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Simulation of gas sensing with a triboelectric nanogenerator

Kaigin Zhao'+2, Hua Gan3, Huan Li4, Ziyu Liu™! and Zhiyuan Zhu™

Full Research Paper

Address:

School of Microelectronics, Fudan University, Shanghai 200433,
China, 2Chongging Key Laboratory of Nonlinear Circuits and
Intelligent Information Processing, Southwest University, Chongging
400715, China, 3No.29 Research Institute of CETC, Chengdu
610036, China and “Ocean College, Zhejiang University, Zhejiang
316021, China

Email:
Ziyu Liu” - liuziyu@fudan.edu.cn; Zhiyuan Zhu'" -
zyuanzhu@swu.edu.cn

* Corresponding author

Keywords:
gas; sensor; triboelectric nanogenerator (TENG)

Abstract

Beilstein J. Nanotechnol. 2021, 12, 507-516.
https://doi.org/10.3762/bjnano.12.41

Received: 28 December 2020
Accepted: 20 May 2021
Published: 28 May 2021

This article is part of the thematic issue "Nanogenerators and flexible
electronics”.

Guest Editor: Y. Mao

© 2021 Zhao et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Safety concerns require the frequently check for leaks in gas pipelines. Also, in coal mines the type gases permeating from the

ground need to be monitored. Triboelectric nanogenerators (TENGs) can be applied for gas sensing without external power supply.

In this paper, a two-dimensional model of a TENG was established, and a gas jet a rectangular cross section was added between two

triboelectric materials. The TENG could generate distinguishable electrical signals according to the different types of gas and the

different gas injection areas. This work contributes to the area of self-powered gas sensing.

Introduction

With economic development and social progress, there is an in-
creasing demand for wearable [1-4], medical [5], and portable
electronic devices [6,7]. The power supply is an important part
of modern electronic equipment. A traditional battery has the
disadvantages of short work life and heavy pollution. Therefore,
it is extremely urgent to find a green and sustainable power
supply for microelectronic devices.

Triboelectric nanogenerators (TENGs) can collect and convert
different forms of energy (e.g., human motion [8-10], vibration
[11], rotation [12], wind [13], and water [14]) into electric
energy [15-17], thus expanding the range of energy production

to a more microscopic scale [18] and improving the rate of
utilization [19]. Characterized by low cost, light weight, envi-
ronmental safety, and high conversion efficiency under low fre-
quency, TENGs can provide continuous power supply for wear-
able devices [20], medical devices, and microelectronic systems
[21]. In addition, triboelectric nanogenerators can also be used
as sensors [22]. TENGs, originally proposed by Prof. Zhongling
Wang [23], are microgenerators that convert mechanical energy
into electrical energy based on the triboelectric effect [24]. In
most TENG simulations, a triboelectric polymer material is in
direct contact with an electrode layer with very small separa-

tion distance (less than 1 mm) [25], and the effective contact
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area of the friction material is increased by texturing its surface
[26,27] to improve its electrical output. This setup is widely
applied in vertical contact separation mode [28,29], sliding
mode [30,31], single electrode mode [32-34], and independent
layer mode [35]. In order to explain the charge transfer process
between two friction materials in contact, various models have
been proposed and explored, such as electron cloud model [36-
38], ion transfer model [39], and material transfer model [40].

It is attractive that, in addition to providing power for elec-
tronic devices, TENGs can also be used as self-powered sensors
for pressure, vibration, speed, chemicals, and body motion.
Regarding leaks in gas pipelines or harmful gases in under-
ground coal mines, it is necessary to detect the presence of a
specific gas or the content of gas in ambient air. Therefore, gas
sensors are usually indispensable in safety systems. Ordinary
sensors need to be charged externally, and once the power is
used up, the gas sensor loses its function. TENGs generate elec-
tricity that can be used for developing self-powered gas sensors.

In this paper, in order to explore the sensing of different gases
by TENGs, a gas jet of rectangular cross section was added to
the two-dimensional model of a TENG. The TENG generates
electrical signals depending on the type of gas and the cross
section of the gas injection area. Further, in order to eliminate
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the inevitable topological change during the actual movement of
the TENG, an air gap was established in COMSOL to construct
the two-dimensional model of the TENG. Based on the assump-
tion that the surface charge density of the triboelectric nanogen-
erator is constant, the potential was calculated by using finite el-
ement methods and the Poisson equation of static electricity,
and the influence of the change in the shape of the triboelectric
material was simulated.

Results and Discussion

Triboelectric nanogenerators generate electricity through con-
tact electrification and electrostatic induction. Contact electrifi-
cation refers to the electron transfer between two different mate-
rials in contact because the atoms are so close together. An elec-
tric field is generated after friction electrification, and electro-
static induction is caused by the electric field. The charge flow
of a TENG is shown in Figure 1. When the two triboelectric
materials contact each other, different charges are generated on
the surface. When they are separated, the induced electrons of
the upper surface electrode will flow to the lower surface elec-
trode, forming a current flow. When the two triboelectric mate-
rials approach, the electrons of the electrode on the lower sur-
face will flow back to the electrode on the upper surface,
forming a downward current until the two triboelectric materi-
als contact each other.
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Figure 1: Charge flow in a triboelectric nanogenerator.
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A simplified model of a two-dimensional TENG was set up in
COMSOL (Figure 2). Two rectangles represent the triboelec-
tric materials with different dielectric constants. The length and

width are set as 50 mm and 0.1 mm, respectively. By changing
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Figure 2: Two-dimensional model of a contact separation TENG.
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the distance (ds), we simulate the process of the triboelectric
materials approaching and moving away from each other.
Figure 3a is the surface potential distribution diagram of the
triboelectric materials of a TENG at a distance of 1 mm. Due to
the influence of the relative permittivity, the material with the
lower relative permittivity is negatively charged, while the other
triboelectric material is positively charged. When the distance
between the two dielectric materials varies, the field intensity
caused by the charge also varies. The corresponding electric
potential decreases with decreasing distance and increases with
increasing distance. Figure 3b is the electric potential distribu-
tion diagram when the distance is 0.1 mm. In the simulation, we
measured the potential difference between the outer surfaces of
the two dielectric materials as ds is gradually increased from 0.1
to 1 mm, as shown in Figure 3¢, which also reflects the influ-
ence of the distance between the two triboelectric materials on
the potential.

In practice, it is difficult to directly test the influence of the
shape of the triboelectric material on the electric potential due
to the influence of various factors. Here, we set the shape of the
upper triboelectric material to be an isosceles triangle and a

right-angled triangle, the height is set to 1 mm, and the other pa-
rameters are the same as in Figure 2, as shown in Figure 4.
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Figure 3: Simulation diagram for (a) ds = 1 mm and (b) ds = 0.1 mm. (c) Potential difference between the outer surfaces of the upper and the lower

triboelectric materials as a function of ds.
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Figure 4: Two-dimensional TENG model with (a) isosceles triangle and (b) right-angled triangle TENG model.

The three models were simulated and compared in COMSOL
while ignoring edge effects. As can be seen from Figure Sa—c,
the electric potential of the rectangle and the isosceles triangles
is symmetrically distributed along the central axis, while that of
the right-angled triangle is asymmetrically distributed.
Figure 5b shows that the two sides of the isosceles triangle have
the same potential. According to Figure 5c, the potential distri-
bution at the hypotenuse of the right-angled triangle is different
from that at the side perpendicular to the horizontal plane. The
potentials at the hypotenuse and the right side of the right-
angled triangle were simulated for ds values of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1 mm, and the potential difference
was calculated. Figure 5d shows that the electric potentials at
the hypotenuse and the right side of the triangle increase with
an increase of ds. Also, the potential difference increases.
Therefore, if an external circuit can be built, then the load can
be directly connected to the right side and the hypotenuse of the
right-angled triangle and the transfer of electrons can be driven
by the potential difference between the two sides. Figure Se,f
shows the electric potential in the simulation of rectangle,
isosceles triangle, and right-angled triangle. The electric poten-
tials obtained for the three models are basically the same, but it
can be found that the electric potential calculated for the rectan-
gular TENG is higher than those calculated for the triangles.
Figure 5f is the potential difference obtained by subtracting the
potential of the isosceles triangle TENG and that of the
hypotenuse of the right-angled triangle TENG. The potential
difference is all positive, and the potential difference increases
as ds increases. The potential of the hypotenuse of the right-
angled triangle TENG is smaller than that of the right-angled

side, but as the distance ds increases, the gap between the

potentials of the two sides decreases until the potential of the
hypotenuse is greater than that of the right-angled side. It can be
concluded that the rectangular TENG is economical and can
achieve good electronic output.

We considered designing a TENG-based gas sensor that could
be used to detect different gases under real-life conditions.
When, in contact separation mode, two triboelectric materials
approach or move away from each other, other substances, such
as water vapor, carbon dioxide, and other gases, can pass
through the gap. We present a simulation with water vapor
under ideal conditions, that is, the surface charge density may
be changed during the experiment. A simplified two-dimen-
sional sensor model is shown in Figure 6a. A rectangular gas
injection area was added to the model in Figure 2. It was used to
study the influence of gas type and gas injection area on the
electrical potential of the TENG. The potential distribution ob-
tained from COMSOL is shown in Figure 6b.

The injection of carbon dioxide into the air gap of the TENG
was simulated to quantitatively analyze the gas injection area.
The effect on the TENG potential was first considered as a
function of the gas injection area (indicated here by the side
length of the rectangle) and the distance between the two tribo-
electric materials, as shown in Figure 7a. When gas injection
area changes, the TENG potential also changes slightly.
Figure 7b—d shows that, with constant distance between the two
triboelectric materials, an increase in the size of the gas injec-
tion area leads to a decrease of the electric potential, suggesting
that the TENG gas sensor can be used to measure the size of a

gas leak.
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Figure 6: (a) TENG with a gas jet between two triboelectric materials. (b) TENG potential distribution diagram with gas jet.
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Figure 7e shows the TENG potential as a function of the dis-
tance ds. For ds = 0.1 mm, the difference in TENG potential is
the largest (approximately 2.5 V). When ds increases, the poten-
tial difference between a gas injection area of 0.02 mm and a
gas injection area of 0.1 mm decreases, eventually reaching
1 V. This suggests that when the distance between the two
triboelectric materials is large enough relative to the size of the
gas injection area, the size of the gas injection area has little
effect on the sensing function. Therefore, if the gas injection
area needs to be measured, it should be first estimated, then an
appropriate TENG distance ds needs to be found.

The potential differences of the TENG with a rectangular gas
injection area with different side lengths are compared in
Figure 7f. The curves are closer to a quadratic function when
ds = 0.1 mm. Based on the knowledge of differential derivation
in mathematics, Figure 7b can be speculated to be a cubic
curve. The curves of the four potential differences are closer to
linear curves for ds = 0.2-1.0 mm. Similarly, it can be inferred

that Figure 7c and Figure 7d are curves of a quadratic function.

We compared the TENG with carbon dioxide, water vapor, and
nitrogen as injection gases. Figure 8 shows the potential differ-
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ence of the TENG with different gases at the same distance ds.
The potential values of the TENG with carbon dioxide and
water vapor are similar. The potential of the TENG with
nitrogen is significantly higher. Without any gas, the potential
of the TENG is even higher. It is noted that the relative dielec-
tric constants of these three gases are different. That of carbon
dioxide is the largest, followed by those of water vapor and
nitrogen, which explain the results shown in Figure 8. It can
also be concluded from these figures that the difference in
power potential between the four types of TENG decreases with
the increase of ds.

Figure 9a is the schematic diagram of an isosceles triangle
TENG with a gas jet. Figure 9b is the corresponding simulation
of the potential. In order to compare the effects of the two
shapes of TENG on sensing different gases, we simulate the
TENG with gas jets when ds is 0.1 mm, 0.5 mm, and 1 mm, as
shown in Figure 9c—e. It can be seen from these three figures
that a small distance between the triboelectric materials is
helpful for distinguishing different gases. It is noted that water
or humidity can degrade the surface charge density of the elec-
trification surfaces in an actual experiment. We will carry out
further investigations in the future.
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Figure 8: (a) The potential of TENG with different injected gases at (a) ds = 0.1 mm, (b) ds = 0.5 mm, and (c) ds =1 mm.
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Conclusion

Simulations of three differently shaped TENGs were carried out
in this paper. In order to investigate the sensing of different
gases with sensors based on these TENGS, an injected gas jet
with rectangular cross section was added to the two-dimen-
sional model of the TENG. The size of the gas jet influences the
potential of the TENG. However, when the distance between
the triboelectric materials is large enough, a change of the gas
jet cross section has only little effect on the TENG potential.
The simulation results also show that the type of gas influences
the potential of the TENG depending on the relative permit-
tivity of the gas. This work is helpful for the development of
self-powered TENG-bases gas sensors.

Funding

This research was supported by Zhejiang Provincial Natural
Science Foundation of China (Grant No. LY20F040004), the
Fundamental Research Funds for the Central Universities
(Grant No. SWU019040, 2020jd001), National Natural Science
Foundation of China (Grant No. 61804132, 62074132) and

Zhoushan Municipal Government.

References

1. Xu, S.; Zhang, Y.; Jia, L.; Mathewson, K. E.; Jang, K.-I.; Kim, J.; Fu, H.;
Huang, X.; Chava, P.; Wang, R.; Bhole, S.; Wang, L.; Na, Y. J.;
Guan, Y.; Flavin, M.; Han, Z.; Huang, Y.; Rogers, J. A. Science 2014,
344, 70-74. doi:10.1126/science.1250169

2. Zhang, X.-S.; Han, M.; Kim, B.; Bao, J.-F.; Brugger, J.; Zhang, H.
Nano Energy 2018, 47, 410—426. doi:10.1016/j.nanoen.2018.02.046

3. Li, X.; Lin, Z.-H.; Cheng, G.; Wen, X.; Liu, Y.; Niu, S.; Wang, Z. L.
ACS Nano 2014, 8, 10674—-10681. doi:10.1021/nn504243]

4. Kenry; Yeo, J. C.; Lim, C. T. Microsyst. Nanoeng. 2016, 2, 16043.
doi:10.1038/micronano.2016.43

5. Araci, I. E.; Su, B.; Quake, S. R.; Mandel, Y. Nat. Med. 2014, 20,
1074-1078. doi:10.1038/nm.3621

6. Harris, K. D.; Elias, A. L.; Chung, H.-J. J. Mater. Sci. 2016, 51,
2771-2805. doi:10.1007/s10853-015-9643-3

7. Xiang, Z.; Yen, S.-C.; Sheshadri, S.; Wang, J.; Lee, S; Liu, Y.-H.;
Liao, L.-D.; Thakor, N. V.; Lee, C. Adv. Mater. (Weinheim, Ger.) 2016,
28, 4472-4479. doi:10.1002/adma.201503423

8. Lee, C.; Kim, M.; Kim, Y. J.; Hong, N.; Ryu, S.; Kim, H. J.; Kim, S.
Int. J. Control, Autom. Syst. 2017, 15, 3—15.
doi:10.1007/s12555-016-0462-3

9. Wang, M.; Zhang, J.; Tang, Y.; Li, J.; Zhang, B.; Liang, E.; Mao, Y.;
Wang, X. ACS Nano 2018, 12, 6156-6162.
doi:10.1021/acsnano.8b02562

10.Wang, M.; Zhang, N.; Tang, Y.; Zhang, H.; Ning, C.; Tian, L.; Li, W.;
Zhang, J.; Mao, Y.; Liang, E. J. Mater. Chem. A 2017, 5, 12252—-12257.
doi:10.1039/c7ta02680c

11.Luo, J.; Wang, Z.; Xu, L.; Wang, A. C.; Han, K,; Jiang, T.; Lai, Q.;
Bai, Y.; Tang, W.; Fan, F. R.; Wang, Z. L. Nat. Commun. 2019, 10,
5147. doi:10.1038/s41467-019-13166-6

12.Wang, Z. L.; Chen, J.; Lin, L. Energy Environ. Sci. 2015, 8, 2250-2282.
doi:10.1039/c5ee01532d

Beilstein J. Nanotechnol. 2021, 12, 507-516.

13.Lin, H.; He, M.; Jing, Q.; Yang, W.; Wang, S; Liu, Y.; Zhang, Y.; Li, J.;
Li, N.; Ma, Y.; Wang, L.; Xie, Y. Nano Energy 2019, 56, 269-276.
doi:10.1016/j.nanoen.2018.11.037

14.Lin, Z.-H.; Cheng, G.; Wu, W.; Pradel, K. C.; Wang, Z. L. ACS Nano
2014, 8, 6440-6448. doi:10.1021/nn501983s

15. Parida, K.; Bhavanasi, V.; Kumar, V.; Bendi, R.; Lee, P. S. Nano Res.
2017, 10, 3557-3570. doi:10.1007/s12274-017-1567-6

16.Mao, Y.; Zhang, N.; Tang, Y.; Wang, M.; Chao, M.; Liang, E. Nanoscale
2017, 9, 14499—-14505. doi:10.1039/c7nr05222¢g

17.Wang, Z.; Liu, W.; He, W.; Guo, H.; Long, L.; Xi, Y.; Wang, X.; Liu, A.;
Hu, C. Joule 2021, 5, 441-455. doi:10.1016/j.joule.2020.12.023

18.Li, Z.; Chen, J.; Yang, J.; Su, Y.; Fan, X.; Wu, Y.; Yu, C.; Wang, Z. L.
Energy Environ. Sci. 2015, 8, 887-896. doi:10.1039/c4ee03596h

19.Wang, Z. L.; Song, J. Science 2006, 312, 242—246.
doi:10.1126/science.1124005

20.Ning, C.; Tian, L.; Zhao, X.; Xiang, S.; Tang, Y.; Liang, E.; Mao, Y.

J. Mater. Chem. A 2018, 6, 19143—-19150. doi:10.1039/c8ta07784c

21.Ding, W.; Wang, A. C.; Wu, C.; Guo, H.; Wang, Z. L.

Adv. Mater. Technol. (Weinheim, Ger.) 2019, 4, 1800487.
doi:10.1002/admt.201800487

22.Tang, Y.; Zhou, H.; Sun, X.; Diao, N.; Wang, J.; Zhang, B.; Qin, C.;
Liang, E.; Mao, Y. Adv. Funct. Mater. 2020, 30, 1907893.
doi:10.1002/adfm.201907893

23.Fan, F.-R.; Tian, Z.-Q.; Wang, Z. L. Nano Energy 2012, 1, 328-334.
doi:10.1016/j.nanoen.2012.01.004

24.Niu, S.; Wang, Z. L. Nano Energy 2015, 14, 161-192.
doi:10.1016/j.nanoen.2014.11.034

25.Wang, Z. L.; Lin, L.; Chen, J.; Niu, S.; Zi, Y. Triboelectric
Nanogenerators; Springer International Publishing: Cham, Switzerland,
2016. doi:10.1007/978-3-319-40039-6

26.Jiang, T.; Chen, X,; Yang, K.; Han, C.; Tang, W.; Wang, Z. L.

Nano Res. 2016, 9, 1057—-1070. doi:10.1007/s12274-016-0997-x

27.Cheng, G.-G.; Jiang, S.-Y.; Li, K.; Zhang, Z.-Q.; Wang, Y.; Yuan, N.-Y;
Ding, J.-N.; Zhang, W. Appl. Surf. Sci. 2017, 412, 350—-356.
doi:10.1016/j.apsusc.2017.03.255

28.Chung, J.; Lee, S.; Yong, H.; Moon, H.; Choi, D.; Lee, S. Nano Energy
2016, 20, 84-93. doi:10.1016/j.nanoen.2015.12.006

29.Yang, W.; Wang, X.; Li, H.; Wu, J.; Hu, Y. Nano Energy 2018, 51,
241-249. doi:10.1016/j.nanoen.2018.06.066

30.Seol, M.-L.; Han, J.-W.; Moon, D.-I.; Yoon, K. J.; Hwang, C. S.;
Meyyappan, M. Nano Energy 2018, 44, 82—88.
doi:10.1016/j.nanoen.2017.11.067

31.Jing, Q.; Zhu, G.; Bai, P.; Xie, Y.; Chen, J.; Han, R. P. S.; Wang, Z. L.
ACS Nano 2014, 8, 3836-3842. doi:10.1021/nn500694y

32.Gogurla, N.; Roy, B.; Park, J.-Y.; Kim, S. Nano Energy 2019, 62,
674-681. doi:10.1016/j.nanoen.2019.05.082

33.Zhang, B.; Tang, Y.; Dai, R.; Wang, H.; Sun, X.; Qin, C.; Pan, Z,;
Liang, E.; Mao, Y. Nano Energy 2019, 64, 103953.
doi:10.1016/j.nanoen.2019.103953

34.Mao, Y.; Geng, D.; Liang, E.; Wang, X. Nano Energy 2015, 15,
227-234. doi:10.1016/j.nanoen.2015.04.026

35. Paosangthong, W.; Wagih, M.; Torah, R.; Beeby, S. Nano Energy
2019, 66, 104148. doi:10.1016/j.nanoen.2019.104148

36. Willatzen, M.; Wang, Z. L. Nano Energy 2018, 52, 517-523.
doi:10.1016/j.nanoen.2018.08.015

37.Lin, S.; Xu, C.; Xu, L.; Wang, Z. L. Adv. Funct. Mater. 2020, 30,
1909724. doi:10.1002/adfm.201909724

38.Wang, Z. L.; Wang, A. C. Mater. Today 2019, 30, 34-51.
doi:10.1016/j.mattod.2019.05.016

515


https://doi.org/10.1126%2Fscience.1250169
https://doi.org/10.1016%2Fj.nanoen.2018.02.046
https://doi.org/10.1021%2Fnn504243j
https://doi.org/10.1038%2Fmicronano.2016.43
https://doi.org/10.1038%2Fnm.3621
https://doi.org/10.1007%2Fs10853-015-9643-3
https://doi.org/10.1002%2Fadma.201503423
https://doi.org/10.1007%2Fs12555-016-0462-3
https://doi.org/10.1021%2Facsnano.8b02562
https://doi.org/10.1039%2Fc7ta02680c
https://doi.org/10.1038%2Fs41467-019-13166-6
https://doi.org/10.1039%2Fc5ee01532d
https://doi.org/10.1016%2Fj.nanoen.2018.11.037
https://doi.org/10.1021%2Fnn501983s
https://doi.org/10.1007%2Fs12274-017-1567-6
https://doi.org/10.1039%2Fc7nr05222g
https://doi.org/10.1016%2Fj.joule.2020.12.023
https://doi.org/10.1039%2Fc4ee03596h
https://doi.org/10.1126%2Fscience.1124005
https://doi.org/10.1039%2Fc8ta07784c
https://doi.org/10.1002%2Fadmt.201800487
https://doi.org/10.1002%2Fadfm.201907893
https://doi.org/10.1016%2Fj.nanoen.2012.01.004
https://doi.org/10.1016%2Fj.nanoen.2014.11.034
https://doi.org/10.1007%2F978-3-319-40039-6
https://doi.org/10.1007%2Fs12274-016-0997-x
https://doi.org/10.1016%2Fj.apsusc.2017.03.255
https://doi.org/10.1016%2Fj.nanoen.2015.12.006
https://doi.org/10.1016%2Fj.nanoen.2018.06.066
https://doi.org/10.1016%2Fj.nanoen.2017.11.067
https://doi.org/10.1021%2Fnn500694y
https://doi.org/10.1016%2Fj.nanoen.2019.05.082
https://doi.org/10.1016%2Fj.nanoen.2019.103953
https://doi.org/10.1016%2Fj.nanoen.2015.04.026
https://doi.org/10.1016%2Fj.nanoen.2019.104148
https://doi.org/10.1016%2Fj.nanoen.2018.08.015
https://doi.org/10.1002%2Fadfm.201909724
https://doi.org/10.1016%2Fj.mattod.2019.05.016

Beilstein J. Nanotechnol. 2021, 12, 507-516.

39.McCarty, L. S.; Whitesides, G. M. Angew. Chem., Int. Ed. 2008, 47,
2188-2207. doi:10.1002/anie.200701812

40.Baytekin, H. T.; Patashinski, A. Z.; Branicki, M.; Baytekin, B.; Soh, S.;
Grzybowski, B. A. Science 2011, 333, 308-312.
doi:10.1126/science.1201512

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal

provisions.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.12.41

516


https://doi.org/10.1002%2Fanie.200701812
https://doi.org/10.1126%2Fscience.1201512
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano/terms
https://doi.org/10.3762/bjnano.12.41

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Funding
	References

