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Abstract 

Cement-based materials, commonly used in construction, show great potential as triboelectric 

nanogenerators. However, the electrode type for cement-based triboelectric nanogenerators 

(CTENGs) significantly influences not only the electrical output but also the durability of the device. 

Therefore, this study aims to investigate the effects of electrode type and the distance between the 

electrode and the sample surface on the electrical output performance of CTENG. The CTENG with 

stainless steel plate and wire mesh electrodes was evaluated in a vertical contact-separation mode. 

The results revealed that the wire mesh electrode not only improved the electrical output but also 

enhanced the durability of the CTENG compared to the plate electrode. Additionally, greater open-

circuit voltage and short-circuit current values were obtained by decreasing the distance between the 

electrode and the sample surface. At distance of 1 mm, the CTENG achieved a power density of up 

to 139 mW/m² when connected to an external load of 10 MΩ. This study offers a promising strategy 

to enhance the performance and durability of CTENGs, enabling their efficient use as energy-

harvesting materials.  
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Introduction 

Global interest in mechanical energy harvesting has 

grown significantly, with triboelectric 

nanogenerators (TENGs) standing out as a key 

innovation notable advantages of TENGs include 

high power output, superior efficiency, affordable 

fabrication, and simple production procedures. 

TENGs are capable of harvesting mechanical 

energy from environmental sources such as human 

motion, vibrations, or vehicle movements and 

converting it into electrical energy. The working 

principle of TENGs is based on two phenomena: 

triboelectrification and electrostatic induction (Zhou 

et al., 2020). TENGs are typically fabricated from 

two distinct materials, which, upon contact, undergo 

surface charge transfer. When the two materials are 

subsequently separated, the induced charges 

generate an electric current. However, the electrical 

output of TENGs is significantly influenced by the 

dielectric constant of the materials used (Kim et al., 

2017). Enhancing the dielectric constant can be 

achieved by incorporating filler materials into the 

primary matrix. These filler materials are 

categorized into two types: high-dielectric constant 

fillers such as TiO2, BaTiO3, SrTiO3, or Ta2O5 

(Chen et al., 2016; Kim et al., 2017; Kang et al., 

2020; Bunriw et al., 2021;), and conductive fillers 

such as silver nanoparticles (Ag), carbon black, 

carbon nanotubes, and graphite (Wang et al., 2016; 

Choi et al., 2021; Suphasorn et al., 2021). 

Additionally, the electrical output of TENGs is 

enhanced by surface polishing (Kaewsrithong et al., 

2023) and modification of dielectric material 

surfaces by designed contact patterns (Kisomi et al., 

2024). However, although this issue has not been 

extensively studied, changes to the electrode 

configuration can also improve the performance of 

TENGs (Yoo et al., 2019). 

Cement, a fundamental material in construction, 

is constantly subjected to mechanical forces, both 

static and dynamic. When hardened, cement exhibits 

excellent compressive strength, durability, and the 

ability to form various shapes.Reports have 

demonstrated the use of cement as a base material in 

cement-based triboelectric nanogenerators 

(CTENGs). By adding additives such MXenes, the 

power generation capabilities of these devices are 

increased by 86% and the electrical output is 

significantly increased by about twice compared to 

pristine CTENG (Palaniappan et al., 2023). The 

additional of TiO₂ (Sintusiri et al., 2020) and carbon 

black (Kuntharin et al., 2022) have been shown to 

achieve maximum power densities of 0.265 W/m² 

and 2.38 W/m2, respectively. This study 

recommended that a stainless-steel sheet used as the  

 

 
 

electrode for CTENGs be positioned more than 7.5 

mm apart from both cement surfaces to prevent the 

sample cracking from the mechanical press during 

the TENG performance test (Kuntharin et al., 2022). 

Additionally, cement is known to possess a high 

positive tribo-charge, as it is a mineral-based material 

similar to glass and ceramics, according to the 

triboelectric series (Kim et al., 2017; Yu et al., 2019). 

However, since cement is a non-conductive 

substance, electrodes are necessary to enable electron 

transit in the system while evaluating CTENGs 

performance in a contact-separation mode. 

Moreover, the long-term stability of metallic 

electrodes can be affected by corrosion due to the 

high alkalinity (pH of approximately 13) of hardened 

cement. Selecting appropriate electrodes that are 

resistant to corrosion and capable of withstanding 

compressive forces is crucial for achieving optimal 

CTENGs performance. In this study, electrodes 

comprise of stainless steel were used. Two electrode 

types-plate and wire mesh-were examined for 

efficacy. Additionally, the effect of the distance 

between the electrode and the test surface (the cement 

paste thickness) on the electrical output of the 

CTENGs was investigated. The findings aim to 

develop sustainable energy-harvesting materials by 

identifying the optimal parameters, particularly the 

cement thickness and electrode type, for C-TENG 

design. 
 

Materials and Methods 

In this investigation, 5×5 cm² acrylic molds were 

used to cast cement paste specimens. To study the 

effect of electrode type, plate and wire mesh 

electrodes with a 1,000-micrometer mesh size, made 

of stainless steel to resist corrosion during cement 

hydration reactions, were utilized. To create a 

consistent paste, Portland cement Type I was 

manually mixed with water for around five minutes, 

maintaining the water-to-cement ratio at 0.3 by 

weight. A 4×7 cm2 electrode was positioned in the 

center of the mold, 1 cm beyond each side of the 

specimen, after the first 0.5 cm-thick layer of cement 

paste had been poured. After carefully removing any 

air bubbles, a second layer of cement was placed until 

the whole layer was 1 cm thick. Moreover, distances 

of 1, 2, 3, 4, and 5 mm between the sample surface 

and the wire mesh electrode were set to extensively 

investigate the effect of surface-electrode distance. 

All samples were then cured for 7 days under 

controlled relative humidity of approximately 95% 

before undergoing electrical output testing. 
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The electrical performance of CTENG was 

assessed in a vertical contact-separation mode with 

polytetrafluoroethylene (PTFE) as the grounded 

negative tribo-material and the cement paste with 

stainless-steel electrode as the positive electrode. 

Triboelectric charging occurred by pressing PTFE 

onto the composite surface at a frequency of 5 Hz 

and the contact force of 11 N. An oscilloscope 

(Tektronix TBS1052B) was used to measure open-

circuit voltage (Voc) and power density across 

external resistances ranging from 1 to 100 MΩ. A 

digital ammeter (Keithley DMM6500) was used to 

record short-circuit current (Isc).  

To investigate the specific characteristics and 

reactions of the cement, the prepared cement paste 

was immersed in acetone for 24 hours for stop the 

hydration reaction. After that, the samples were 

dried in an oven at 60°C for 48 hours. The specimen 

was then fractured into smaller pieces for 

morphological analysis using a field-emission 

scanning electron microscope (FE-SEM; Thermo 

Fisher APERO S). A section of the sample was 

ground to approximately 100 micrometers in order 

to crystal structure analysis using X-ray diffraction 

(XRD; Bruker D2PHASER) techniques. 

Additionally, a disc-shaped sample (11 mm in 

diameter and 2 mm thick) was prepared for 

dielectric property testing. After 7-days curing, the 

paste sample was oven-dried at 100°C for 24 hours 

to remove moisture in the samples, and then coated 

both surfaces with low-temperature conductive 

silver paint for electrode preparation. The dielectric 

properties of the cement paste were measured using 

a Keysight E4980A Precision LCR Meter at room 

temperature. 

Results and Discussion 

Characterization of CTENG 

The microstructural characteristics of cement 

powder and hydrated cement (cement paste) were 

investigated using scanning electron microscopy 

(SEM), and their crystalline phases were analyzed 

using X-ray diffraction (XRD), (as presented in 

Figures 1(a-c), respectively). The SEM micrograph 

of the raw cement powder (Figure 1(a)) revealed 

irregularly shaped particles with slight 

agglomeration (as seen in the small particles). The 

particle sizes were predominantly less than 100 µm, 

consistent with the typical size distribution of 

cement powder used in construction applications. 

Upon hydration (Figure 1(b)), significant changes in 

the microstructure were observed. The cement 

matrix exhibited a denser structure due to the 

formation of calcium silicate hydrate (C-S-H) 

phases (fibrous-liked structure as presented in the 

insight), calcium hydroxide, and ettringite. These 

hydration products play a crucial role in binding the 

cement particles together, contributing to the 

strength development and durability of the material 

(Akkarapongtrakul et al., 2017). However, bubbles 

(indicated by arrows in Figure 1b) were also 

observed. These features are likely artifacts 

resulting from the sample preparation process 

during mixing and compacting. 

 

Figure 1. Morphology analysis using SEM technique of (a) Portland cement, (b) cement paste, (c) XRD 

patterns of Portland cement and cement paste (hydrated cement), and (d) dielectric constant 

with the dielectric loss of cement paste (inset) 



 

030326-4 Cement-based TENGs with Optimized Electrode Design 

The XRD pattern of the cement powder 

revealed the presence of primary crystalline phases, 

including tricalcium silicate (C3S) and dicalcium 

silicate (C2S), tricalcium silicate (C3A) and 

tetracalcium aluminoferrite (C₄AF) which are the 

main contributors to strength development in 

cement. Additionally, minor phases such as calcium 

sulfate hydrate were detected, consistent with 

typical cement compositions (Gonçalves et al., 

2023). After hydration, the significant changes in 

the crystalline structure were observed. The XRD 

patterns of cement paste (Figure 1(c)) corroborate 

the SEM findings. The diffraction peaks confirmed 

the presence of key hydration products such as C-S-

H, portlandite (Ca(OH)2), and ettringite, along with 

residual unhydrated clinker phases. The intensity 

and sharpness of these peaks highlight the 

crystalline nature of the hydration products, 

contributing to the structural integrity of the 

hardened cement paste (Gonçalves et al., 2023; 

Hoshino et al., 2006). 

The dielectric properties of the cement paste 

were measured at room temperature by various 

frequency, as presented in Figure 1(d). The results 

indicated that the dielectric constant and dielectric 

loss decreased with increasing testing frequency, a 

trend commonly observed in dielectric materials. 

The frequency-dependent behavior of the dielectric 

constant can be attributed to the polarization 

mechanisms in the cement paste. At low 

frequencies, dominant dipolar and interfacial 

polarization result in higher dielectric constants, 

while increasing frequency reduces these effects, 

causing a decline in the dielectric constant. This 

behavior aligns with the hydration process, where 

hydration products like C-S-H and portlandite 

significantly impact dielectric properties (Xin et al., 

2007). At a frequency of 1 kHz, the dielectric 

constant and dielectric loss values were 

approximately 55 and 0.9, respectively. These 

values correspond to previous studies, which 

reported dielectric constant and dielectric loss 

values of cement paste of about 20-40 and 0.6-1.5, 

respectively (Sintusiri et al., 2020; Kuntharin et al., 

2022). However, the dielectric properties of the 

cement paste vary depending on the water-to-

cement ratio, admixtures and moisture content (Yu, 

2011; Wen and Chung, 2001; Rianyoi et al., 2021). 

 

Effect of electrode types 

The design of the electrode for the cement-

based triboelectric nanogenerator (CTENG) using 

stainless steel in both sheet and wire mesh forms. 

The electrical performance of the CTENG was 

evaluated, as shown in Figure 2 . The triboelectric 

mechanism of the CTENG, with cement acting as a 

positive triboelectric material, was tested in 

conjunction with polytetrafluoroethylene (PTFE), 

as a negative triboelectric material. During the 

contact-separation process, a negative charge 

(electrons) was induced to move into or out of the 

CTENG material due to electrostatic and 

electromagnetic induction phenomena, as illustrated 

in Figure 2. This mechanism demonstrates the 

generation of an electric output through the 

interaction of the triboelectric materials. The results 

 

Figure 2. (a) Schematic view of the working mechanism of CTENGs under a vertical contact-separation 

mode, (b) corresponding signal waveforms, and (c) photograph of the stainless steel plate and 

wire mesh 
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confirm that the CTENG operates efficiently under 

the principles of triboelectric charging and charge 

induction, validating its potential for energy 

harvesting applications (Kuntharin et al., 2022; 

Sintusiri et al., 2020). 

As shown in Figure 3(a), the experimental 

results indicated that the CTENG with a wire-mesh 

electrode generated slightly higher electrical 

outputs, with an average peak-to-peak voltage 

(Vpp) of 22.5 V and a current (Ipp) of 13.0 µA, 

compared to 20.2 V and 12.45 µA for the plate 

electrode. Additionally, the findings supported with 

the power density results of the sample with wire-

mesh electrode, reaching up to 6.5 mW/m2 when 

connected to an external resistor of 10 MΩ while the 

CTENG with plate type electrode showed the power 

density peak of 5.2 mW/m2, as presented in Figure 

3b. However, the effect of modified electrode on the 

electrical output of TENG has been reported by Yoo 

et al. (2019) indicating that increasing the interfacial 

area between the dielectric layer and the electrode 

contributes to a higher capacitance of TENG, which 

enhances the tribo-charge density. Furthermore, the 

wire-mesh design contributes to stronger interfacial 

bonding with the cement paste, enhancing durability 

under compressive stresses and reducing the 

likelihood of interfacial cracking during mechanical 

testing. 

Figure 4 demonstrates the superior 

performance and adhesion mechanism of the  

wire-mesh electrode compared to the plate electrode 

in cement-based triboelectric nanogenerators. The 

schematic view reveals that cement particles, with 

an average size smaller than 50 µm, bond to the 

mesh electrode through hydration products such as 

calcium silicate hydrate (C-S-H), calcium hydroxide 

(CH), and ettringite. These hydration phases form 

interconnected bridges across the mesh, effectively 

filling voids approximately 1000 µm in size, and 

ensuring robust adhesion to the electrode wires. The 

enhanced bonding strength is attributed to the 

chemical and mechanical interactions at the 

interface between the cement matrix and the mesh 

electrode. 

 

Effect of electrode-to-surface distance  

The effect of the electrode-to-surface distance 

on the electrical performance of the system was 

systematically investigated by varying the thickness 

of the cement paste layer encapsulating the 

electrodes from 1 mm to 5 mm. Stainless steel mesh 

electrodes with consistent dimensions (4 × 7 cm²) 

were used (Figure 5(a)). The results demonstrated 

that the electrical output, both in terms of open-

circuit voltage (Voc) and short-circuit current (Isc), 

exhibited a clear dependence on the distance 

between the electrode and the triboelectric interface. 

The open-circuit voltage and short-circuit 

current results show consistent trends, as illustrated 

in Figures 5(b) and 5(c), respectively. It was 

 

Figure 3. (a) Peak-to-peak voltage and current, and (b) power density of different electrode type (stainless 

steel plate and wire mesh) 

 

 

Figure 4. Schematic illustration of the interconnection of hydration products within the grids of the 

stainless-steel wire mesh (electrode), resulting in strong bonding to the wire mesh 
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observed that reducing the distance between the 

testing surface and the electrode led to a significant 

increase in the measured electrical outputs. 

Specifically, at electrode-to-sample surface 

distances ranging from 1 mm to 5 mm, the peak-to-

peak voltage values were recorded as 141.6, 117.6, 

98.5, 93.3, and 83.7 volts, respectively (Figure 

5(d)). Similarly, the corresponding peak-to-peak 

current values were 16.3, 12.5, 11.8, 11.1, and 9.3 

microamperes (Figure 5(e)). Additionally, when the 

maximum electrical outputs at the distance of 1 mm 

compared to those values at 5 mm, reaching to be 

higher by 1.69 and 1.76 times, respectively.  

These findings highlight the critical role of 

tribo-charge in the performance of triboelectric 

systems. Charge induction strongly depends on the 

proximity of charge accumulation at the 

triboelectric interface to the electrode (tribo-charge 

density). The voltage (V) of TENG depends on 

many factors, including the distance between the 

electrode and the surface of materials (d), tribo-

charge density (σ), dielectric constant of materials 

(εr), contract area (S), transfer charge (Q) and the 

distance between triboelectric materials, as 

described by equation 1 (Niu et al., 2013). 

 

𝑉 =  −
𝑄

𝑆𝜀0
(

𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)) +

𝜎𝑥(𝑡)

𝜀0
  (1) 

 

 

However, the open-circuit voltage (Voc) is 

investigated under conditions where there is no 

charge transfer (Q = 0), while the short-circuit 

current (Isc) represents the maximum current that 

can be generated when the voltage is zero (V = 0). 

These are described in equation 2 and equation 3, 

respectively (Niu et al., 2013). 

 

𝑉𝑜𝑐 =
𝜎𝑥(𝑡)

𝜀0
       (2) 

 

𝐼𝑠𝑐 =
𝑆𝜎(

𝑑1
𝜀𝑟1

+
𝑑2
𝜀𝑟2

)𝑣(𝑡)

(
𝑑1
𝜀𝑟1

+
𝑑2
𝜀𝑟2

+𝑥(𝑡))

2     (3) 

 
According to these equations, both Voc and Isc 

depend on tribo-charge density, which is derived as 

a function of the distance between the electrode and 

the surface of a material. In this relationship, ε0 

represents vacuum permittivity, d denotes the 

distance between the electrode and surface of 

triboelectric material, and ΔV is the potential drop of 

a TENG system, as following equation 4 

(Harnchana et al., 2018). 

 

𝜎 =
𝜀0𝜀𝑟𝛥𝑉

𝑑
       (4) 

 

 

 

 

Figure 5. (a) A digital photograph of the CTENG with varying surface-to-electrode distances from 1 to 5 

mm, and the electrical output measurements showing (b) Voc, (c) Isc, (d) peak-to-peak voltage, 

and (e) peak-to-peak current 
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It is noticed that the improvement of TENG 

performance relied on the electrode-to-surface 

distance. By decreasing this distance, the tribo-

charge density increases, leading to higher open-

circuit voltage and short-circuit current. Thus, 

minimizing the electrode-to-surface distance is a 

key factor in optimizing the energy conversion 

efficiency of TENG systems. This performance can 

be improved by adding materials with a higher 

dielectric constant and reducing the thickness of the 

electrification layer (Kang et al., 2020). 

From Figure 6(a), the external resistance value 

that maximizes the power density was found by 

measuring the voltage drop across the resistors. The 

results demonstrated that the maximum power 

density of the CTENG reached 139 mW/m2 and 33 

mW/m2 when coupled to an external resistance of 

10 MΩ for samples with electrode-to-surface 

distances of 1 mm and 5 mm, respectively. These 

findings are consistent with the previously obtained 

electrical voltage and current results. Moreover, the 

power density behavior is consistent with the 

maximum power transfer theory (Plonus, 2020), 

which states that when the internal resistance and 

exterior resistance are equal, maximum power 

transfer takes place. 

According to a study on a cement-based 

triboelectric nanogenerator’s capacity for charge 

storage. This is achieved by utilizing a rectifier 

circuit (Figure 6(b)) to convert alternating current 

(AC) to direct current (DC) and then charging a 1 

µF capacitor (Kaewsrithong et al., 2023). To 

compare electrode-to-surface distances of 1 mm and 

5 mm, the voltage across the capacitor was 

measured (Sintusiri et al., 2020; Kuntharin et al., 

2022; Kaewsrithong et al., 2023). The relationship 

between the voltage across the capacitor and the 

charging time exhibits an exponential trend. 

Initially, the voltage rises rapidly, reaching 

approximately 95% of its maximum value within 

about 30 seconds. The voltage across the 1 µF 

capacitor was 4.5 V for the sample with a 1 mm gap 

and 3.25 V for the sample with a 5 mm gap. 

Additionally, durability testing of the CTENG was 

conducted for prolonged operation over 5,000 

cycles (Figure 6(c)). The results indicate a stable 

voltage output from the CTENG system, 

demonstrating its long-term operational reliability. 
 

Conclusions 

This study presents the significant impact of 

electrode type, surface-electrode distance, and 

hydration characteristics on the electrical 

performance and durability of CTENG. The wire-

mesh electrode presented slightly increase electrical 

outputs compared to the plate electrode, reaching 

higher average peak-to-peak voltage and current, 

and also improved interfacial bonding with the 

cement paste. CTENG performance was 

significantly affected by the surface-electrode 

distance, with shorter distances leading to higher 

electrical outputs. The maximum voltage (141.6 V) 

and current (16.3 µA) were obtained at a distance of 

1 mm from the electrode to the surface. The power 

density was 139 mW/m², demonstrating the 

efficiency of charge induction at closer distances. 

 

Figure 6. (a) Power density, (b) charging profile of 1 µF capacitors, a comparison of CTENG with surface-

electrode distances of 1 mm and 5 mm, and (c) the performance of CTENG during over 5,000 

cycles at 5 Hz with a contact force of 11 N. 



 

030326-8 Cement-based TENGs with Optimized Electrode Design 

Additionally, capacitor charging tests confirmed 

rapid voltage accumulation, with the CTENG 

achieving 95% of its maximum charge within 30 

seconds while durability testing over 5,000 cycles 

revealed stable voltage outputs, showing the long-

term reliability of the CTENG system. Overall, this 

study shows how wire-mesh electrodes in cement-

based triboelectric systems can be used for energy 

harvesting applications by providing a balance 

between long-term dependability, high electrical 

performance, and structural integrity. The results 

offer an opportunity for improving CTENG designs 

to increase their effectiveness and variety in 

practical use. 
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