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Abstract 29 

Available, effectively converting low-frequency vibration into available electricity, 30 

triboelectric nanogenerator (TENG) is always research hot nowadays. However, the 31 

enhancing effect of the existing methods for the output have all sorts of drawbacks, i.e. low 32 

efficiency and unstable, and its practical applications still need to be further explored. Here, 33 

leveraging core-shell nanoparticles Ag@SiO2 doping into tribo-materials generates the 34 

surface plasmon effect to boost the output performance of the TENG. On one hand, the shell 35 

alleviated the seepage effect from conventional nanoparticles; on the other hand, the surface 36 

mailto:yayang@binn.cas.cn
mailto:mxjacj@cqu.edu.cn


  Research                                                                                                Manuscript.                                                                           Page 2 of 39 
 

plasmon effect enabled the core-shell nanoparticles to further boost the output performance 37 

of TENG. We circumvent the limitations and present a TENG whose output power density 38 

can be up to 4.375 mW/cm2. Points is that this is a novelty study to investigate the 39 

combination of high-performance TENG with traditional Chinese medicine and develop a 40 

practical electric acupuncture system based on the P-TENG. This technology enables rapid, 41 

routine regulation of human health at any age, which has potential applications in nearly 42 

any setting across healthcare platforms alike. 43 

 44 

1. Introduction 45 

 46 

The climate change threats the sustainable environment for human beings as the fossil fuels 47 

abused, thence the novel energy-technologies become the focus of research to relieve the 48 

consumption of fossil energy resources. The harness of mechanical motions in the 49 

environment including mechanical energy, wave, wind, and rain droplets are an important 50 

part of that. Particularly, the triboelectric nanogenerators (TENGs), based on the coupling 51 

of triboelectrification and electrostatic induction, have emerged as a rising star with the 52 

characteristics of small-size, lightweight, easy-manufacture and convert low-frequency 53 

movement into electrical energy output [1-4]. However, the TENGs still have the 54 

disadvantage with low power density, which stumble its development into 55 

commercialization. Researches show that the power density of TENGs can be enhanced by 56 

surface micro/nanostructures [5-8], chemical and physical modification [9-14], but the 57 

weakness of that is the surface charge density decays rapidly, also complexity operation 58 

influence the efficiency of enhancing the output performance for TENGs [15-18]. The 59 

method of nanoparticles-doping [19-24], which mixes high-dielectric nanoparticles (metal 60 

nanoparticles) into the triboelectric layer, is a conventional method to enhance the output 61 

power of TENG. However, the ameliorative effect of that method is suffered from 62 

dispersion of nanoparticles and induces the phenomenon of nanoparticles agglomeration, 63 
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which will result in charge leakage on the surface of tribo-materials and the output of TENG 64 

can be decreased. Nowadays, the surface plasmon resonance effect, which is generated from 65 

precious metal nanoparticles, has been widely used in the research area of solar cell, photo-66 

catalysis and photoelectric detection also been applied to enhance photoelectric conversion 67 

efficiency [25-30]. While the surface plasmon effect is rarely used to enhance the output 68 

performance of the TENG. Our groups originally proposed the surface plasmon effect 69 

enabled metal-grating which can enhance the output performance of the TENG, but some 70 

hot electron-holes may disappear with the adoption of metal-grating and the performance 71 

(0.4mW/cm2) [31]. Indeed, there are still exit many practical bumps for realizing the goal 72 

for TENGs to grow into commercialization. 73 

Thus, we proposed a local surface plasma boosted TENG (P-TENG) via doping with 74 

Ag@SiO2 core-shell particles (Ag@SiO2-NPs) with the visible light illumination, which 75 

can deliver high instantaneous power density over 4.375 mW/cm2. Firstly, the high-76 

performance TENG is realized via doping core-shell nanoparticles to improve the dielectric 77 

properties of triboelectric film and mitigate surface charges leakage to obtain a higher 78 

performance. Then the surface plasmon effect generated from Ag@SiO2 NPs can further 79 

boost the output performance of the TENG, especially the shell can extend the existence of 80 

the hot electrons-hole pairs and enhance that electric intensity. Additionally, the 300 LEDs 81 

can be lightened with the P-TENG possessing a real estate of 4 cm*4 cm, and a wireless 82 

sensing system also is activated further than dozens of meters. This technology offers a 83 

general, easy-to-follow method to boost the output of TENGs, which fills in the gap of the 84 

research area of boosting the output of TENG. It is worth mentioned that this uniqueness 85 

research associates the TENG with Traditional Chinese Medicine (TCM) acupuncture, and 86 

the development electric acupuncture system is applied to modulate the cardiovascular 87 

function for human, which broaden the application areas of the high-performance TENG. 88 
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 89 

2. Results  90 

2.1 High-performance of P-TENG. 91 

The P-TENG fabricates from the basic framework of vertical contact-separation mode, as 92 

depicted in Figure 1a. The P-TENG consists of Electrode 1, tribo-surface, and Electrode 2 93 

(Ag nanowires, refer as AgNWs, Polydimethylsiloxane doping Ag@SiO2, refer as PDMS 94 

doping Ag@SiO2, Indium Tin Oxide, refer as ITO). The dielectric properties of tribo-95 

material doping with core-shell structure nanoparticles can be boos, the structure and 96 

elemental analysis of the core-shell nanoparticles are shown in Figure1b-c, thus the output 97 

power of TENG can be enhanced for the first step. Then the surface plasmon resonance 98 

effect is generated via Ag@SiO2 with visible light illumination, the output power can be 99 

further boosted. The intensity of the surface plasmon effect is directly relevant to the shell 100 

thickness, to a certain extent, which means that can make a difference on the output 101 

performance of the TENG. Subsequently, the three shell-thickness Ag@SiO2 NPs were 102 

prepared successfully, and the X-Ray Diffraction (XRD) results verified that, as depicted in 103 

Figure 1d.  104 

We discuss the circumstances of doping Ag@SiO2 NPs with three shell thickness 105 

(3nm, 6 nm, and 12 nm) in this manuscript, all of them are shown in Figure 2a-d. It is well 106 

known that the different thickness NPs present the different optical properties (Figure 2f-107 

g), which can influence the output performance of the TENG. Also we fabricate a 108 

conventional TENG doping with Ag nanoparticles (Ag NPs), results show that the doping 109 

core-shell particles have a better dispersion and plasmon enhancement effects (Figure S1 110 

and Figure S2), thus the higher output performance of TENG will be achieved. And the 111 

maximum power reaches the thickness of 6 nm with the visible light (0.6 times solar) 112 

illumination. The measured peak output current of P-TENG is about 250 μA, around 10 113 

times higher than that of conventional TENG with PDMS. And the peak output voltage 114 
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across the load resistor (R=100 MΩ) is 1281 V. Moreover, with a wide range of load 115 

resistance from 1 kΩ to 100 MΩ, the maximum output power reaches 70 mW, nearly 35 116 

times higher than the conventional TENG, via the simple way to achieve the target of high-117 

performance TENG. 118 

2.2 The working mechanism of the P-TENG. 119 

The surface plasmon effect is the consorted with oscillation of free electrons with respect to 120 

fixed positive ions in a metal and is one of the most important properties of metals (Figure 121 

3a). In most cases, the plasmon frequency of metals is in the ultraviolet region, making the 122 

plasmon reflective in the visible range. For general plasmon in the bulk state, plasmon 123 

energy Ep can be represented by [32] 124 
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where n is the electron density, e is the electron charge, m is the electron mass, ε0 is the 126 

permittivity of the free space, h is the Planck constant, and ωp is the plasmon excitation 127 

frequency. As the metal nanoparticles with the visible light illumination, the local surface 128 

plasmon effect can be generated, and the electric field around the NPs which are doped into 129 

the tribo-material will be changed. 130 

TENG conforms to the parallel plate capacitor model, an electric field between the 131 

electrode 1 and dielectric film will be formed, and which intensity is proportional to the 132 

induced charge amounts on the electrode surface. With the effect of the local potential, the 133 

charges on the surface of dielectric will reflow to the electrode 1. The output voltage 134 

depends on the electric field intensity and the separation distance of the electrode 1 and 135 

dielectric. Also, an energy barrier is formed in the separation process to prevent the reflow 136 

of electrons. To simplify the model of the TENG generate electricity, a tunnel distance z is 137 

defined, and if the distance between the electrode 1 and dielectric is less than or equal to z, 138 
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the electrons can transfer from the two surface and maintain a stable Fermi level. For the 139 

parallel plate model, the surface charge density of dielectric is σ, the induced charge density 140 

of electrode1 is σ1 and the electrode2 is σ2, the relationship between them should confirm 141 

with the Equation 2: 142 

                         1 2 0  + + =
                                                                   (2) 143 

Then the power density for TENGs which are doped with composite particles are 144 

                          1 2 0    + + =
                                                                   (3) 145 

With the effect of build-in electric field    /ԑ0, the change of vacuum level between metal 146 

and dielectric surface changes by vccE : 147 

                         1 0/vccE ze  =                                                                  (4) 148 

Where e is the elementary charge. 149 

When the system is in equilibrium, the dielectric surface state will be filled up as high as 150 

the Fermi energy level in the metal. We assume that the density of surface state is Ns(E), the 151 

average density of surface state is ( )sN E  and the range of filled surface state sE  can be 152 

described as  153 
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                         ( )s sE N E e= −V                                                     (7) 156 

From the Equation (3) and Equation (6) 157 

            
( )0 1 0/ /vcc s sE W E E ze N E e  − =  + = −
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Where the E0 is the initial energy level range of the dielectric, the W is the work function of 159 

the metal. And the output voltage of TENG is V and the surface charge density of the 160 

dielectric is σ, as following Equation (9) - (10) 161 
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The output voltage V has a negative correlation with the dielectric properties ԑ of the tribo-164 

material. When doping the core-shell Ag@SiO2 NPs into the PDMS, the numeric of σ will 165 

be increased via the analysis of , thus the V can be boosted and the numeric addition of 166 

surface charge density will present for the first. Then as the doping Ag@SiO2 NPs are 167 

illuminated with the visible light, the local surface plasmon effect can be generated, and the 168 

stimulated free electron gas around precious metal oscillates collectively when coupling 169 

with electromagnetic wave, thus the electric field are forming around the NPs. With the 170 

effect of the electrostatic field generated from the dielectric and electrode 2, the direction 171 

electric fields which are formed around the NPs, and the electric fields generated from NPs 172 

can be changed under the electrostatic force which generated from the triboelectric 173 

nanogenerator, presenting a vertical state and in opposite to the electrostatic field. From the 174 

Equation (3), Evcc increases with the generation of the local surface plasma, the average 175 

density of surface state ( )sN E  and the range of filled energy level sE  are also boosted. 176 

Automatically, the output voltage V of the TENG and the surface charge density σ can be 177 

boosted. Theoretical analysis shows that the local surface plasmon effect generated from 178 

the Ag@SiO2 NPs does boost the output performance of the TENG, as shown in Figure 3b-179 

d. 180 
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And a series of related simulations have been carried out to verify the mechanism of 181 

surface plasmon effect via Ag@SiO2 NPs for boosting the output performance of the 182 

TENGs. The software of FDTD was utilized to simulate the surface plasmon effect 183 

generated from Ag NPs, Ag@SiO2 NPs. Results prove that the intensity of the surface 184 

plasmon effect via Ag@SiO2 NPs is indeed over the Ag NPs under the same triggering 185 

condition, as depicted in Figure 3e and Figure S3a-b. Further the resonance will exit the 186 

resonance between two particles at a proper distance, and the intensity of the surface 187 

plasmon effect can be further enhanced, as shown in the Supporting Information Figure S3c-188 

d. Moreover, the output performance of P-TENG dominated by the surface plasmon effect 189 

are also investigated utilized the software of the COMSOL 5.3a, we simulated the doping 190 

NPs in the excited stage, which produce an opposite electric field inside of the tribo-191 

materials, and that possess a higher energy level compared with PDMS. Thus, the output 192 

voltage reached dozens of times than the TENG only doped with the Ag@SiO2 NPs, and 193 

the results which can validated the efficiency of the surface plasmon effect for enhancing 194 

the output performance of the TENG, also the simulation results are depicted in the Figure 195 

3f-g. 196 

2.3 Influence of the shell thickness on P-TENG’s output performance. 197 

Three shell thickness of the Ag@SiO2 (3 nm, 6 nm, 12 nm) were prepared to investigate the 198 

domination of filler silica proportion on the output performance of P-TENG. Mix all the 199 

types of Ag@SiO2 NPs with the mass fraction of 0%, 0.03wt%, 0.05wt%, 0.07wt%, 200 

0.1wt%, 0.15wt%, 0.2wt%, 0.3wt%, 0.4wt%, 0.5wt%, and the output performance of the 201 

TENG are diagrammed in Figure 4. Figure 4a-b portrait the output performance of P-TENG 202 

doping with Ag@SiO2 NPs with SiO2 shell thickness of 3 nm. The output current can be 203 

enhanced with the increase of doping content, and the maximum value 131 μA appears at 204 

the contents of 0.07wt%, nearly 4 times higher than the current of the conventional TENG 205 



  Research                                                                                                Manuscript.                                                                           Page 9 of 39 
 

with PDMS (36 μA). Then the current decrease as the quality mark increasing, then the 206 

current stay at the same level with 68 μA, which are higher than the conventional TENG 207 

and the TENG doping with the Ag NPs, as the existence of the modified shell SiO2.  208 

The output voltages have the same variable trend as the output currents, the highest 209 

output voltage reaches 1.27 kV at the doping content of 0.07wt%, then drops down to 704 210 

V with the doping content increment, while the voltage of conventional TENG is only 368 211 

V. Figure 4c-d diagrammed the output performance of doping Ag@SiO2 NPs with shell 212 

thickness of 6 nm, and the output currents and voltages are higher than the TENG with 3 213 

nm shell thickness in generally. The highest current 172 μA is obtained at the doping content 214 

of 0.2wt%, and with the continued content enhancement of the Ag@SiO2 NPs, the output 215 

performance drops down slightly. Interestingly the highest output voltage of shell-thickness 216 

6 nm is 1.17 kV, which is lower than the value of 3 nm thickness. Afterwards, the output 217 

performance of 12 nm shell-thickness was discussed, the output currents are diminished 218 

compared to the value of the 6 nm thickness, but that is higher than the thickness of 3 nm. 219 

The highest current was reached 141 μA at doping content of 0.1wt%, and the output voltage 220 

was 739 V.  221 

To emphasize the superiority of the doping shell-thickness Ag@SiO2 NPs, the output 222 

performance of TENG doping Ag NPs was also explored, and the results are shown in the 223 

Supporting Information Figure S4. The maximal output current of TENG with Ag NPs is 224 

merely 65 μA, the output voltage is 632 V, mainly due to the agglomeration of the 225 

nanoparticles, which lead to the seepage effect and make the charges on the tribo-material 226 

leak out quickly. The results turn out that the modified SiO2 shell not only can boost the 227 

output performance of the TENG due to the high dielectric properties, but also present a 228 

barrier that can impede the surface charges leakage. It means that the higher output 229 

performance TENG are achieved compared to the conventional doping method. 230 
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Furthermore, the output powers have been calculated, for a large range of load 231 

impedance from 1 kΩ to 100 MΩ, the output power of 3 nm shell-thickness is 13.87 mW at 232 

the load of 3 MΩ, 20 mW at the resistor of 7 MΩ belongs to 6 nm shell-thickness, and the 233 

power of 12 nm shell-thickness is 18.75 mW with the load of 30 MΩ, as diagrammed in 234 

Figure 4g-i. Results shows that the TENG with Ag@SiO2 NPs gets the power dozens for 235 

the conventional TENG (2.8 mW), which are shown in the Supporting Information Figure 236 

S5 and verify the feasibility of our proposal at the first step. In addition, the charges of the 237 

P-TENG are counted, the maximum charge is 474 nC, and the changing curve is shown in 238 

Figure 4j. 239 

2.4 Direct observation of the plasmon resonance effect enhancing output performance. 240 

We assumed that photoelectric characteristic of the NPs which will change the electric field 241 

distribution of the tribo-materials could enhance the output performance of the TENG and 242 

did a series of experiments to validate our assumption. The Xenon lamp was chosen as the 243 

light source to illuminate Ag@SiO2 NPs to generate the local surface plasmon effect, also 244 

the fundamental Ag NPs were first investigated to prove our hypothesis, and the results are 245 

shown in the Supplementary Figure S5a-d. First on, we put the lamp at the private float 246 

angle of 60° with a 0.2 times solar illuminance to radiate the working TENG’s tribo-247 

materials doping with Ag NPs. The output currents have an enhancement in contrast with 248 

the TENG without light, and the highest output reaches 69 μA at the doping content of 249 

0.07wt%. Then, we manually enhance the light intensity and take an observation on the 250 

variation of TENG’s performance, and the output current gets a further increase, as shown 251 

in the Figure S5c, the output current up to 92.5 μA, more than 45 percent than the TENG 252 

without light. The output voltages of TENG with Ag NPs are shown in Figure S4d, and the 253 

highest is 735 V, compared to the TENG without light , which gets an dozens enhancement 254 

of 103 V. Experimental results show the output performance has a positive correlation to 255 
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the intensity of plasmon excitation intensity, if an improving electromagnetic field generated 256 

from local plasmon effect enabled NPs, the output performance of TENG can be further 257 

boosted. 258 

Hence, the P-TENG doping into core-shell Ag@SiO2 NPs with light is consecutive to 259 

study, and the output performance of the P-TENG is depicted in Figure 5. Figure 5a shows 260 

the variation curve of the output current at different doping contents, which contains the 261 

TENG with light and without light illumination, and three shell thickness Ag@SiO2 NPs 262 

were compared. The P-TENG with the 3 nm shell thickness acquire the lowest output 263 

current in contrast with the other two thickness, and the generated local surface plasmon 264 

effect has a little impact on the output even increase the intensity of the illumination light. 265 

The output currents of TENG with doping content ranging from 0.03wt% to 0.07wt% all 266 

have an improvement with the increase of light, while the current drops down with the 267 

enhancement of the light intensity due to the surface charge overflow with absorbing the 268 

photon energy and increasing less than dissipating. When the doping content continues 269 

increase, the currents are enhanced further as the light intensity lifting, and the highest 270 

output current of 3 nm thickness is 162 μA at the doping content of 0.3wt% eventually. The 271 

output current of P-TENG with 6 nm shell thickness NPs presents another trend, which 272 

takes the current above all the doping materials, also the best plasmon effect enhancing the 273 

output current is realized by this NPs. The highest output current 248 μA was reached at the 274 

doping content of 0.4wt%, which means this shell thickness and the doping content are 275 

suitable for our research experiments. Subsequently, the output current declines as the shell 276 

thickness increases to 12 nm, while the intensity of the local surface plasmon effect for 277 

boosting output is weakened, and the peak value 190 μA is obtained at the doping content 278 

of 0.15wt%. The regularity of TENG’s output is rigidly related to the intensity of the local 279 

surface plasmon effect. Figure 5b depicts the output voltage (with the resistance of 100 MΩ) 280 
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of three shell thickness Ag@SiO2 NPs, the voltages have the same tendency as the output 281 

current and get the highest 1680 V at doping content of 0.15wt% with the 3 nm shell 282 

thickness. Even more interesting is that the output voltage has a close connection with the 283 

shell thickness and decreases as the shell thickness increasing. Also, the charges are 284 

calculated through the integration from a cycle output current, the maximum is 565 nC, 285 

which has the dozen times of the conventional TENG, the results are depicted in Figure 5c-286 

f. In addition, the peak output powers are also presented via the highest output current with 287 

the resistance range from 1 kΩ to 100 MΩ for each shell thickness, as shown in Figure 5g-288 

k, the maximum power can reach to 70 mW at the resistance of 30 MΩ with device size of 289 

4cm*4 cm, the process for TENG’s output performance enhancement is presented in the 290 

Supporting Information Video S1. 291 

Additionally, the efficiency of the surface plasmon effect for boosting the P-TENG’s 292 

output performance has been investigated. The doping content 0.15wt% for three sorts of 293 

Ag@SiO2 NPs were adopted to verify that, as shown in Figure S6a. The output current 294 

reaches nearly 150 μA with visible light, and then set the P-TENG in the darkness for two 295 

hours, the current drops down to the output level of that TENG only doping with Ag@SiO2 296 

NPs. When the P-TENG is irradiated with the visible light once more, the output current 297 

comes a sharp rise in one minute. Whatever the shell thickness is, the regular phenomenon 298 

recurs all the time. In addition, the P-TENGs are also irradiated with various wavelengths, 299 

the output current reduces at the irradiation of UV-light, due to the higher energy of the UV-300 

light induces the electrons on the tribo-materials escaped into the air, the results are shown 301 

in the Figure S6b. The durability of the P-TENG with 6 nm shell thickness (0.1wt%) is also 302 

studied, the output current still maintains a high output performance after hundreds of cycles 303 

contact, the results depicted in the Figure S6c. The P-TENG can power low-power devices 304 

such as charging the capacitor (Figure S7a), the capacitances from 10 μF to 100 μF were 305 
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chosen. The results show that the smaller the capacitance 10 μF of the capacitor is the shorter 306 

charging time is used (6 s) to achieve the target, while the large capacitance (100 μF) of the 307 

capacitor possesses the longer charging time used (150 s). Moreover, we successfully light 308 

up 300 LEDs leveraging on the high output power of the P-TENG, as shown in Figure S7b 309 

and Supporting Information Video S2. Such high output power also allows us to power 310 

various electronic devices wirelessly, using a thermometer sensor, a wireless transmitter 311 

module, a wireless receiver and an upper-computer display, the wireless sensor system was 312 

contrast, and the sensing data can also be received from more than ten meters. The sensing 313 

data can receive at the PC until the voltage of charge capacitor (940 V) reached 3 V, and 314 

the first power for the sensors and then support electricity to the wireless transferring, thus 315 

the voltage drops twice, as depicted in the Figure S7c, Supporting Information Video S3. 316 

2.5 Electro-acupuncture dominated by the P-TENG. 317 

Cardiovascular disease is one of the most dangerous diseases to human life, and often occurs 318 

with outdoor recreation or someone in a tense anxiety [33-35]. Acupuncture treatment is a 319 

gentle, accessible and relaxing way for the cardiovascular disease, which is highly effective 320 

and widely used in clinical treatment on various diseases [36-38]. These days, the traditional 321 

acupuncture usually combines with the electrical stimulation to improve the therapeutic 322 

efficiency and has a significant curing effect. However, the power supply way is still a block 323 

for electric acupuncture therapy development. In consequence, we leverage the high-324 

performance P-TENG to fabricate the self-powered electroacupuncture system for 325 

accommodating the function of cardiovascular system, which can be applied in sports first 326 

aid, reduction of anxiety, and for aided clinical diagnoses and treatment of some 327 

cardiopathies. We utilize the heart sutra e.g. Jianshi and Neiguan, the lung channel as Lack 328 

acupoint to illustrate the self-powered electric acupuncture via P-TENG for affecting the 329 

cardiac function, the treatment flowsheet depicted in the Figure 6a, the ECG monitor can 330 
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also work to measure body response in the experimental process. Point is that the electric 331 

acupuncture generally uses the milliampere-current pulse to stimulate the acupoint, thus we 332 

leverage the matron interface to buck the signal of P-TENG from high voltage low current 333 

pulse to a low voltage higher current pulse, which is coincidence with the existed electro-334 

acupuncture machines (Figure S8a). To express the signal transmission more clearly, the 335 

electronic model is shown in Figure 6b, the simplified equivalent model of P-TENG can be 336 

expressed as a voltage source, the transformer equivalent model can transfer into resistances 337 

and inductors in parallel, and the variable resistance RL represent skin tissues. As the P-338 

TENG starts to work, the generated electric signals transmit through the buck circuit and 339 

convert into required signals, as exhibited in Figure S8b. 340 

Figure 6c and Figure S9 illustrate the self-powered acupuncture system in adjusting 341 

the heart function for human in hospital. The physical changes of five healthy volunteers 342 

are recorded via the ECG monitor, which documents the electrocardiogram (ECG) and 343 

PLETH in normal state, with the acupuncture state and with electric acupuncture state. 344 

Figure 6d and Figure 6e present the physical characteristic of volunteer 1, who is stimulated 345 

with acupoints of Neiguan and Jianshi. As shown in Figure 6d, the ECG is about 57 in the 346 

normal station, and the value rises to 65 with acupuncture which also brings heartbeat 347 

fluctuation. Then physical activity plays a key role and the ECG of the volunteer 1 begins 348 

to level off, which shows the value of 55 with acupuncture after 30 mins, only modest rises 349 

compared with the normal state. The next electric acupuncture experiment has been carried 350 

out, the ECG value of the body rises rapidly with fluctuation to 68, and the value trends to 351 

stable 64 with electrical stimulation after 30 mins. While the ECG goes up to 70 with the 352 

electrical stimulation for 1 h, which indicates that the combination of the traditional 353 

acupuncture with TENG has a better control effect on the cardiovascular performance, while 354 

the indicators of PLETH are not significant in the whole experimental process (Video S5). 355 
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Volunteer 2 was also stimulated with the same acupoint, whose physiological index also 356 

varies with external stimulus. But the regulation of the electric acupuncture is a bit weak, 357 

the index has a slight variance with the normal condition (Figure S9a). Additionally, the 358 

other cardiac channel lack has been utilized to confirm the system is feasible and stable, as 359 

is shown in Figure S9b-d. Three-piecer including man and woman were stimulated with 360 

Lack and Neiguan acupoint, the physiological index changes when the stimulated condition 361 

changes, and all the ECG values are more sensitive to the electronic acupuncture. The above 362 

medical experiments were under the guidance of professional doctors, which comply with 363 

ethical rules of hospital of Chongqing University. 364 

 365 

3. Discussion  366 

In summary, we propose the surface plasmon effect generated from core-shell Ag@SiO2 367 

for boosting the output power of TENGs. On one hand, the output performance is enhanced 368 

via core-shell Ag@SiO2 NPs by the shell can prevent the charge leakage inducing by the 369 

metal nanoparticles. On the other hand, utilizing the surface plasmon effect generated by 370 

the core-shell Ag@SiO2 NPs, the output performance can be enhanced several times than 371 

the conventional TENGs. Three sorts of different shell thickness for Ag@SiO2 NPs are 372 

utilized to explore the influence on the output performance of TENG. And the peak output 373 

power of 70 mW is obtained at the shell thickness of 6 nm with the doping content of 0.4 374 

wt%, the output current is 248 μA and the output voltage is over 1 kV, far beyond the 375 

conventional TENG. Benefiting from such high power, we directly light up 300 LEDs and 376 

realizing a wireless sensing system power off. The P-TENG we proposed has demonstrated 377 

an easy method to realize a high performance TENG fabrication. Something to be 378 

mentioned is that an application combines the high-performance TENG with the traditional 379 

Chinses acupuncture, which broaden the area of the application for TENGs. 380 

 381 
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4. Materials and Methods 382 

4.1 The materials of core-shell Ag@SiO2.  383 

The Ag@SiO2 composite nanoparticles with a core-shell structure were prepared in 384 

remarkably simple chemical reduction ways. And the preparation process was composed of 385 

two parts. One was the Ag nano-spheres preparation and silica-shell coating, the Ag can be 386 

obtained through the materials 0.1 g PVP, 1 mL Ag@SiO2 (0.1mol/L) and 100 mL 387 

CH3CH2OH, these materials should be ultrasonic mixing evenly in one conical flask. Then 388 

heating the mixed solution in water bath at 80 ℃ for 60 min and the Ag NPs were obtained. 389 

Next, the Ag@SiO2 NPs were prepared, the materials of 20 mL Ag colloid, 37.5 mL 390 

CH3CH2OH, 12.5 mL pure water, 2.5 mL ammonium hydroxide were mixed through the 391 

ultrasonic agitation for 30 mins. Then, the TEOS was added slowly to mixed solution, which 392 

was agitated in the dark for some time, and time direct influence the shell thickness of the 393 

Ag@SiO2 NPs, the fabrication process of Ag@SiO2 NPs was shown in Supporting 394 

Information Figure S10 and Table S1. 395 

4.2 Fabrication of P-TENG.  396 

The P-TENG contains an electrode one (AgNWs), a triboelectric film of PDMS with core-397 

shell Ag@SiO2 NPs, an electrode two (ITO), and the triboelectric film spin through the glue 398 

homogenizer (EasyCoater 4, Schwan) on the ITO electrode. The PDMS films were prepared 399 

from Sylgard 184, it contains two parts (group A and group B). The group A doping with 400 

NPs was mixed thoroughly via deaeration mixer (THINKY MIXER AR-100) for 5 mins, 401 

then added the group B into the mixer and continue stirring for 5mins, and another 2 mins 402 

were used to be defoaming. Then the obtained mixture was spun on the ITO via 350 rpm 403 

which was generated by the spinner, and back dry at the temperature of 75℃. A P-TENG 404 

with the size of 4 cm*4 cm was fixed at the linear motor (TS-40GZ495-32, Frequency 2Hz, 405 

Force of 40 N) for measuring the output electricity.  406 
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 407 

 408 

4.3 Fabrication of the lighting system.  409 

The lamp that provides light radiation (CEL-HXF300-T3) and the lamp was put onto the 410 

lifting platform (LFP200) set as a 60º radiation source. In addition, a filter (UVIRCUT400) 411 

was fixed on the lamp for providing a visible light illumination to boost the output 412 

performance of TENG. 413 

4.4 Characterization.  414 

The output currents were measured by a current preamplifier (SR570, Stanford Research 415 

System), and the output voltages were measured through a digital storage oscilloscope 416 

(R&S RTO2064) with a high-voltage probe (Tektronix P6015A, 100 MΩ). The output 417 

powers were calculated through the formula P=I2
load*R, the charge Q was obtained by 418 

making an integration of one cycle current, where t0 is the time of the beginning of each 419 

cycle. 420 

4.5 High output performance demonstration.  421 

The module of 300 LEDs we utilized to demonstrate the high-power output of the P-TENG 422 

with dropout voltage 2 V. For wireless sensing system, the capacitor (940 μF) was used for 423 

powering the transmitter module of ZigBee (LRF215C) and a temperature sensor, the 424 

receiver module (LRF215U_PA) was powered over its USB connection, and the 425 

temperature displayed at the PC system.  426 

4.6 Protocols for Human Subject Studies.  427 

The study protocol was reviewed and approved by the ethical review committees of 428 

Chongqing University Hospital. For the electric acupuncture experiments, the doctor 429 

Ouyang operated the acupuncture sessions, and self-powered electric stimulation were 430 

under his supervision. The electric stimulation was supported from TENG with same 431 
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excitation with former test. Transformer turns ratio is 660:40, and wire diameters 432 

respectively are 0.06 mm and 0.41 mm. All the volunteers were fully informed, and they 433 

signed a written informed consent prior to the start of the study. 434 
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FIGURE CAPTIONS 609 

 610 

 611 

FIGURE 1. The sketch of the manuscript. (a) The fabrication of the high-performance TENG. (b) 612 

The structure of doping nanoparticles. (c) The Energy disperses spectroscopy of the Ag@SiO2 NPs. 613 

(d) The result for XRD of the Ag, Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm. 614 

 615 

 616 

 617 

 618 
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 619 
FIGURE 2. The preparation and characterization of the Ag@SiO2 NPs. (a-c) The TEM of 620 

Ag@SiO2 (shell thickness 3 nm, 6 nm, and 12 nm). (d) The raw materials and intermediate 621 

products of fabricating Ag@SiO2 NPs. (e) The superiority of Ag@SiO2 NPs in generating 622 

surface plasmon effect compared with the Ag NPs. (f) The plasmon strength of different 623 

shell thickness of Ag@SiO2 NPs. (g) The UV-visible absorption spectrum of Ag, Ag@SiO2-624 

3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm. 625 

 626 
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 627 
FIGURE 3. The mechanism of high performance TENG dominated by surface plasmon 628 

effect. (a) The mechanism of the local surface plasmon effect generated from metal 629 

nanoparticles. (b) The capacitor model of the conventional TENG (c) The capacitor model 630 

of TENG doping with Ag@SiO2 enhanced via local surface plasma. (d) Schematic diagram 631 

of contact electrification process of the enhanced TENG. (e) The simulation of the surface 632 

plasmon effect intensity enabled Ag@SiO2 NPs. (f) The simulation for output voltage of 633 

doping TENG via COMSOL 5.3a. (g) The simulation for output voltage of the booted TENG 634 

via local surface plasmon. 635 
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 636 
FIGURE 4. The output performance of the P-TENG doping with Ag@SiO2 in the ambient 637 

environment. (a-b) The output current and output voltage of Ag@SiO2-3 nm. (c-d) The output 638 

current and output voltage of Ag@SiO2-6 nm. (e-f) The output current and output voltage of 639 

Ag@SiO2-12 nm. (g-i) The output power of Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 640 

nm. (j) The charge variation of Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm. 641 
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 644 
FIGURE 5. The output performance of P-TENG enhancing via the surface plasmon effect. (a) The 645 

output current of Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm with visible light. (b) The 646 

output voltage of Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm with visible light. (c-f) 647 

The output voltage of Ag, Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm with visible 648 

light. (g-k) The output power of Ag, Ag@SiO2-3 nm, Ag@SiO2-6 nm, and Ag@SiO2-12 nm with 649 

visible light. 650 

 651 
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 652 

FIGURE 6. The electro-acupuncture dominated by the P-TENG. (a) Stimulation to vague nerve 653 

for heart adaptation function via P-TENG. (b) Electrical model of the self-powered electro-654 

acupuncture system. (c) Application of the self-powered electro-acupuncture system on the healthy 655 

human. (d-e) The recorded ECG rate and PLETH value with acupuncture and with electro-656 

acupuncture (acupoint of Jianshi and Neiguan. 657 

 658 

  659 
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 660 

Supplementary Materials 661 

 662 
FIGURE S1. The fabrication of P-TENG. (a) The tribo-materials PDMS doping with Ag@SiO2 663 

spinning on the ITO glass. (b) The Ag NWs electrode is paste on the acrylic. (c) The vertical section 664 

of the PDMS film. (d) The cross section of the PDMS film. (e-f) The vertical section of the PDMS 665 

film in enlarged size. 666 

 667 

 668 

 669 

 670 

 671 
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 672 

 673 

FIGURE S2. The Ag NPs doping into the PDMS. (a) The SEM of the Ag NPs. (b) The SEM of 674 

the PDMS doping with Ag NPs. 675 

 676 

 677 

 678 
FIGURE S3. The simulation of the surface plasmon effect from Ag and Ag@SiO2. (a) The 679 

intensity of surface plasmon effect generated from Ag. (b) from Ag@SiO2 (c) from two Ag@SiO2 680 

NPs with a distance 60 nm. (d) from two Ag@SiO2 NPs with a distance 110 nm. 681 

 682 

 683 
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 684 
FIGURE S4. The output performance of TENG doping Ag. (a) The output current of TENG 685 

without visible light. (b) The output current of TENG with 0.2 times solar illuminance. (c) The 686 

output current of TENG with 0.6 times solar illuminance. (d) The output voltage of TENG doping 687 

with Ag. 688 

 689 
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 700 

 701 

FIGURE S5. The output power of conventional TENG.  702 

 703 

 704 

 705 

FIGURE S6. Study on improving the output performance of TENG by surface plasmon resonance. 706 

(a) The effective of surface plasma effect enhancing the output performance of P-TENG. (b) The 707 

influence of different band irradiation on the output performance of TENG. (c) The durability of 708 

the high performance TENG. 709 

 710 
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 711 

FIGURE S7. The output performance demonstration for P-TENG. (a) The charge curve of the 712 

capacitor for 10 μF, 22 μF, 33 μF, 47 μF, 100 μF. (b) The 300 leds are lighted up. (c) The self-713 

powered wireless system is realized. 714 

 715 

 716 
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 717 
FIGURE S8. The stimulation from electro-acupuncture instruments and TENG with transformer. 718 

(a) From electro-acupuncture instruments. (b) From TENG with transformer. 719 
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 720 

FIGURE S9. The record of the volunteers for electric acupuncture. (a) Volunteer 1 and was 721 

stimulated with Jianshi and Neiguan acupoints. (b-c) Volunteer 2 and volunteers 3 were stimulated 722 

with Jianshi and Lack acupoints. (d) Volunteer 4 (women) was stimulated with Jianshi and Lack 723 

acupoints. 724 

 725 

 726 
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 727 
FIGURE S10. The fabrication process of the Ag@SiO2 nanoparticles. (a) The preparation of the 728 

Ag NPs. (b) The preparation of the Ag@SiO2 nanoparticles. 729 

 730 

 731 

 732 

 733 

 734 
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The Ag NPs is prepared via the chemical reduction select 0.1 g PVP, 1 ml AgNO3 (0.1mol/L) 735 

and 100 ml CH3CH2OH to ultrasonically mix. After the substances were uniformly mixed, putting 736 

the conical flask into the water bath pot, heat it to 80 ℃, and keep it at this temperature for 60 min 737 

to obtain the Ag NPs. 738 

The Ag@SiO2 material is prepared via the Stöber method: select 20 ml Ag colloid, 37.5 ml 739 

CH3CH2OH, 12.5 ml pure water, 2.5 ml ammonium hydroxide to ultrasonically mix. Then a 740 

dispersion liquid was formed via ultra-sounding for 30 minutes, passed TEOS into the suspension 741 

continuously, and stir in the dark for a period. The Ag@SiO2 NPs was obtained. 742 

 743 

TABLE S1. The optimized reaction conditions of shell thickness. 744 

The shell thickness Reaction Time The capacity of TEOS 

3 nm 30 min 5 

6 nm 3 h 5 

12 nm 3 h 10 

 745 


