different dielectric layers.
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 accumulation. When the two friction layers are separated, the 
external capacitor group is switched to the series-connected. 
Meanwhile, the capacitance of TENG decreases significantly 
while voltage increases sharply, leading to the transfer of 
charges from TENG to the external capacitors. On the contrary, 
in the contact process of TENG, the external capacitors are 
automatically switched to the parallel-connected due to the uni-
directional conductivity of diodes. At the same time, the capac-
itance of TENG increases while the voltage decreases, so the 
charges in the external capacitors are fed back to TENG until 
the potential difference vanishes. In the subsequent separation 
process, external capacitors are switched to the series-connected 
again, causing the charges to flow back from TENG to external 
capacitors and forming a charge circulation loop. After a certain 
period of fast charge accumulation, surface charges will reach a 
high equilibrium state, which can be expressed as Equation (1) 
in the ideal case (no leakage of charges)
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where Q is the amounts of charges of TENG, n is the number 
of times of contact-separation movement, C is the capacitance 
of TENG, and C0 is the capacitance of capacitors in circuit. It 
can be found that the charges increase exponentially in the ideal 
case, that is, fast charge accumulation is realized by the self-
charge excitation. The principle of fast charge accumulation is 
elaborated in Note S1 and Figure S1, Supporting Information.

On the other hands, the capacitance of TENG determines the 
maximum charge quantity which will be stored in TENG. Based 
on the parallel plate capacitor model, the capacitance value of 
TENG can be obtained. When the friction layer is in full con-
tact, the capacitance of TENG can be described by Equation (2)

C
S

d

ε ε= 0 r  (2)

where ε0 is the vacuum dielectric constant, d and εr are thick-
ness and relative permittivity of the dielectric material, respec-
tively, and S is the area of the electrode. Meanwhile, the charge 
density of TENG can be expressed as Equation (3)

d
Vσ ε ε= 0 r  (3)

where V is the excitation voltage applied to TENG. The detailed 
derivation procedure and theoretical model are presented in 
Note S2 and Figure S2, Supporting Information.

According to the above analysis, manipulating the rela-
tive permittivity and thickness of the dielectric layer is greatly 
advantageous for the surface charges to reach a high equilib-
rium state. Thus, three materials, 25 µm poly(vinylidene fluo-
ride) (PVDF) film, 8 µm Kapton film, and 9 µm poly(vinylidene 
fluoride-trifluoroethylene) (P(VDF-TrFE)) film (the scan-
ning electron microscopy images of cross-sectional view are 
 exhibited in Figure S3, Supporting Information), are used 
as dielectric layer. Their relative permittivity is 11.1, 7.5, and 
3.7, respectively, as shown in Figure  1d (dielectric loss curves 
are shown in Figure S4, Supporting Information). Figure  1e 
exhibits the charge density and current density of TENG with 
different dielectric layers. The charge density of TENG is about 

1.08 mC m−2 by using the PVDF film with high relative per-
mittivity and large thickness. However, when the low relative 
permittivity film (e.g., Kapton) is utilized as dielectric layer, the 
charge density can also reach 1.00 mC m−2 owing to its small 
thickness (8 µm), which is one-third of the thickness of PVDF 
film (25  µm). The results demonstrate that high relative per-
mittivity is also favorable to boost the charge density. When 
P(VDF-TrFE) with smaller thickness and higher relative per-
mittivity is used as the dielectric layer, the charge density can 
be further enhanced to 2.20 mC m−2, which is almost doubled. 
In addition, we have excluded the influence of piezoelectric 
effect of P(VDF-TrFE) film (more details are shown in Note S3,  
Supporting Information). The great improvement of output 
performance by utilizing P(VDF-TrFE) fully demonstrates the 
effectiveness of optimizing the relative permittivity of the die-
lectric layer. More importantly, the contact efficiency is 82% 
when using P(VDF-TrFE) film (Note S4, Supporting Informa-
tion), higher than that of 4 µm PEI film (54.98%), thus avoiding 
the decrease of contact efficiency caused by reducing the thick-
ness of dielectric film.[30] Thus, the research method in this 
work not only achieves high charge density, but also opens up a 
new way for in-depth exploration of the output limit.

2.2. Output Performance of TENG via Fast Charge 
Accumulation

The excitation voltage of charge excitation TENG is determined 
by the number of VMC unit, namely N. In order to better 
understand the specific impact of excitation voltage on the equi-
librium state, we measured the output performance of TENG 
combined with N-order VMC (circuit diagram is shown in 
Figure 2a, where N = 2, 3, 4, 5). The corresponding photographs 
of two parts of the self-charge excitation system are shown in 
Figure S5, Supporting Information. Despite the initial charge 
density of TENG is merely 0.11 mC m−2, the output perfor-
mance can be significantly improved when TENG is integrated 
with VMC units, as shown in Figure 2b. However, with a con-
tinuous increase of N, the charge density slightly increases from 
1.08 mC m−2 (N = 3) to 1.20 mC m−2 (N = 4) and 1.25 mC m−2 
(N = 5). The current density and voltage are shown in Figure 2c 
and Figure S6, Supporting Information. Actually, the electronic 
components in the circuit are equivalent to the external loads of 
TENG, which will consume some of the surface charges. The 
inevitable energy loss and finite output of TENG prevent the 
voltage across VMC from increasing linearly with the increase of 
N. Apart from this, the enhanced voltage across the TENG will 
increase the leakage current in the dielectric layer, which will 
augment the surface charge decay, as the decay curve shown in 
Figure 1a (ii). When the supplementary charges and the leaking 
charges are balanced, the charge density will reach saturation. 
Consequently, we prefer to choosing N  = 3 for the following 
measurements due to its simpler structure of the device. In 
addition, the measurement results under different N are sum-
marized in Table S1, Supporting Information. By the way, when 
utilizing Kapton and P(VDF-TrFE), the output performance of 
TENG combined with different VMC units is also measured, 
which exhibits the same growth trend, as demonstrated in  
Figures S7 and S8, Supporting Information, respectively.
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According to Equation  (1), the capacitance value of external 
capacitors also makes a big difference to the process of 
charge accumulation. Under different capacitance values (0.1, 
1, 10, 33, and 100 nF, respectively), complete charge accumula-
tion curves are shown in Figure  2d, respectively. In addition, 
comparison results are shown in Figure S9 and Table S2, Sup-
porting Information. When using 0.1  nF capacitors, saturated 
charge density is 0.35 mC m−2 and the charge accumulation 
time is merely 6 s. As the capacitance value increases, the 
output charge density will also increase. Nevertheless, charge 
accumulation time shows an evident prolongation (Figure 2d), 
that is, charge accumulation speed decreases significantly. In 
brief, when the capacitance value is too small, the charges fed 

back to TENG are insufficient to reach a high equilibrium state. 
On the contrary, when the capacitance value is too large, the 
charge accumulation speed will decrease, needing a longer 
time to reach the equilibrium state.

The output performance of the charge excitation TENG 
with three different dielectric layers is studied at 2.5  Hz. All 
of them have reached a high equilibrium state compared with 
the low equilibrium state of initial output. The corresponding 
charge density and current density are shown in Figure  2e,f, 
where the initial charge density of TENG with PVDF, Kapton 
and P(VDF-TrFE) is 0.11, 0.13, and 0.20 mC m−2 due to their 
different electronegativity. When charge accumulation speed 
increased, the charge density can be greatly enhanced, i.e., 

Figure 2. Output performance of TENG via fast charge accumulation. a) Simplified circuit diagram of self-charge excitation TENG with N-order VMC, 
in which N = 2, 3, 4, 5. b) Charge density and c) current density of TENG integrated with different VMC unit (dielectric layer: PVDF, operation frequency: 
2.5 Hz). d) Charge accumulation time under different capacitance value of capacitors in circuit. e) Charge density and f) current density of TENG with 
three different dielectric materials under initial state and N = 3. g) Charge accumulation process with PVDF under N = 3. h) Charge accumulation 
process with P(VDF-TrFE) under N = 3. i) Current density and power density with P(VDF-TrFE) under N = 3.

Adv. Energy Mater. 2021, 11, 2100050
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1.08, 1.00, and 2.20 mC m−2 (the theoretical maximum charge 
density[31] on P(VDF-TrFE) is 2.55 mC m−2, as calculated in 
Note S5, Supporting Information, which is higher than the 
actual value due to incomplete contact between friction layers). 
Compared to the initial value, the charge density is increased 
by 8.8, 6.7, and 10.0 times, respectively, which means that the 
output performance is significantly improved and has little 
to do with the electrification ability of the friction materials 
in the case of using self-charge excitation. In addition, due to 
the high initial charge density and high relative permittivity of 
P(VDF-TrFE), its charge accumulation time is shorter than that 
of the other two despite its largest charge density, as summa-
rized in Table S3, Supporting Information. When using PVDF 
and P(VDF-TrFE) films, complete charge accumulation curves 
are presented in Figure 2g,h, from which we can find that the 
surface charges increase exponentially at the beginning and 
then reach the high equilibrium state rapidly. Additionally, the 
baseline will rise in the late test period due to the air break-
down effect and leakage current in dielectric film (more details 
are shown in Note S6, Supporting Information). The current  
density and output power density by using P(VDF-TrFE) are 
shown in Figure  2i, where the load resistance varies from  
1 KΩ to 300 MΩ. Maximum power density is 40.0 W m−2 with 
a resistance of 10 MΩ at an operating frequency of 2.5  Hz, 
reaching 16 W m−2 Hz−1. Meanwhile, the current density and 
output power density by using PVDF under different resistance 
are shown in Figure S10, Supporting Information.

2.3. High Equilibrium State in High Humidity Environment

For a common TENG device, previous studies have dem-
onstrated that the output performance generally degrades 
sharply with an increase of relative humidity in atmos-
phere.[32] Based on the PVDF film, the output performance 
of TENG is  measured under various relative humidity condi-
tions (Figure  3a). As the relative humidity increases from 
30% to 90%, the initial output performance of TENG declines 
sharply while the charge density under N = 3 still maintains a 
high value (0.90 mC m−2 in 90% relative humidity). The cor-
responding current density and voltage are shown in Figure 3b 
and Figure S11a, Supporting Information. As we know, TENG 
is based on the coupling of triboelectrification effect and elec-
trostatic induction effect, once water molecules are adsorbed on 
the surface of frictional layer, it will inevitably affect the process 
of charge generation.[33] Therefore, with the increase of relative 
humidity, the more water molecules are absorbed on the sur-
face of the PVDF film, the more surface triboelectric charges 
are dissipated. When the charge decay speed is greater than the 
charge accumulation speed, the charge density decreases grad-
ually and reaches a low equilibrium state eventually. The initial 
charge density of TENG decreases from 0.11 to 0.025 mC m−2  
(≈78% loss) when relative humidity increasing from 30% 
to 90%. As for charge density under N  = 3, it also presents a 
decreasing trend with the increase of relative humidity. Differ-
ently, the charge density only decreases from 1.12 to 0.9 mC m−2 
based on PVDF, implying a loss as low as 20% compared to the 
output under 30% relative humidity (Figure 3a). A conspicuous 
difference in output performance suggests that TENG with fast 

charge  accumulation can maintain its high equilibrium state 
even under high humidity environment. Different from the 
common TENG, the charge accumulation speed is still greater 
than the charge decay speed owing to fast charge accumulation 
strategy, so the surface charges still can be maintained at a high 
equilibrium state under a high relative humidity environment.

The difference between high and low equilibrium state is 
more obvious when using P(VDF-TrFE) in humidity environ-
ment, as demonstrated in Figure 3c,d. Since the dielectric film 
is thinner, its charge accumulation process is more susceptible 
to the influence of relative humidity. Even if relative humidity 
only increases to 45%, the output performance of TENG will 
drop dramatically, indicating a rapid charge decay. However, 
thanks to the fast charge accumulation, the surface charges still 
remain a high equilibrium state under N = 3, generating a high 
output performance. When the relative humidity is up to 90%, 
the common TENG only has a weak output signal of about 
0.005 mC m−2 while the charge density under N  = 3 reaches 
up to 1.3 mC m−2, so the charge density of the latter is almost 
260 times that of the former (details of the voltage for both are 
shown in Figure S11b, Supporting Information). The above con-
tent not only elaborates the influence of humidity on equilib-
rium state, but also provides an effective method for achieving 
high output performance in high humidity environment.

With the operation frequency varying from 1 to 4  Hz, the 
charge density has barely dropped regardless of using PVDF 
or P(VDF-TrFE), as shown in Figure  3e. Additionally, the cur-
rent density of both TENG is shown in Figure 3f, reaching the 
maximum of 540 and 200  mA m−2 at 4  Hz, respectively. The 
voltage of TENG with P(VDF-TrFE) at different driving frequen-
cies is exhibited in Figure S12, Supporting Information. All the 
charge density, current density, and voltage under different fre-
quencies are measured in the ambient environment with rela-
tive humidity in the range of 30–40%.

2.4. Demonstrations of TENG to Drive Devices

Since there is a quadratic relation between the output power 
density and charge density, the high equilibrium state of sur-
face charges can greatly enhance the output performance for 
various practical applications. In order to demonstrate the prac-
ticality, TENG with fast charge accumulation is used to power 
various electronic devices with an energy storage unit at 2.5 Hz. 
The circuit diagram of the system is depicted in Figure  4a. 
Charging curves of capacitors with different capacitance of 0.47, 
1.00, and 2.20 µF are shown in Figure 4b. With the assistance of 
rectifier, two TENG devices in parallel can charge the 0.47, 1.00, 
and 2.20 µF capacitor to 40 V within 15, 33, and 83 s, respec-
tively. In addition, the charging rate is 1.25, 1.18, and 1.06 µC s−1 
for charging the 0.47, 1.00, and 2.20 µF capacitor, respectively, 
demonstrating the advantage of the high charge density. As a 
more intuitive presentation in Figure  4c and Movie S1, Sup-
porting Information, multiple blue LEDs connected in series 
can be lighted up even in a weak light circumstance. Apart 
from this, a digital watch also can be driven normally by the 
high-output TENG with a capacitor of 4.70 µF, as shown in 
Figure 4d and Movie S2, Supporting Information. Last but not 
least, stability test is conducted as illustrated in Figure 4e. After 
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54 000 operation cycles, the charge density has hardly degraded, 
indicating a good stability.

3. Conclusions

In summary, it has been demonstrated that using fast charge 
accumulation process on dielectric material with high relative 
permittivity is an effective approach to achieve high equilib-
rium state of surface charges and high output performance of 
TENG. Compared with the limited surface charges generated 
by triboelectrification of common TENG, fast charge accumu-
lation can break through the limitation of triboelectrification 

on surface charge density, which is also conducive to broaden 
the materials selection range of TENG. Therefore, benefit from  
the high relative permittivity of P(VDF-TrFE) together with fast 
charge accumulation, surface charge density reaches 2.20 mC m−2,  
while the contact efficiency can be increased to 82%. In  
addition, it is expected to further raise the equilibrium state of 
surface charges through using dielectric materials with appro-
priate thickness, higher relative permittivity, and low leakage 
current. Besides, we also demonstrate that fast charge accumu-
lation is greatly advantageous for boosting output performance 
under high humidity environment, which provides an instruc-
tive method for how to maintain the output performance of 
TENG working in high humidity environments. This work not 

Figure 3. Equilibrium state under high ambient humidity. a) Charge density and b) current density of TENG with PVDF under initial state and N = 3 
when changing ambient humidity. c) Charge density and d) current density with P(VDF-TrFE) under initial state and N = 3 when changing ambient 
humidity. e) Charge density and f) current density of TENG with PVDF and P(VDF-TrFE) under various operation frequency (N = 3).
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only offers an insight into the charge accumulation and equilib-
rium state by the charge excitation tool, but also presents a new 
approach for further optimization of the output performance of 
TENG.

4. Experimental Section
Fabrication of the Charge Excitation TENG: As is illustrated in Figure 1b, 

the charge excitation TENG is mainly composed of acrylic sheets, foam, 
silicone layer, two Cu electrodes, and a dielectric layer, where the foam 
and silicone layer together form a buffer layer. The fabrication process is 
as follows. First, the acrylic sheet was cut by laser cutter with dimensions 
of 45 × 45 × 3 mm and a 2 mm foam with the same size was adhered 
to the surface of acrylic sheet. Then, the silicone layer with dimensions 
of 30 × 30 × 1 mm (Ecoflex 10) was adhered to the upper surface of the 
foam, which was prepared by mixing the base and the curing agent in 
a 1:1 weight ratio and curing under 60  °C for at least 1 h. Afterwards, 
a chamfered 2  mm, 20 × 20  mm Cu electrode was sputtered on the 
dielectric film; one side of 30 × 30  mm dielectric films (25  µm PVDF, 
8 µm Kapton, and 9 µm P(VDF-TrFE)) with the electrode was attached 
to the silicone layer. As for another electrode, a circular electrode with an 
area of 1 cm2 was sputtered on the Kapton film; one side of 30 × 30 mm  
Kapton film without the electrode was adhered to the silicone layer. For 
the VMC, the maximum working voltage of rectifier is 50  V; the rated 
voltage value of different capacitors is 630  V and the capacitance of 
different capacitors is 0.1, 1, 10, 33, and 100 nF, respectively.

Measurement and Characterization: The periodic contact-separation 
process of TENG was driven by a linear motor (TSMV120-1S). Short-
circuit current and transferred charges of TENG were measured by a 
programmable electrometer (Keithley model 6514). The voltage of 
initial was also measured by electrometer (Keithley model 6514) under 
different relative humidity. Meanwhile, other voltage curves in this work 
were measured by an oscilloscope (MDO 3024). Relative humidity of 
environment is controlled by high- and low-temperature alternating 
damp heat test chamber (DHTHM-50-40-AR-SD). The microstructures 
of films were conducted by a cold field emission scanning electron 
microscope (Hitachi SU8200). The relative permittivity of three 
dielectric materials was tested by an LCR measurement instrument 
(E4980AL-100).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. Demonstrations of the high equilibrium state TENG to drive devices. a) Circuit diagram of TENG with an energy storage unit for powering 
electronics. b) Charging curves of different capacitors at 2.5 Hz by two TENG devices in parallel. c) LEDs lighted up by high equilibrium state TENG 
(scale bar, 5 cm). d) A digital watch driven by high equilibrium state TENG (scale bar, 5 cm; scale bar of insert, 1 cm). e) Stability test of high equilib-
rium state TENG with 54 000 operation cycles.

Adv. Energy Mater. 2021, 11, 2100050



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100050 (8 of 8)

[4] J. Wang, S. Li, F. Yi, Y. Zi, J.  Lin, X. Wang, Y. Xu, Z. L. Wang, Nat. 
Commun. 2016, 7, 12744.

[5] Z. L. Wang, Adv. Energy Mater. 2020, 10, 2000137.
[6] Z. L. Wang, J. Chen, L. Lin, Energy Environ. Sci. 2015, 8, 2250.
[7] Z. L. Wang, A. C. Wang, Mater. Today 2019, 30, 34.
[8] C. Wu, A. C. Wang, W. Ding, H. Guo, Z. L. Wang, Adv. Energy Mater. 

2019, 9, 1802906.
[9] L. Zhou, D. Liu, J. Wang, Z. L. Wang, Friction 2020, 8, 481.

[10] J. Cheng, W. Ding, Y. Zi, Y. Lu, L. Ji, F. Liu, C. Wu, Z. L. Wang, Nat. 
Commun. 2018, 9, 3733.

[11] P. Cheng, H. Guo, Z. Wen, C. Zhang, X. Yin, X. Li, D. Liu, W. Song, 
X. Sun, J. Wang, Z. L. Wang, Nano Energy 2019, 57, 432.

[12] H. Guo, X. Pu, J. Chen, Y. Meng, M. Yeh, G. Liu, Q. Tang, B. Chen, 
D. Liu, S. Qi, C. Wu, C. Hu, J. Wang, Z. L. Wang, Sci. Rob. 2018, 3, 
eaat2516.

[13] R.  Hinchet, H. J.  Yoon, H.  Ryu, M. K.  Kim, E. K.  Choi, D. S.  Kim, 
S. W. Kim, Science 2019, 365, 491.

[14] X.  Liang, T.  Jiang, G.  Liu, Y.  Feng, C.  Zhang, Z. L.  Wang, Energy 
Environ. Sci. 2020, 13, 277.

[15] J.  Luo, Z.  Wang, L.  Xu, A. C.  Wang, K.  Han, T.  Jiang, Q.  Lai, 
Y.  Bai, W.  Tang, F. R.  Fan, Z. L.  Wang, Nat. Commun. 2019, 10, 
5147.

[16] X. Peng, K. Dong, C. Ye, Y. Jiang, S. Zhai, R. Cheng, D. Liu, X. Gao, 
J. Wang, Z. L. Wang, Sci. Adv. 2020, 6, eaba9624.

[17] H. Guo, J. Chen, L. Wang, A. C. Wang, Y. Li, C. An, J.-H. He, C. Hu, 
V. K. S. Hsiao, Z. L. Wang, Nat. Sustainability 2021, 4, 147.

[18] H. Zhang, F. Marty, X. Xia, Y. Zi, T. Bourouina, D. Galayko, P. Basset, 
Nat. Commun. 2020, 11, 3221.

[19] Z.  Wang, W.  Liu, W.  He, H.  Guo, L.  Long, Y.  Xi, X.  Wang, A.  Liu, 
C. Hu, Joule 2021, 5, 441.

[20] Y. Zi, S. Niu, J. Wang, Z. Wen, W. Tang, Z. L. Wang, Nat. Commun. 
2015, 6, 8376.

[21] N. Cui, L. Gu, Y. Lei, J. Liu, Y. Qin, X. Ma, Y. Hao, Z. L. Wang, ACS 
Nano 2016, 10, 6131.

[22] S. Wang, Y. Xie, S. Niu, L. Lin, C. Liu, Y. S. Zhou, Z. L. Wang, Adv. 
Mater. 2014, 26, 6720.

[23] X. Cui, Y. Zhang, Nano Select 2020, 1, 461.
[24] X. Cui, Y. Zhang, G. Hu, L. Zhang, Y. Zhang, Nano Energy 2020, 70, 

104513.
[25] J. Wang, C. Wu, Y. Dai, Z. Zhao, A. Wang, T. Zhang, Z. L. Wang, Nat. 

Commun. 2017, 8, 88.
[26] J. Fu, G. Xu, C. Li, X. Xia, D. Guan, J. Li, Z. Huang, Y. Zi, Adv. Sci. 

2020, 7, 2001757.
[27] L.  Cheng, Q.  Xu, Y.  Zheng, X.  Jia, Y.  Qin, Nat. Commun. 2018, 9, 

3773.
[28] H. Wang, L. Xu, Y. Bai, Z. L. Wang, Nat. Commun. 2020, 11, 4203.
[29] W.  Liu, Z.  Wang, G.  Wang, G.  Liu, J.  Chen, X.  Pu, Y.  Xi, X.  Wang, 

H. Guo, C. Hu, Z. L. Wang, Nat. Commun. 2019, 10, 1426.
[30] Y.  Liu, W.  Liu, Z.  Wang, W.  He, Q.  Tang, Y.  Xi, X.  Wang, H.  Guo, 

C. Hu, Nat. Commun. 2020, 11, 1599.
[31] C.  Zhang, L.  Zhou, P.  Cheng, X.  Yin, D.  Liu, X.  Li, H.  Guo, 

Z. L. Wang, J. Wang, Appl. Mater. Today 2020, 18, 100496.
[32] L. Li, X. Wang, P. Zhu, H. Li, F. Wang, J. Wu, Nano Energy 2020, 70, 

104476.
[33] R. Wen, J. Guo, A. Yu, J. Zhai, Z. L. Wang, Adv. Funct. Mater. 2019, 

29, 1807655.

Adv. Energy Mater. 2021, 11, 2100050


