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application for electrochemical cathodic protection
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SUMMARY

The development and utilization of triboelectric nanogenerator (TENG) are very important for realizing en-
ergy cleaning in electrochemical processes. However, limited electrical output performance plays a major
stumbling block to this process. Herein, a porous and high-roughness PDMS (PR/PDMS) negative friction
layer was obtained by doping PDMS with powdered chitosan and casting using a sacrificial anodic alumina
template. A TENG was fabricated by the PR/PDMS with Al film (PR-TENG). The PR-TENG exhibited much
better performance than the pure PDMS-based TENG, which was attributed to the porous properties of
the PR/PDMS. Under the driving of external mechanical force at 5 Hz, the PR-TENG showed a maximum
output open-circuit voltage (Voc) and short-circuit current density (Jsc) of 77.1 V and 33.9 mA/m2,
respectively. To prove the concept, the electrochemical cathodic protection system with PR-TENG was
constructed. Ultimately, the application prospects of the PR-TENG as a clean energy source for electro-
chemical processes were explored and evaluated.

INTRODUCTION

The development of low-carbon, clean, and sustainable energy is gaining momentum because of energy shortage and environmental prob-

lems.1–3 Currently, a considerable amount of electrical energy is consumed in electrochemical processes; therefore, the development and

utilization of clean and sustainable energy for electrochemical processes have attracted extensive attention in recent years.4 In 2012,

Wang et al.5,6 invented triboelectric nanogenerators (TENGs), the use of which is a promising route for supplying clean energy to the electro-

chemical processes.7–14 TENG has the following advantages: a wide selection of materials, light weight, low cost, and easy capturing low-fre-

quencymechanical oscillations.15–17 However, TENGs also possess the disadvantages of low electrical output, highmatching impedance, and

poor stability.14,15,18 In which the low electrical output is a critical drawback limiting the practical application of TENGs. However, TENG

output may be enhanced through material selection and modification.19–22 Polydimethylsiloxane (PDMS) is widely used in the construction

of TENGs because of its non-toxicity, good flexibility, transparency, good biocompatibility, simple preparation, and low cost.23–26 More

importantly, PDMS is easily modified both on the surface or in bulk, which is conducive to achieving high performance.27–33 Surface engineer-

ing is an important strategy for improving electrical output performance of TENG. This strategy mainly includes the improvement of the sur-

face geometry and surface modification of the friction layer. The geometric morphology improvement is mainly through chemical etching,

plasma treatment, laser treatment, and electrostatic spinning techniques to create a rough surface with micro/nano structure.34–37 Surface

roughness is an important factor affecting the TENGs output: it increases with the increasing surface roughness.38–40 Wang et al.41 designed

the pyramid and cubic patterns PDMS to improve the output of TENG. Huang et al.42 obtained micro-nano structures on the friction layer

using laser scanning technology to enhance the output of the TENG, which greatly promotes the practicality of the TENG in large-scale

manufacturing and micro-energy utilization. In addition, surface modification is an important way to improve TENG performance. Wang

et al. improved the performance of TENG by using self-assembled monolayer (SAMs) to functionalize the surface. Li et al.43 regulated the

chemical structure and functional groups of the triboelectric polymer at the molecular level by means of low-energy ion irradiation, which

opened up a new breakthrough in the field of triboelectric materials. Moreover, a high ratio of surface area to volume can not only reduce

the effective thickness of the friction material but also regulate its dielectric constant, which is helpful for improving the output performance

of TENGs.12,44 Some researchers have focusedon achieving ratio of surface area to volumeby designing friction layers with a porous structure.

Sacrificial template method is an important method to prepare porous structure friction. Fan et al.45 prepared stretchable TENG with NaCl

template, whose open-circuit voltage and short-circuit current were 60V and 180 nA, respectively. Cui et al.46 prepared friction layer based on

1Key Laboratory of Marine Environmental Corrosion and Bio-fouling, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China
2Open Studio for Marine Corrosion and Protection, Laoshan Laboratory, Qingdao 266237, China
3University of Chinese Academy of Sciences, Beijing 100049, China
4Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071, China
5Lead contact
*Correspondence: wangxiutong@qdio.ac.cn
https://doi.org/10.1016/j.isci.2023.108261

iScience 26, 108261, November 17, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:wangxiutong@qdio.ac.cn
https://doi.org/10.1016/j.isci.2023.108261
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108261&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


porous Na2CO3/PDMS to improve the output performance of TENG, which realized the collection and conversion of mechanical energy for

humanmovement. Although some porous friction layers have been reported. However, more porous friction layers and preparationmethods

conducive to the performance improvement of TENG should still be explored. Moreover, techniques simultaneously increasing the surface

roughness and the ratio of PDMS surface area to volume need to be explored to enhance the TENG output.

In this work, a porous and high-roughness PDMS (PR/PDMS) negative friction layer was obtained by doping PDMSwith powdered chitosan

and casting using a sacrificial anodic aluminum oxide (AAO) template. The PR/PDMS negative friction layer was fabricated for constructing a

TENG with Al as the positive layer (PR-TENG). Under the driving of external mechanical force at 5 Hz, PR-TENG exhibited the maximum Voc

and Jsc output of 77.1 V and 33.9 mA/m2, respectively. In addition, the PR-TENG under 5 Hz mechanical energy was capable of driving 450

commercial LED lamps, indicating that the PR-TENG can provide electric energy as an energy conversion device. In addition, the electro-

chemical cathodic protection system powered by the PR-TENG was constructed. The results showed that TENG provided stable cathodic

protection for 304 stainless steel (304ss) under 1–5 Hz mechanical force. In which, the open circuit potential (OCP) on the 304ss was reduced

below the self-corrosion potential thereof. Ultimately, the results showed that the PR-TENG is a promising clean energy source for electro-

chemical processes.

RESULTS AND DISCUSSION

Fabrication and characterization of porous and high-roughness/polydimethylsiloxane

Figure 1 shows a schematic of the fabrication of PR/PDMS. The PR/PDMS was obtained by doping powdered chitosan and sacrificial AAO

template. First of all, the chitosan ethanol suspension was added into PDMS to form a thorough mixing. The mixture was poured into a

mold prepared from an acrylic sheet and Kapton tape. The AAO template was placed on the mixture and left to stand by. The PR/PDMS

was obtained after the heat curing and etching of the AAO template with NaOH solution (detailed information will be described in the Exper-

imental Section).

To explore the effects of porous structure and surface roughness of the frictionmaterial on the electrical output performance of TENG, the

microstructure of the PR/PDMS was characterized by laser scanning confocal microscopy (LSCM) and scanning electron microscopy (SEM). In

addition, the pure PDMS and chitosan-doped PDMS (CS/PDMS) were prepared for comparison. The XRD patterns of the PDMS and CS/

PDMS are shown in Figure S1. The peaks at 2q values of 12� and 22� are attributed to the PDMS. The decrease trend of 2q values of 12�

and 22� in CS/PDMS was attributed to the effect of CS interference on the crystallization of PDMS.47,48 In addition, no obvious characteristic

peaks of CSwere observed, whichmay be due to the small amount of CS doping. FTIR was used to analyze the chemical groups on the surface

of samples (Figure S2). The peaks observed in the PDMS curve at 2962, 1259, 1014 and 798 cm�1 were attributed to the�CH3 group, Si�CH3,

Si-O-Si, and C-Si-C, respectively.47,49 No other obvious characteristic peaks were found in the CS/PDMS curve, which indicated that CS and

PDMSwere only physical miscible without chemical interaction.49 Optical photographs show that the surface of the pure PDMS is smooth and

free of impurities and that the PDMS has very good transparency (Figure S3A). The CS/PDMS and PR/PDMS have rough surfaces, and both

samples exhibit a significantly lower transparency (Figures S3B and S3C)), which was attributed to chitosan doping. Simultaneously, the 3D

morphologies of the CS/PDMS and PR/PDMS show a large number of small bumps on the surface, compared with the pure PDMS

(Figures 2A–2C). SEM further confirms the roughness of the CS/PDMS and PR/PDMS surfaces, as shown in Figures 2D–2F. In addition,

Figure 1. Schematic of the preparation of the PR/PDMS
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Figures S4A–S4C show the cross-section SEM images of PDMS, CS/PDMS, and PR/PDMS. The results show that the thickness of the three

friction materials is about 520 G 10 mm. Meanwhile, the cross-section of PR/PDMS exposes a large number of irregular pore structures

and air sacs. A magnified image of the hole and corresponding elements mappings are obtained from Figure S4C, as shown in

Figures S4D and S4E). The results show that PR/PDMS also have a porous structure.

The roughness of the PR/PDMS surface was attributed to its porous structure, which is formed owing to chitosan doping and AAO tem-

plate treatment. Related studies have reported that rough and porous structures can not only effectively reduce the thickness of the friction

layer and increase the contact surface, but also lead to a large number of micro-capacitors for increasing the surface charge density (s) of the

friction layer,50–52 ultimately improving the electrical output of TENGs. An arithmetic mean height (Sa) and root-mean-square height (Sq) of

the PR/PDMS surface are 0.533 mm and 0.723 mm, respectively, which are significantly higher than those of the pure PDMS and CS/PDMS

(Figure 3).

Structural, mechanism, and output characterization of the porous and high-roughness-triboelectric nanogenerator

Figure 4A shows a schematic of a PR-TENG sandwich-like architecture. The negative and positive friction materials are PR/PDMS and Al foil,

respectively. The PR-TENG operates in a contact-separated mode and is driven by an external mechanical force, as shown in Figure 4B.

The mechanism of the TENG is based on the coupling of the triboelectric effect and electrostatic induction. Figure 5 illustrates the working

mechanism of the PR-TENG, showing that electricity is generated through four processes. In the initial state, as shown in Figure 5A, the PR/PDMS

Figure 2. The 3D morphologies and SEM images of the pure PDMS, CS/PDMS, and PR/PDMS

LSCM 3D morphologies of (A) pure PDMS, (B) CS/PDMS, and (C) PR/PDMS. SEM images of (D) pure PDMS, (E) CS/PDMS, and (F) PR/PDMS.

Figure 3. Surface roughness of the pure PDMS, CS/PDMS, and PR/PDMS
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and the Al foil are separated and are both in an electrically neutral state.When they are pressed into each other, equal and opposite charges are

gained: the PR/PDMS becomes negatively charged, and the Al foil becomes positively charged (Figure 5B). When the external mechanical force

is removed, the PR/PDMS and the Al foil begin to be separated. At this time, because the potential of the Al foil is higher than that of the copper

electrode on thebacksideof the PR/PDMS, the current flows into the copper electrodeon the backside of the PR/PDMSalong the external circuit

(Figure 5C). As a result, at themomentwhen the PR/PDMS is completely separated from theAl foil, the charges of the Al foil has been completely

lost, while the copper electrode on the backside of the PR/PDMS has gained equal positive charges (Figure 5D). When the PR/PDMS and Al foil

are brought closer together again, an opposite current starts to flow (Figure 5E). Thus, under the action of external mechanical force, the recip-

rocating contact and separation induce a pulsed alternating current.

To explore the electrical output performance of PR-TENG, the open-circuit voltage (Voc) and short-circuit current density (Jsc) were

measured at a driving frequency of 5 Hz. The maximum peak Voc values for the TENGs based on the pure PDMS and CS/PDMS are 42.5

and 50.4 V, respectively. The maximum peak Voc value for the PR-TENG is 77.1 V, as shown in Figure 6A. The TENG based on the

pure PDMS and CS/PDMS exhibit the maximum Jsc peak values of 15.2 and 14.5 mA/m2, respectively. The maximum Jsc peak value for

the PR-TENG is 33.9 mA/m2, as shown in Figure 6B. Compared with the TENG based on the pure PDMS, the CS/PDMS-based TENG and

PR-TENG show significantly higher Voc. Although the Jsc of the CS/PDMS-based TENG is not significantly higher than that of pure PDMS-

based TENG, that of the PR-TENG is considerably higher than that of pure PDMS-based TENG. The Voc and Jsc of CS/PDMS-based

TENG were not significantly higher than those of pure PDMS-based TENG, or even slightly lower, which was attributed to the multiple func-

tional groups of chitosan. Furthermore, the transferred charges are calculated using the following equation:

Q =

Z
Idt

where I is the values of short-circuit current. Compared with TENG based on pure PDMS, the CS/PDMS-based TENG and PR-TENG show

significantly higher contacted charges (Qc) and separated charges (Qs), as shown in Figures 6C–6E. In addition,Qc andQs are almost equal,

Figure 4. Schematic of the PR-TENG and the driving device

(A) Schematic of the PR-TENG sandwich-like architecture.

(B) Schematic of the driving device for PR-TENG performance evaluation.

Figure 5. Schematic of working mechanism of the PR-TENG
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while the peak value of contact current is greater than the peak value of separation current, which is attributed to the slower separation pro-

cess of TENG because the process is driven by the restorative force of the spring.53

It is worth noting that the electrical performance of PR-TENGwas significantly improved over the control samples, which wasmainly attrib-

uted to the effect of the porous and high-roughness surface of PR/PDMS. Related literature reports that themain factor affecting the electrical

output performance of TENGs is the surface charge density (s),54–56 and the roughness of the electrode surface can greatly affect s. The fric-

tion layer with high roughness can effectively enhance the contact area and thus improve the output performance of TENG.38,57 In addition,

the working distance between the friction layers (1–2 mm) and the thickness of the friction layer (0.18 mm) of the TENG in this work are rather

small compared to the friction surface (153 15mm). Therefore, TENG is equivalent tomultiple parallel plate capacitors (Figure S5A), such that

C=
εA

d
(Equation 1)

where C is the capacitance, ε is the dielectric constant of the friction layer,A is the area of the friction layer, and d is the thickness of the friction

layer. Themagnitude ofCmainly depends on the size ofd. As d decreases,C increases. Herein, the air in the PR/PDMSpores is equivalent to a

thin air layer of thickness xi. Therefore, the total thickness of the air layer is d =
P
i

xi. The thickness of the porous PR/PDMS is greatly reduced

by the external pressure owing to the discharge of the thin air layer, as shown in Figure S5B.

Thus, the capacitance (Cd) of PR/PDMS under external pressure can be expressed as follows:

Cd =
εA

d� d
(Equation 2)

Equation 2 shows thatCd increases significantly, meaning that the electrical output performance of PR-TENG increases as well. In addition,

the discharge of a thin air layer increases the effective permittivity of PR/PDMS because the permittivity of air is lower than that of PDMS

(εair = 1.0, εPDMS = 2.83).7 Moreover, the addition of CS into PDMS is beneficial to improve its dielectric constant. As shown Figure S6A,

the dielectric constant of SC/PDMS is higher than that of pure PDMS, which is beneficial to enhance the electrical output performance of

TENG. The dielectric loss for both pure PDMS and SC/PDMS remained at low levels, as shown Figure S6B. In addition, for PDMS and CS/

PDMS, the conductivity of the composite dielectric layer exhibits insulation performance at low frequencies, as shown in Figure S6C. This

further increases the PR/PDMS capacitance, enhancing the electrical of the TENG. In addition, a friction layer with different sizes pore was

prepared, as shown in Figures S7A–S7C. The pore sizes of PR/PDMS-0.54 and PR/PDMS-1.7 friction layers are 0.54 mm and 1.7 mm, respec-

tively. Figures S7D–S7F shows the electrical output performance of TENGs based on pure PDMS, PR/PDms-0.54 and PR/PDms-1.7. The result

shows the TENG output increases with increasing hole size. This is consistent with the theoretical predictions above.

The TENGs harvest the disordered low-frequency mechanical energy from the surrounding environment and convert it into usable elec-

trical energy, which is significant for the development of clean and sustainable energy. The TENG performance was evaluated by exploring

the relationship between TENG output performance and excitation frequency. Figures 7A and 7B show the Voc and Jsc of the PR-TENG

Figure 6. Output performance curve of the TENGs

(A) output voltage (Voc); (B) short-circuit current density (Jsc); (C–E) transferred charges.
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operated at 0–5 Hz. The results show that the Voc and Jsc increase with working frequency, which was attributed to an increase in the charge

transfer rate with increasing speed of the reciprocating contact and separation. Moreover, the output performance of PR-TENG dependence

on the external forces, as shown in Figure S8. The results show that Voc and Jsc increasewith external forces, which was attributed to increase in

the deformation of PR/PDMS and the contact area between Al. It is worth mentioning that the electrical output performance of the PR-TENG

is comparable to or superior to that of many previous porous TENG devices (Table 1).

The PR-TENG output performance is affected by the load. Figure 7C shows the maximum output voltage and current exhibited by PR-

TENG at different load resistances. The results show that the output voltage and current of PR-TENG increase and decrease, respectively,

with the increase in load. In addition, the maximum output power density is 118.5 mW/m2 at a load of 20 MU (Figure S9). In the light of

the excellent electrical output capability, the PR-TENG was used to charge capacitors with capacities of 1, 2.2, 4.7, and 10 mF. The charging

curves in Figure 7D show that capacitors were charged quickly and consistently, indicating that the PR-TENG is promising for converting me-

chanical energy and storing electrical energy. Furthermore, to verify the application of PR-TENGas a power conversion device, it was tested to

power LED lights. As shown in Figure 7E and Video S1, PR-TENG could drive 450 commercial LED lamps under the action of 5 Hz mechanical

energy. The corresponding rectified current curve and circuit diagram are shown in Figures 7F and S10, respectively. Energy converters must

be able to provide a stable power supply for a long time. Therefore, the stability of the PR-TENG output was tested. Figure 7G and Figure 7

show the Jsc and Voc curves for 37500 cycles under the driving frequency of 5 Hz. The results show that both the voltage output signal and the

Figure 7. Output performance of the PR-TENG and applications

(A) Voc and (B) Jsc of the PR-TENG at different frequencies.

(C) Maximum output voltage and current of the PR-TENG with different load resistances.

(D) Charging curve of capacitors.

(E) Photographs of 450 LEDs powered by the PR- TENG.

(F) Current output curve of PR-TENG after rectification.

(G) Jsc and (H) Voc curves of PR-TENG within 37500 cycles.

Table 1. Comparison of some relevant works reported for triboelectric nanogenerators based on the porous friction layer

TENGs Force (N) Frequency (Hz) Voltage (V) Current (mA) Dimension (cm2)

This work 40 N 5 Hz 80 V 9.8 mA 2.25 cm2

Porous PDMS-nickel ferrite TENGs58(2023) / / 60 V 0.3mA /

PC-TENG59(2022) / 5 Hz 120 V 8 mA 4 cm2

DS-TENG60(2022) 30 N 4 Hz 50 V 0.5mA 9 cm2

Porous PDMS TENGs27(2021) 600 N 1 Hz 72 V 10 mA /

Cu@PPy sponges-TENGs61(2019) / 1 Hz 45 V 0.4mA 2.25 cm2

Flexible porous TENG62 (2019) 42 N / 91 V 2.87 mA 4 cm2

A- NGs52(2018) / / 60.6 V 7.7mA 2 cm2

Stretchable TENG45(2017) 60 N / 60 V 0.18mA 6.25 cm2
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current signal of the PR-TENG remain stable after 37500 cycles. This indicates that the PR-TENG exhibits stable performance and has good

application potential.

Application of porous and high-roughness-triboelectric nanogenerator for electrochemistry cathodic protection

To further demonstrate the application of the PR-TENG as a power conversion device, a cathodic protection system based on PR-TENG was

constructed, as shown in Figure 8A. The cathodic protection parameters (OCP and polarization curve) of the assembled system for 304ss were

tested, and the electrochemical impedance spectroscopy (EIS) was performed. As shown in Figure 8B and Video S2, the OCP of 304ss drop-

ped to�330 mV when the PR-TENGwas driven by a 3 Hz mechanical force, which is significantly lower than the self-corrosion potential, indi-

cating successful cathodic protection. In addition, the OCP and current of 304ss protected by the PR-TENG at 1–5 Hz mechanical frequency

were investigated, as shown in Figures 8C and S11. The results show that the OCP of 304ss is inversely related to the driving frequency. The

current of cathodic protection 304ss increases with the increase in the driving frequency and decreases with the decrease in the driving fre-

quency. The surface potential drop of 304ss is also directly related to the driving frequency, as shown in Figure 8D. In addition, the polarization

curves and electrochemical parameters show a significant negative shift in the corrosion potential of 304ss of PR-TENG, which also indicates

that PR-TENG can form cathodic protection for 304ss (Figure 8E and Table 2). Furthermore, the cathodic protection performance provided by

PR-TENG was evaluated by EIS, as shown in Figures 8F and S12. The results show that the impedance of 304ss with PR-TENG cathodic pro-

tection is significantly lower than that of 304ss without PR-TENG. Figure S13 shows the EIS equivalent circuit, and Table 3 lists EIS parameters

for 304ss with and without the PR-TENG. In Figure S13, Rs is the solution resistance,Qdl is the double-layer capacitance, and Rct is the charge-

transfer resistance. The smaller the Rct, the faster the charge transfer in the cathodic process on the 304ss surface, and the higher is the current

in the circuit. Figures 9A and 9B display the optical images of 304ss with and without the PR-TENG after 40 h in 3.5 wt % NaCl solution. In

contrast to the 304ss surface with TENG, the 304ss without TENG shows pitting corrosion. The above results show that PR-TENG can be

used as a power conversion device for powering electrochemical cathodic protection.

Conclusions

The PR/PDMS negative friction layer was obtained by doping powdered chitosan and sacrificial AAO template. The results showed that the

porous and rough friction layer enhanced the electrical performance of the TENG. The rough surface increased the contact area and

Figure 8. PR-TENG for cathodic protection

(A) Schematic of the device for the PR-TENG cathodic protection of 304ss.

(B) OCP of 304ss powered by PR-TENG at a driving frequency of 3Hz.

(C) OCP of 304ss powered by PR-TENG at driving frequencies.

(D) The potential drop on 304ss powered by PR-TENG at different driving frequencies.

(E) Polarization curves of 304ss with and without the PR-TENG.

(F) Nyquist curves of 304ss with and without the PR-TENG.

Table 2. Electrochemical parameters obtained from the Tafel curves of 304ss in 3.5 wt % NaCl solution with and without the PR-TENG

Ecorr (V(vs.SCE) Icorr(mA) -bc (mV dec�1) ba (mV dec�1)

With TENG �0.458 2.337 128.13 2622.8

Without TENG �0.332 0.221 95.23 1412.5
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improved the charge transfer. At the same time, the large surface area and volume ratio of the friction layer, owing to the porous structure, not

only reduced the effective thickness of the friction material, but also controlled its dielectric constant. Finally, the PR-TENG showed the

maximum Voc and Jsc of 77.1 V and 33.9 mA/m2, respectively, which are 181.4% and 223.0% of those of the pure PDMS-based TENG under

the same conditions. Furthermore, the constructed electrochemical cathodic protection system based on PR-TENG successfully converted

the mechanical energy with different frequencies into electrical energy and realized the cathodic protection of the 304ss. This indicates

that the PR-TENG is promising for clean energy generation and electrochemical cathodic protection.
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Without TENG 27.6 4.801E-4 8.9 1.599E6
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiutong Wang

(wangxiutong@qdio.ac.cn).

Materials availability

This work is an experimental study of triboelectric nanogenerators and its application for electrochemical cathodic protection and there is no

new code generated.

Data and code availability

All data reported in this paper will be shared by the lead contact upon reasonable request.

No new code was generated during the course of this study.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental methods typical in the life sciences.

METHOD DETAILS

Materials

Chitosan was purchased from Shanghai Chemical Reagent Co., LTD. Sylgard 184 was purchased fromDowCorning. Anodic AluminumOxide

(AAO) was purchased from Hefei Jinghui Nano Technology Co., LTD. The acrylic sheet was purchased from a local market. The Kapton tape

was obtained from Shenzhen New Hongsen Technology Co., LTD. The double-sided foam tape and copper tape were obtained from 3 M

Shanghai Duzhen Industrial Co., LTD.

Preparation of the negative friction layer of pure PDMS, CS/PDMS, PR/PDMS

Sylgard 184 part A (2 g) and part B (0.2 g), ratio of 10:1, were weighted, slowly transferred to a beaker with a syringe, and stired to obtain a

uniform PDMS viscous solution. Chitosan (0.5 g) with a molecular weight of 50,000 was placed in a centrifuge tube filled with ethanol (10 mL)

and ultrasonicated to obtain a uniform suspension. The obtained suspension was then poured into the PDMS viscous solution and stirredwell.

A square mold was formed by adhering Kapton tape (thickness of 0.118 mm) around the 103 10 cm acrylic sheet. The PDMS viscous solution

containing chitosan was slowly inverted on the square mold and allowed to stand for 5 min to ensure even distribution in the template. Next,

the AAO (pore size: 100 nm or 300 nm) template was paced on the viscous liquid and let to stand for 5 min. Subsequently, the liquid with the

template was vacuum-dried at 60�C for 2 h. After cooling to room temperature, the film was peeled off from the template, and the AAO tem-

plate was dissolved with 0.2 M NaOH to obtain PR/PDMS. PR/PDMS prepared with 100 nm and 300 nm AAO were PR/ PDMS-0.54 and PR/

PDMS-1.7, respectively. Pure PDMS and CS/PDMS were obtained following the same procedure, but without the addition of chitosan and

application of the AAO template, respectively.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Chitosan Shanghai Chemical Reagent Co., LTD Cat# 69047434; CAS: 9012-76-4

Sylgard 184 Dow Corning www.dow.com/zh-cn/pdp.sylgard-184-silicone-

elastomer-kit.01064291z.html#overview

Anodic Aluminum Oxide (AAO) Hefei Jinghui Nano Technology Co., LTD www.pynano66.com

Kapton tape Shenzhen New Hongsen Technology Co., LTD www.11467.com/shenzhen/co/1137344.htm

Double-sided foam tape

and copper tape

3 M Shanghai Duzhen Industrial Co., LTD www.3m.com.cn/3M/zh_CN/p/c/tapes/
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Fabrication of device and cathodic protection system

Springs were used as supporting points to assemble different electrodes in sandwich-like TENGs. First, 15315 mm double-sided foam tape

and copper tape were sequentially fixed at the center of the 40340 mm acrylic board using double-sided tape. Next, the negative friction

layer (pure PDMS, CS/PDMS, or PR/PDMS) was fixed on the copper tape and connected to a 15 cm copper wire. A 15315 mm piece of

aluminum foil was fixed at the center of another acrylic sheet with a size of 40340 mm and connected to a 15 cm copper wire. Finally, the

above two acrylic sheets were assembled using 4 spring connections to obtain a sandwich-like TENG with vertical contact separation.

The electrochemical cathodic protection system was assembled by rectifying the TENG full-bridge and connecting it to a three-electrode

electrolysis cell. The counter electrode (CE) Pt was connected to the positive electrode; 304ss was the working electrode (WE) connected to

the negative electrode; the reference electrode (RE) was saturated calomel electrode (SCE); 3.5%NaCl was used as the electrolyte to simulate

seawater. If not specified otherwise, the above characterization was used PR-TENG based on PR/PDMS-1.7.

Measurement and characterizations

Themorphologies of the negative friction layers were characterized using scanning electronmicroscopy (SEM, HITACHI Regulus 8100, Japan)

and laser scanning confocal microscopy (LSCM, LEXTOLS5000, Japan). The composition of the samples was explored using X-ray diffraction

(XRD, Bruker D8ADVANCE, Germany). FTIR (NicoletiS50, Thermo Fisher, USA) was conducted to analyze the molecular structure of samples.

The performance of the TENGs was evaluated using a shaker with signal generator (JZK-5, SINOCERA PIEZOTRONIC, Jiangsu, China). The

Voc and Jsc of TENG were measured using a Keithley 6517B electrometer (Keithley6514, Tectronix, China). The cathodic protection param-

eters were evaluated using an electrochemical workstation (CHI760E, Shanghai Chen Hua, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

The TENG data were collected with a Keithley 6514 system electrometer. Figures were produced by Origin from the raw data.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum.
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