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A B S T R A C T

This paper investigated a graphene reinforced cement-based triboelectric nanogenerator (TENG) aimed at har
vesting mechanical energies in infrastructure, such as pedestrians, vehicles, human-induced vibrations, and 
natural stimulus like wind and earthquakes. The triboelectric layers of the cement-based TENG consisted of a 
fully cured graphene modified cement-based plate and a polytetrafluoroethylene (PTFE) film, which were tested 
under a contact-separation mode. Microstructural analysis indicated that the graphene was well-dispersed in the 
cementitious matrix, and the graphene-cement composites achieved excellent compressive and flexural strengths 
of 53.0 and 3.5 MPa, respectively. The electrical characteristics of the graphene-cement composites, specifically 
their resistivity and impedance, showed that they did not reach the percolation threshold, making them ideal 
dielectric materials with a dielectric constant of 100 at 1 kHz. The performance of the cement-based triboelectric 
nanogenerator (TENG) varied depending on the amplitude and frequency of the contact-separation cycle. At a 
frequency of 10 Hz and under a force of 100 N, the short-circuit current and open-circuit voltage peaked at 
3.62 µA and 279.4 V, respectively, achieving a maximum power density of 95 mW/m2 with a 100 MΩ resistor. In 
practical applications, this TENG charged a 10 μF capacitor to 3.1 V within one minute and to 57.2 V in one hour. 
Additionally, manual operation of the TENG enabled the lighting of 29 LEDs with one minute of hand pressure. 
By utilizing triboelectric effects, the results provide the feasibility of self-powering concrete structures and 
pavements for future smart cities.

1. Introduction

Triboelectric nanogenerator (TENG) has gained increasing attention 
due to its simple equipment requirements, broad material selection, 
avoidance of chemical reactions, high sensitivity, etc. It can efficiently 
harness tiny mechanical energies from the environment, such as human 
motion, vehicle vibrations, wind, and water flow, converting these en
ergies into electrical power [1–4]. Cement-based concrete, as one of the 
most widely used materials, is ubiquitous in infrastructures such as 
buildings, roads, bridges, tunnels, or marine structures. These structures 
are frequently subjected to various mechanical loadings, ranging from 
pedestrian, vehicular, wind, and seismic, to wave loadings [5–7]. Uti
lizing the principle of triboelectrification to convert the mechanical 
energy exerted on these cement-based concrete infrastructures into 
electrical energy could not only reduce the impact of unexpected 

loadings, enhance durability and service life, but also provide power for 
the lightning or sensors operation through energy harvesting.

Different materials possess varying electron affinities. When two 
materials come into contact and separate, electrons transfer from one 
material to the other, which is the mechanism behind TENG. During the 
friction process, materials with lower electron affinity lose electrons and 
become positively charged, while the counterparts with higher electron 
affinity gain electrons and become negatively charged [8,9]. Polytetra
fluoroethylene (PTFE) has been widely used in TENG due to its highest 
electron affinity [10], which is followed by other polymeric materials 
such as polyvinylchloride (PVC), polypropylene (PP), and epoxy resin. 
In addition to their high electron affinity, polymers are frequently 
employed in TENGs as negative triboelectric layers because of their poor 
electrical conductivity, which inhibits electron mobility and facilitates 
the accumulation of charges on the surfaces. Additionally, the flexibility, 
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moldability, and biocompatibility of polymers enable their use in 
biomedical instruments or wearable electronic devices [11–13]. Metals 
(Au, Al, Cu, Fe, Al) exhibit slightly lower electron affinity compared to 
polymers, yet they are utilized in triboelectric nanogenerators due to 
several advantages. Most notably, metals possess excellent conductivity, 
allowing them to function effectively as electrodes in these devices [2]. 
For the positive triboelectric layer, the materials with lower electron 
affinity including paper, silk, fur, and wood are preferred. Some inor
ganic materials such as TiO2, SiO2, mica, and glass also exhibit poor 
electron affinity [14–17].

Cement-based composite is produced by using cement as the binder 
material, which is combined with well-graded sand and coarse aggre
gates, and then mixed with water. When cement particles come into 
contact with water, hydration reactions commence. These reactions 
proceed from the surface of the cement particles, and the main hydration 
products include calcium silicate hydrate (C-S-H), calcium hydroxide 
(CH), and ettringite (AFt) [18,19]. For incompletely hydrated concrete, 
it will still contain residual cement clinkers and the pores are filled with 
pore solutions or clinkers. To enhance the performance of concrete, 
including its mechanical properties, durability, and multifunctionality, 
nanomaterials have been widely incorporated [20–24]. The incorpora
tion of nanomaterials, such as graphene, into cementitious materials has 
been shown to enhance their durability and improved resistance to 
chemical attacks [25], freeze-thaw cycles [26], high temperatures [27], 
abrasion, carbonation, reinforcement corrosion, and alkali-silica re
actions [28,29]. In particular, the addition of carbon nanomaterials can 
improve the electrical conductivity of concrete, providing benefits such 
as electromagnetic interference shielding [30], piezoelectricity [31], 
piezoresistivity [32], and electrothermal properties [33]. Moreover, 
some studies have utilized carbon nanomaterials, such as nanocarbon 
black and graphene, to develop cement-based supercapacitors [34,35]. 
These innovations hold promise for directly storing electrical energy 
within cement-based concrete. Even though, research on the triboelec
tric properties of cement-based materials is scarce, which is dispropor
tionate to their widespread use in real-life applications. Furthermore, 
the enhanced durability demonstrates that, as part of a smart 
cement-based structure, the durability of cement-based TENG far ex
ceeds that of conventional concrete structures. Therefore, it is essential 
to conduct more studies in this area, which may provide a new 
perspective for the development of self-powered, low-carbon in
frastructures and smart cities [36–38].

In this study, a new type of TENG based on graphene-modified 
cementitious composites and PTFE film has been developed. The 
cementitious materials were fully cured to ensure stable electrical 
output and satisfactory mechanical properties. The electrical resistivity, 
impedance, and relative dielectric constant of these materials were 
optimized to enhance power output. The performance of the cement- 
based TENG was evaluated in a contact-separation mode, examining 
the impact of both amplitude and frequency on voltage and current 
outputs. A manually operated TENG device was also designed to charge 
capacitors and power 29 LEDs. This study aims to develop a new method 
for creating self-powered cement-based structures and pavements, 
contributing to the development of sustainable and intelligent cities [39, 
40].

2. Materials and experimental program

2.1. Raw materials

The materials for the cement-based TENG include ordinary Portland 
cement (OPC), silica fume, superplasticizer, water, and graphene. The 
OPC is purchased from the Independent Cement & Lime Pty. Ltd., 
Australia. 10 % of OPC is replaced by silica fume, which is obtained from 
the Concrete Waterproofing Manufacturing Pty. Ltd., Australia. The 
polycarboxylate-based superplasticizer is produced by SIKA Australia 
Co., Ltd., to improve the workability of cement slurry. The lab tap water 

is used during the mixing. The graphene is commercially available and is 
obtained from the XFNANO Technology Co., Ltd., China. The specific 
physical, electrical and chemical properties are listed in Table 1. Based 
on previous studies, the addition of 1.0 % graphene by weight of binder 
did not reach the percolation threshold and failed to increase the con
ductivity greatly [41]. The mix proportion of graphene modified 
cement-based TENG is listed in Table 2. Additionally, the polytetra
fluoroethylene (PTFE) film is introduced as another triboelectric layer 
with a thickness of 0.025 mm.

2.2. Preparation of cement-based TENG and testing setup

The cement-based TENG consists of cement plate and PTFE films 
placed in relative positions. The cement sheets are prepared from a 
cement paste containing well-dispersed graphene, according to the 
following steps shown in Fig. 1a. Initially, the graphene is added into a 
solution of weighted water and superplasticizer, then dispersed using a 
combination of ultrasonic dispersion and mechanical stirring. Subse
quently, the dispersed graphene suspension is poured into a Hobart 
mixer, followed by the addition of cement and silica fume. The graphene 
cement composite is first mixed at a low speed of 140 ± 5 rpm for 
1 minute, followed by mixing at a high speed of 280 ± 10 rpm for an 
additional 3 minutes. The well-mixed cement slurry is then cast in the 
mold at the size of 50 mm × 50 mm × 50 mm for compression test and 
160 mm × 40 mm × 40 mm for bending test. All the specimens are cured 
in the curing chamber with a temperature of 25 ± 2 ◦C and humidity of 
95 % for 28 days before conducting mechanical tests. Finally, the fully 
cured cement composite is cut into thin plates at 40 mm × 40 mm ×
4 mm for the preparation of cement-based TENG.

The triboelectric performance of cement-based TENG is tested by a 
linear motor (Zaber LSQ450B-T3A), which can generate periodic con
tact and separation with the stroke amplitude and frequency controlled 
by the Zaber console software. The experimental and schematic setup to 
assess the triboelectric performance of cement-based TENG is displayed 
in Fig. 1b. The graphene-cement plate is fixed onto a metal moving bed 
on the U-shaped groove, with an insulating polymer board placed be
tween them. The PTFE film is fixed to the end of the groove and is 
insulated by a polymer board. The copper tapes are sandwiched at the 
back of the cement plate and PTFE film respectively as the charge- 
collecting electrodes. To ensure the cement plate is fully in contact 
with the PTFE film, the surficial area of PTFE is slightly larger than that 
of cement composite reaching 50 mm2.

2.3. Experimental program

2.3.1. Mechanical strength
The compressive and flexural strengths of graphene-cement com

posite are measured on the specimens at the sizes of 50 mm × 50 mm ×
50 mm and 160 mm × 40 mm × 40 mm, respectively for the uniaxial 
compression and three-point-bending tests. The compression equipment 
UH500 is used at a displacement-controlled mode with rate of 0.2 mm/ 
min for compression, and the equipment AGX50 is used with the rate of 
0.1 mm/min for bending. Three duplicates are tested and averaged.

2.3.2. Water absorption and sorptivity
The water absorption and sorptivity are measured according to the 

standard ASTM C1585 using cylindrical specimens with the diameter of 

Table 1 
Physical, electrical, and chemical properties of graphene.

Appearance Loose 
density 
(g/cm3)

Sheets 
length 
(µm)

Layer 
Thickness 
(nm)

Carbon 
content

Electrical 
resistivity 
(Ω⋅cm)

Black 
powder

0.06 6–10 < 4 >

99.9 %
0.001–0.002
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100 mm and the height of 50 mm. The water absorption can be obtained 
based on the Eq. (1): 

It =
ΔMt

a × b
(1) 

where ΔMt is the mass changes of specimens after immersion at specific 
time t (s); a and b are the exposed area of specimens (mm2) and the 
density of water (g/mm3), respectively. The sorptivity is the changing 
rate of water absorption and obtained from the slope of water absorp
tion. The initial sorptivity is measured within 6 hours of immersion, and 
the secondary sorptivity is obtained from 6 hours to the end of test.

2.3.3. Micromorphology and phase analysis
The surficial microstructures of graphene and graphene-cement 

composite are observed through the scanning electron microscope 
(SEM) and Energy-dispersive X-ray spectroscopy (EDX), to demonstrate 
the role of graphene in the cementitious composite. The dispersion of 
graphene is assessed qualitatively by an ultraviolet spectrophotometer 
of SHIMADZU UV-1700 with an incident light waveless of 200 nm. 
When the graphene suspension begins to settle, the absorbance de
creases synchronously. Moreover, the milled graphene-cement powder 
is analyzed using X-ray diffraction (XRD) with the Bruker D8 Discover 
equipment.

2.3.4. Impedance and dielectric constant measurement
The resistance and impedance of the graphene-cement composite 

material are measured using both direct current (DC) and alternating 
current (AC) methods. The DC method involved directly measuring the 
electrical resistance using a SIGLENT SDM3045X multimeter from the 
time of casting to 28 days of curing. The AC method is employed to 
measure the impedance of the sliced cement-based triboelectric layer, 
utilizing an IM3536 LCR meter with a frequency ranging from 100 to 8 
M Hz. The conductivity of cement-based plate can be calculated based 
on Eq. (2): 

σ =
d

ZA
(2) 

where d is the thickness of the cement-based plate, Z is the measured 
impedance, and A is the cross-sectional area of cement-based plate. The 
capacitance of the cement-based plate can be measured by an LCR meter 
as well, which can be applied for the calculation of relative dielectric 
constant based on Eq. (3): 

εr =
C • d
ε0 • A

(3) 

where C is the capacitance of the cement-based plate, d is the thickness, 
A is the cross-sectional area and ε0 is the permittivity of vacuum 
(8.854×10− 12 F/m).

2.3.5. Triboelectric test
The triboelectric performance is evaluated by applying periodic 

contact and separation between the graphene-cement plate and the 
PTFE film using the linear motor. The force amplitude is controllable 
ranging from 2 to 200 N. Considering that civil engineering structures 
are usually subjected to low and medium frequency loads, this paper 
investigates the triboelectric effect of cement-based TENG under loading 
frequencies ranging from 1 to 10 Hz when the force of 100 N is 
controlled. The short-circuit current is measured through a low-noise 
current preamplifier (SR570, Stanford Research System), and the 
open-circuit voltage and current of cement-based TENG is measured by 
connecting a 3 GΩ resistor and the potential drop using Keithley 6514 
electrometer. During the capacitor charging process by cement-based 
TENG, three different commercially available capacitors ranging from 
10, 20–50 μF with a nominal voltage of 450 V are investigated. The 
digital multimeter (Keysight DMM 34465a) is used to measure the 
voltage of capacitor because it has a high impedance compared to the 
traditional multimeter [42].

3. Results and discussions

3.1. Physical, mechanical, and microstructural properties

Our previous studies have claimed that the addition of graphene in 
the cementitious composite could enhance the mechanical strengths and 

Table 2 
Mix proportion of graphene modified cement-based TENG.

Cement Silica fume Water Superplasticizer (%) Graphene (%)

0.9 0.1 0.4 0.8 1.0

Fig. 1. Preparation procedure and experimental setup: (a) Production of graphene-cement composite; (b) Components, experimental configuration, and final product 
of cement-based TENG.
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conductivity [43], which will not be repeated here. The physical and 
mechanical properties of graphene-cement composites for the prepara
tion of cement-based TENG are investigated on their water absorption, 
sorptivity, compressive and flexural strengths. It could be found that the 
final water absorption reached nearly 4 mm after 2 days of water im
mersion. As shown in Fig. 2a, it can be observed that water ingression 
occurs rapidly during the initial stage of immersion, especially within 
the first 6 hours. After this period, the rate of intrusion slows down, as 
evidenced by the changes in sorptivity, where the initial and secondary 
sorptivity reached 2 × 10− 2 and 2.9 × 10− 3 mm•s− 1/2, respectively in 
Fig. 2b. The study of the water absorption and sorptivity properties of 
cement-based TENG is essential because cement is inherently hydro
philic and absorbs moisture from the air, which can alter its electrical 
properties. Therefore, excessive moisture content can increase the sur
ficial conductivity of cement-based TENG, which may deteriorate 
triboelectric efficiency by neutralizing electrons [44,45]. The compres
sive and flexural strengths of graphene-cement composite reach 
approximately 53.0 and 3.5 MPa, respectively, as displayed in Fig. 2c. 
The mechanical strengths are higher than the ordinary cementitious 
materials [41], demonstrating its feasibility to be applied in engineering 
projects for structural or pavement construction. Moreover, the me
chanical strength of cement-based TENG significantly impacts its 
triboelectric efficiency, primarily through improved contact effective
ness and deformation resistance. The cementitious composites with 
higher strengths are less prone to deformation during repeated loading 
and unloading cycles, ensuring better surficial contact with PTFE film. 
Additionally, higher mechanical strength contributes to the overall 
structural stability, preventing potential damages from excessive 
external forces.

The micromorphology of graphene is shown in Fig. 3a at different 
magnifications. It can be observed that the graphene used has a nano
scale thickness and a microscale width, which can serve as an effective 
additive for enhancing the durability and mechanical performances of 
cement-based materials. The thin-plate-like structure promotes cement 
hydration by providing nucleation sites and fills microcracks and pores 

within the cement, thereby inhibiting crack formation and propagation 
[46,47]. To achieve the benefits, it is necessary to overcome the issue of 
graphene agglomeration. Therefore, the combined mechanical and ul
trasonic dispersion method has been proposed to disperse graphene in a 
water solution containing the superplasticizer. Fig. 3b shows the 
dispersed graphene suspension, and Fig. 3c exhibits the light absorbance 
of graphene suspension with standing time after the dispersion treat
ment. It shows that the graphene suspension has a stable absorbance in 
the first 50 min before slightly going down at 60 min, demonstrating the 
stabilized and uniformly distributed graphene in the suspension. In 
consideration of the mixing with cement and silica fume done in mi
nutes, it can be deduced that the graphene is well dispersed in the matrix 
of cement-based TENG.

The surficial morphology, microstructures and EDX results of 
graphene-cement composite are shown in Figs. 3d to 3f. It is evident that 
the surface of the cement-based TENG has some macro pores, which are 
caused by the air introduced during the cement mixing process. These 
air pores definitely affect the contact area of cement-based TENG and 
also the uniform distribution of electrons [48,49]. The vibration during 
the casting process and the use of defoamers can help reduce the number 
of macro air bubbles. In a microscale, the micro pores can be observed 
clearly in the cement-based TENG, but the graphene is difficult to 
distinguish due to its nucleation effect and the attached cement hydra
tion products (Fig. 3e). Therefore, the EDX map on carbon element is 
carried out to distinguish graphene from the hydration products. Even 
though a portion of graphene is covered by cement hydration products, 
the results still demonstrate that the graphene is uniformly dispersed 
within the cement matrix. In addition, the crystal phase composition of 
graphene-cement composite is illustrated by XRD analysis in Fig. 3g. It 
has been widely known that calcium silicate or C-S-H is the main hy
dration product of cement, the XRD result shows that the other main 
crystal compositions of cement-based TENG include the ettringite, por
tlandite, and the remaining OPC clinkers.

Fig. 2. The physical and mechanical properties of graphene-cement composite: (a) Water absorption; (b) First and secondary sorptivity; (c) Compressive and 
flexural strengths.
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3.2. Electrical conductivity and dielectric properties

The electrical conductivity of cement-based composites is closely 
related to their hydration process. During the early stages of hydration, 
the high moisture content and interconnected pores result in lower 

electrical resistivity. As the water content decreases due to the hydration 
of cement clinker and the pores are gradually filled with hydration 
products, the resistivity tends to increase in the later curing stage, as 
shown in Fig. 4a. Previous studies have applied cementitious materials 
cured for 7 days [50,51], during which their electrical conductivity and 

Fig. 3. Macro and micromorphology and phases: (a) Microstructures of graphene; (b) Graphene suspension; (c) Absorbance of graphene suspension; (d) Surficial 
morphology of cement-based TENG; (e) and (f) Microstructure and EDX results of graphene-cement composite on the element carbon; (g) XRD results of milled 
graphene-cement powders.

Fig. 4. Electrical and dielectric properties of graphene-cement composite: (a) Electrical resistivity development in the process of curing by DC; (b) Impedance of 
cement-based plate; (c) conductivity of cement-based plate; and (d) Relative dielectric constant with changing frequency.
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dielectric properties may continue to change significantly with ongoing 
hydration. That is why the authors chose a fully cured cement matrix as 
a triboelectric layer, aiming to enhance the electrical stability of 
cement-based TENG. In terms of the impedance of cement-based plate 
with frequency, it rapidly decreases and then stabilizes with the increase 
of frequency (Fig. 4b). In the low-frequency range, the high impedance 
indicates the significant resistive and capacitive effects within the 
cementitious material. As the frequency increases, capacitive reactance 
decreases and leads to a decrease in impedance. In the high-frequency 
range, the impedance levels off, indicating that the conductive path
ways in the cementitious material are well-established, and the impact 
of frequency on impedance diminishes. Fig. 4c illustrates the changes in 
electrical conductivity under varied frequencies. In the low-frequency 
range, the high capacitive reactance results in lower electrical conduc
tivity. In the high-frequency range, electrical conductivity significantly 
increases, indicating enhanced mobility of charges in the cementitious 
material. The output of cement-based TENG is firmly related to the 
triboelectric charge density and the open-circuit voltage can be 
expressed by Eq. (4): 

Voc =
ρ • xt

ε0
(4) 

where Voc is the open-circuit voltage, ρ the triboelectric charge density, 
xt the distance between two cement-based plates and PTFE film, and εo is 
the vacuum permittivity. The cement-based TENG in the vertical 
contact-separation mode can be equivalent to a capacitive model, 
making triboelectric charge density proportional to the capacitance the 
relative dielectric constant based on the Eq. (5): 

ρ =
εo • εr • V

d
(5) 

where εr is the relative dielectric constant, d is the distance and V is the 
voltage drops. Fig. 4d shows the relative dielectric constant changes of 
cement-based plates under varied frequencies. The high dielectric con
stant at the low frequency indicates a strong polarization capability of 
the cementitious material. This is consistent with the high polarization 
characteristics of cement-based materials under DC conditions for the 
measurement of resistivity [52,53]. As the frequency increases, the 

polarization within the cementitious material struggles to respond 
timely to the changing electric field, resulting in a decrease in the 
relative dielectric constant. The dielectric constant of the 
graphene-cement plate can reach approximately 100 at the frequency of 
1 kHz. This is comparable to similar studies on the TiO2 modified 
cement-based triboelectric layer and the one reinforced with carbon 
black, in which the relative dielectric constants of 79.3 and 82.2 were 
obtained, respectively [50,51].

3.3. Output performance of cement-based TENG

The frequency of external loads experienced by civil infrastructure 
depends on the specific type of loading and environmental factors, 
which is usually within 10 Hz. Therefore, this section examines the 
impact of different loading frequencies, ranging from 1 Hz to 10 Hz, on 
the triboelectric efficiency of cement-based TENG under the same 
loading conditions of 100 N. As shown in Fig. 5a, the results show that 
the open-circuit current reached around 0.44 μA at the frequency of 
1 Hz, and then gradually increased with the growth of frequency. The 
averaged short-circuit currents of cement-based TENG at the frequencies 
of 2, 4, and 8 Hz were 0.81, 1.68, and 3.39 μA, respectively, and rose up 
to the highest of 3.62 μA at 10 Hz. These are comparable to the previous 
studies on the cement-based TENG prepared by 7 days cured carbon 
black-cement composites and the PTFE sheets [51]. The open-circuit 
voltage of cement-based sensors was measured by the potential drop 
of connecting a 3 GΩ resistor. As displayed in Fig. 5b, the output voltage 
at 1 Hz was 72.5 V, which surged to 279.4 V at 10 Hz. It could be 
deduced that higher frequencies led to faster generation and accumu
lation of charges, resulting in an enhancement in electrostatic induction 
and increasing the output current [54,55]. However, it is also evident 
that as the frequency continues to increase, the rate of voltage growth 
slows down (Fig. 5c). This phenomenon is mainly due to the surface 
charge density of the cement-based material. Once the surface charge 
density reaches its peak, further increasing the loading frequency does 
not result in higher voltage [56,57].

Concrete infrastructure has a long-life span of decades; hence, the 
long-term stability ensures consistent performance over extended pe
riods, which is crucial for practical applications of cement-based TENG. 
Fig. 5d shows the open-circuit voltage output of cement-based TENG 

Fig. 5. Triboelectric performance of cement-based TENG under the force of 100 N: (a) short-circuit current in varied frequency from 1 to 10 Hz; (b) open-circuit 
voltage in varied frequency with 3 GΩ resistor; (c) voltage to frequency; (d) stability after thousands of cycles; (e) and (f) cement-based TENG output voltage, 
current and power density at different load resistance values.
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initially, and after being subjected to 1000, 2000, 4000, and 8000 
loading cycles. The results indicated that the voltage output was 
consistent and unchanged after thousands of loading cycles, as well as 
maintaining excellent repeatability and reversibility. Based on the un
derstanding of cementitious materials, the repeatability of its electrical 
signals within the elastic range can be anticipated, as inferred from the 
author’s previous research on piezoresistive cement-based sensors [58]. 
The loading applied in the cement-based TENG is 100 N (or 62.5 kPa), 
which is significantly smaller than the mechanical strength of the 
graphene-cement composite and within the elastic range of the cement 
matrix. Therefore, in this study, it can be considered that the 
cement-based TENG performs elastically during the loading cycles, and 
forces within the elastic range do not affect its long-term stability 
greatly.

The power density is evaluated by measuring the output voltage and 
current of the cement-based TENG connected to a series of resistors 
ranging from 1 kΩ, 10 kΩ, 100 kΩ, 1 MΩ, 10 MΩ, 100 MΩ, 1 GΩ, 3 GΩ, 
and 5 GΩ under a consistent impact force of 100 N at the frequency of 
10 Hz. As exhibited in Figs. 5e and 5f, the voltage increased and current 
decreased with the increase of resistance, and the power calculated 
based on the equation P = U × I had a maximal value reaching 
approximately 151.5 μW with the power density of 95 mW/m2 as the 
electrical resistance of the resistor reached 100 MΩ. In the studies by Ra 
et al. [59], who directly deposited the polyvinylidene 
difluoride-trifluoroethylene (PVDF-TrFE) nanofibrous mat onto cement 
composite by electrostatic spinning, the maximum power generated was 
60.9 μW with the surficial contact area of 50 × 50 mm2, which is only a 
quarter of the graphene modified cement-based TENG proposed in this 
study. Moreover, the power density of this study is comparable to the 
studies by Kuntharin et al. [51]. They proposed a carbon black modified 
cement-based TENG and achieved a high-power density of 2.13 W/m2. 
However, the current they measured for power density assessment 
(higher than 160 μA) was much higher than the short-circuit current 
(around 3 μA), which may be influenced by external variables that were 
not fully controlled. Secondly, all the voltages and currents for the 
power calculation were measured from peak to peak in their studies, 
which may be another reason for the high power density. Overall, in 
consideration of the large-scale characteristics of concrete infrastruc
ture, such as highways and buildings, the total amount of electrical 
energy generated by the cement-based TENG would be substantial.

The impact of force on the triboelectric efficiency of cement-based 
TENG is also investigated in this paper. Figs. 6a to 6c show the open- 
circuit voltage and short-circuit current outputs of the cement-based 
TENG subjected to 2, 5, 10, 50, 100, and 200 N. It shows that the 
voltage output increased from around 55–311 V with the increase of 
force applied. This is owing to the increase of force that raises the 
contact area between the graphene-cement plate and PTFE film, thus 
increasing the amount of charge accumulation and electrostatic induc
tion to enhance output voltage [49,60]. Fig. 6b displays the short-circuit 
current of cement-based TENG subjected to the force of 200 N, with an 
average value of approximately 3.98 μA at 10 Hz. Compared to the 

counterpart loaded by 100 N force, the enhancement in current is not 
significant and that is why we decided to use 100 N to investigate the 
effect of frequency and power density measurement. Fig. 6c demon
strates the relationship between the voltage and current output to the 
compressive stress on the graphene-cement plate. Also, it can be 
observed that the voltage output varies significantly with changes in 
small force. However, as the force increases, the magnitude of these 
variations diminishes. The reason is due to the influence of load tends to 
saturate after reaching a certain level [61,62]. It can be estimated that 
the excessive force may damage the surficial microstructures of 
cement-based TENG, potentially causing plastic deformation and 
reducing triboelectric efficiency.

3.4. Charging properties

The electrical output of cement-based TENG can be applied to charge 
energy storage devices like capacitors or power electronic devices such 
as LEDs. Fig. 7a depicts the circuit in which a cement-based TENG is 
used to charge three capacitors with different capacitances: 10, 20, and 
50 μF. The cement-based TENG was subjected to 100 N at a frequency of 
10 Hz. A bridge rectifier was employed to convert the generated AC to 
DC output, before connecting to the capacitors. Fig. 7b shows the 
rectified open-circuit current of cement-based TENG after connecting to 
a bridge rectifier. The negative half-cycle of the AC signal was converted 
into a continuous positive voltage, with an output frequency that was 
twice of the original AC signal. Compared to the short-circuit current of 
the cement-based TENG, the current magnitude slightly decreased after 
passing through the rectifier. In terms of capacitor charging efficiency, 
the results show that within one minute, the capacitors were charged to 
3.1, 1.8, and 1.0 V, respectively for 10, 20 and 50 μF capacitors (Fig. 7c). 
After five minutes, the voltages further increased to 13.0, 8.1, and 4.5 V. 
It is apparent that the voltage increased rapidly in the initial charging 
period, then gradually slowed down as the voltage increased. This oc
curs because the voltage generated by the cement-based TENG and the 
voltage difference across the capacitor decrease, resulting in a reduced 
charging current. After one hour of charging, the voltages reached 57.2, 
44.6, and 24.5 V, respectively, and the subsequent growth became 
gentler. According to the Eq. (6): 

E = 1
/
2CV2 (6) 

Where E is the energy (J), C is the capacitance (F) and V is the voltage of 
the capacitor (V). Fig. 7d illustrates the charging energy of capacitors 
over time. Initially, the 10 μF capacitor exhibited the highest energy, but 
around 15 minutes, it was surpassed by the 20 μF capacitor. It indicates 
that despite having a higher charging voltage, a smaller capacitor does 
not necessarily result in better charging energy.

Fig. 6. Effect of force amplitude on the open-circuit voltage and short-circuit current output: (a) Voltage output under 2, 5, 10, 50, 100 and 200 N; (b) Short-circuit 
current under 200 N; and (c) Voltage and current output as a function to pressure.
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Fig. 7. Charging performance of cement-based TENG: (a) Circuit diagram to charge capacitors; (b) rectified short-circuit current; (c) and (d) Voltage and energy 
profiles of 10, 20, and 50 μF capacitors being charged by the cement-based TENG.

Fig. 8. Cement-based TENG for energy harvesting and multifunctional applications: (a) Triboelectric mechanism; (b) Mechanical energy existed in infrastructures; 
(c) Potential applications in various infrastructures.
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3.5. Mechanism and applications in civil engineering

3.5.1. Mechanism and application potentials
Figs. 8a-i to 8a-iv show the schematic diagram of electron generation 

out of triboelectric effect and the electrostatic induction of cement-based 
TENG in the process of periodic contact and separation. The cement- 
based TENG is tested by a vertical contact and separation mode with 
copper tapes attached as electrodes. When the graphene-cement surface 
encounters the PTFE film under compression, electrons transfer from the 
cementitious surface to the PTFE film due to the higher electron affinity 
of PTFE. The results in the cementitious surface becoming positively 
charged and the PTFE surface becoming negatively charged with an 
equal number of charges. Due to the high electrical insulation properties 
of both the cement matrix and PTFE film, these charges accumulate on 
the surfaces until the maximum charge density that these two tribo
electric layers can withstand is reached. It is noteworthy that the 
maximum charge density of the material is not affected by the loading 
frequency or the magnitude of stress. Therefore, theoretically, when the 
cement-based TENG is fully charged, increasing the load frequency and 
amplitude does not impact the output voltage [63]. As shown in 
Fig. 8a-iii, the output electrical signal is primarily due to the electro
static induction. The negatively charged PTFE film repels electrons in 
the copper electrode, while the positively charged cement matrix at
tracts electrons, causing them to flow toward the copper electrode 
connected to the cement matrix. In particular, the contact and separa
tion of two layers still cause the voltage to vary with the distance be
tween them. When the electrodes are compressed, the distance between 
them decreases, leading to a reduction in voltage. Conversely, when the 
electrodes are separated, the distance increases, causing the voltage to 
rise. The contact and separation processes in this vertical loading mode 
cause periodic changes in the electric field, resulting in alternating 
positive and negative voltage peaks in the output.

As shown in Fig. 8b, civil infrastructure is frequently subjected to 
various external loads, ranging from artificial loads like pedestrians, 
vehicles, and various human-induced vibrations to natural forces such as 
raindrops, tide and ocean currents, wind, and earthquakes. Prolonged 
exposure to these loads typically results in varying degrees of structural 
or pavement damage. However, the application of cement-based TENG 
holds promise for capturing this mechanical energy and converting it 
into electrical energy through triboelectric and electrostatic induction 

effects. This process helps to harness mechanical energy but also miti
gates the impact of these loads on the infrastructure, thereby extending 
its service life. In particular, the cement-based TENG can function as 
sensors by monitoring changes in electrical signals, making them 
feasible for structural health and traffic monitoring [64]. Additionally, 
they can be employed in drainage systems to monitor water quality 
parameters such as pH levels in real-time, as well as for air quality and 
road surface exhaust monitoring [65,66]. More importantly, as shown in 
Fig. 8c, these cement-based TENG can provide a continuous power 
supply to civil infrastructure. For instance, the vibration energy gener
ated by vehicles on the road can be converted into electrical energy to 
power road surveillance cameras and other sensors. They also have the 
potential to supply power to streetlights and traffic signals. Further
more, the mechanical energy from ocean currents and tides can be 
harnessed by cement-based TENG in coastal or offshore engineering 
applications such as digue and offshore drilling platforms.

3.5.2. Application demonstrations
A manually operated cement-based TENG was designed in the lab to 

demonstrate its potential application in traffic or structural in
frastructures, as shown in Figs. 9a and 9b. In addition to the triboelectric 
layers and electrodes, the device contains four elastic foam pieces and 
two acrylic substrates. The circuit to charge the capacitor is identical to 
the aforementioned with a bridge rectifier. Hence, each manual press 
and release cycle brings the cement-based plate into contact with and 
then separates it from the PTFE film. Fig. 9c illustrates the current 
output of the cement-based TENG device at both low and high fre
quencies, as well as the current output after rectification. Uneven dis
tribution of manual force on the cement-based TENG can result in local 
pressure exceeding that applied by the linear motor, which may explain 
why the short-circuit current is observed to be higher than that under 
automatic loading conditions. Fig. 9d shows the voltages of the capacitor 
charged by manually pressing. It can be observed that high-speed 
manual pressing of the cement-based TENG device can charge the 
capacitor to nearly 4.6 V within 2 minutes, which could light up 29 LEDs 
where four different colors of LEDs made up the letter ‘CEMT’ (Fig. 9e). 
It indicates that the energy generated by cement-based TENG is suffi
cient to power small electronics for application.

Fig. 10 demonstrates the application of cement-based TENG in civil 
engineering structures and pavements for energy harvesting. The two 

Fig. 9. Cement-based TENG designed in the lab: (a) Hand-operated cement-based TENG device; (b) Capacitor charged by the hand-operated cement-based TENG; (c) 
Output current and rectified current of hand-operated cement-based TENG at low and high frequencies; (d) Voltage increase of charged 10 μF capacitor; (e) 
Photograph displaying the letters “CEMT” by 29 LEDs light up by cement-based TENG.
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cases presented are wind energy harvesting in bridges and mechanical 
energy harvesting in pavements due to pedestrian and vehicle-induced 
loads. The wind induces vibrations in the bridge, which act as a me
chanical stimulus (Fig. 10a). The experimental setup simulates the 
bridge’s response to wind-induced vibrations, incorporating a layered 
structure comprising a concrete pier, steel reinforcement, concrete 
pavement, PTFE film, and electrodes. The output current and power 
showed that the bridge application can generate an alternating current 
corresponding to the wind-induced mechanical oscillation (see S1). The 
peak output current reaches higher than 0.2 μA, and the maximum 
power output is around 0.06 μW (37.5 μW/m2). In the second case, the 
setup involves a concrete pavement, bendable steel, PTFE film, elec
trodes, and supportive layers (Fig. 10b). The output current and power 
indicated an alternating current with peaks of about 0.08 μA and a 
corresponding maximum power output of approximately 0.04 μW (25.0 
μW/m2, see S2). Both cases illustrate the potential of cement-based 
TENG to be integrated into civil structures, providing a sustainable 
and self-powered solution for powering sensors or other low-power 
devices such as for structural health monitoring, lighting, or powering 
small electronic devices in smart cities.

4. Conclusions

Based on triboelectrification, this paper proposed a new cement- 
based TENG fabricated from the cement-based plate and the PTFE 
film. The related conclusions are drawn as follows: 

(1) The cement-based plate was prepared from the graphene modi
fied cementitious composite, which was fully cured for 28 days to 
achieve satisfactory mechanical properties and water repellency.

(2) The addition of 1.0 % graphene by weight of binder failed to 
enhance the conductivity of cementitious composite, while the 
dielectric constant of graphene cement-based plate could reach 
up to 100 at the frequency of 1 kHz. Both the amplitude and 
frequency of loading cycle impacted the voltage and current 
outputs. The short-circuit current reached 3.62 μA and the open- 

circuit voltage reached up to 279.4 V at the frequency of 10 Hz 
under 100 N periodic cycles.

(3) The cement-based TENG showed stabilized voltage output after 
being subjected to 8000 periodic cycles. The maximum power 
approximately 151.5 μW or the power density of 95 mW/m2 

occurred when connected to the 100 MΩ resistor.
(4) In terms of the charging performance, the cement-based TENG 

can charge a 10 μF capacitor to 3.1 V in a minute and 57.2 V in an 
hour. In addition, the manually operated cement-based TENG 
device could light up 29 LEDs with a minute hand press.

(5) The case studies showed that the cement-based TENG shows 
excellent energy harvesting capabilities in bridge and pavement 
for wind energy harvesting and pedestrian/vehicle induced me
chanical energy harvesting, which is promising for the practical 
application in self-powering infrastructures.
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