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ABSTRACT

Two types of graphene, namely, graphene oxide (GO) and multilayer graphene nanoplatelets (GNPs), were added
to a 0-3-type cement-based piezoelectric composite to investigate the piezoelectric properties of the composite.
The aforementioned composite contained a cement matrix and lead zirconate titanate inclusions, each of which
accounted for 50% of the composite volume. The results obtained by using ultrasonic vibrations and a hy-
drometer indicated that the optimal dispersion times of GO in pure water and GNPs in ethanol were 30 and 15
min, respectively. The addition of GO to the aforementioned composite decreased the composite’s relative
permittivity (¢,) and increased dielectric loss and electrical resistance, resulting in difficulties in poling and poor
polarization efficiency. GO is not conducive to improving the piezoelectric properties (piezoelectric charge co-
efficient dss, piezoelectric voltage coefficient gss, &, and electromechanical coupling coefficient ki) of piezo-
electric composites. GNP addition to cement can reduce the resistivity and increase dielectric loss of cement
composites. The composites with a lower resistance can be polarized easily. The appropriate addition of GNPs
can improve the polarization efficiency, thereby enhancing the piezoelectric properties of cementitious com-
posites. In this study, the optimal addition of GNPs was 0.3%. Wet-mixing of GNP-containing cementitious
composites with a superplasticizer in ethanol can further improve the piezoelectric properties of this composite
(ds3 = 123 pC/N, gs3 = 22.6 x107 V.m/N, &, = 615, and k; = 20.2%). The GNP-containing cementitious
composite mixed with a superplasticizer exhibited a high ky; thus, this composite has potential for use as a green
energy material.

1. Introduction

additive to enhance the mechanical properties and durability of
cementitious materials [17-29]. Compared with few-layer and

Similar to the multiphase microstructure of iron, the hydration
composition of cement is diverse and complex, which allows the
development of unique cement-based materials (cementitious materials)
for use in civil infrastructure. Cementitious materials have advantageous
physical, mechanical, electrical, and thermal properties; therefore, they
are used to produce many useful materials and devices, such as floating
concrete [1,2], ultrahigh-performance concrete [3-5],
piezoresistive-based self-sensing concrete [6-9], self-healing concrete
[10-12], and cement-based piezoelectric sensors and actuators [13-16].
The use of lightweight aggregates, pozzolanic materials, biomimetic
materials, and additives in a cement matrix is common for developing
cementitious materials with unique properties.

In the past decade, many researchers have used graphene as an
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single-layer graphene, graphene oxide (GO) and multilayer graphene
nanoplatelets (GNPs) are more commonly used in cementitious mate-
rials because they are not expensive and easier to produce. GNPs have
higher thermal and electrical conductivities than does GO; however,
GNPs have a large specific surface area and exhibit strong van der Waals
forces. Thus, poor mixing effects are achieved when GNPs are combined
with cement. Therefore, GNPs must be uniformly dispersed in the
cement matrix of cementitious materials (concrete and mortar) [30].
Furthermore, GO is more hydrophilic and more easily exfoliated in
water (resulting in stable dispersions) than are GNPs; thus, GO is more
commonly used than GNPs to improve the mechanical properties and
durability of cementitious materials [17-20,23-29]. GO can promote
the hydration kinetics of cement, stimulate the growth of hydration
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products, and form strong covalent bonds with hydration products [17].
The mixing of a favorable amount of GO in the cement matrix can
effectively improve the mechanical properties, microstructure [19,20,
23-25], durability [26], impermeability, corrosion resistance [29], and
rheological behavior [31] of the cement matrix.

Because oxygen atoms can cause structural defects in GO, GO might
not be a suitable additive for enhancing the thermal and electrical
conductivities of cementitious materials [30]. Liu et al. [32] found that
the electrical resistance of GO-containing mortars on oven-dried speci-
mens was not considerably different from that of GO-free mortar, indi-
cating that the addition of GO had little effect on the piezoresistive
properties of the mortars. The piezoresistive effect refers to a change in
the electrical resistance of a material when the material is loaded. The
electrical resistance of mortar decreases with an increase in its GNP
content; thus, with an increase in the GNP content, mortars transform
from being insulators to conductors (refer to Fig. 7 in [32]). This implies
that the addition of GNPs can improve the piezoresistive sensitivity of
cementitious materials. If the agglomeration phenomenon of GNPs can
be overcome, they will be superior to GO in improving the mechanical,
electrical, and thermal properties of cementitious materials at an
appropriate amount [21,22,25,30,32]. Several dispersion techniques for
graphene materials, such as GO and GNPs, have been proposed in
experimental studies [30,33-37]. For instance, graphene can be effec-
tively dispersed using water-reducing admixtures (such as super-
plasticizers) and ultrasonic waves (mechanical vibration) (relevant
results are presented in Table 2 of [30]). To achieve superior dispersion
of GNP sheets, water-reducing admixtures are typically used in
conjunction with ultrasonic vibrations [36,37]. Ultrasonic treatment can
be applied to overcome the van der Waals interactions between the
graphene sheets, making the dispersion of graphene in a solution easier.

Because of its unique electromechanical characteristics, graphene
has been used to enhance the piezoresistive sensitivity of cementitious
materials for structural health monitoring (SHM). GO has been used as a
functional filler in only a few piezoresistive self-sensing cementitious
materials. For example, a GO-containing cement paste with piezor-
esistive sensitivity under cyclic uniaxial compressive loads was investi-
gated in a previous study [38]. Most researchers have focused on the use
of reduced graphene oxide (rGO) and GNPs to investigate piezoresistive
self-sensing materials. For instance, rGO, a graphene derivative obtained
by removing oxygen functional groups from GO, has been used in pie-
zoresistive pressure sensors [39], piezoelectric geopolymer composites
[40], and piezoresistive mortar-containing multiwall carbon nanotubes
(CNTs) [41]. GNPs can reduce the electrical resistivity of cementitious
materials [21,30] and modify the microstructure and piezoresistive
properties of cement-based composites [32,42]. The piezoresistive sta-
bility of self-sensing cementitious materials containing GNPs has been
investigated under cyclic loading [43,44], tension and compression
[45], and impact loads [46].

Cement-based piezoelectric composites (piezoelectric cementitious
composites), with cement as the matrix and piezoelectric materials as
functional inclusions, can be used as sensing elements for SHM. Lead
zirconate titanate (PZT) and barium zirconate titanate are commonly
selected as functional inclusions in the aforementioned composites.
Cement-based piezoelectric composites have been developed in order to

Table 1

Properties of PZT ceramic material®.
Parameter Properties
Piezoelectric charge coefficient da3 (x 10712C/N) 470
Piezoelectric voltage coefficient gz3 ( x 10~3V-m/N) 24
Relative permittivity €, (=¢l;/€0) 2100
Thickness electromechanical coupling coefficient k, 0.72
Density p ( x 103kg/m®) 7.9
Dielectric loss D 0.015

" Provided by Eleceram Technology Co., Ltd. (Taiwan)
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Table 2
Properties of GO and GNPs.
GO GNPs

Diameter (pm) 0.5-5 0.5-20
Thickness (nm) 0.8-1.2 1-10
Specific surface area (m?/g) 50-70
TAP density (g/cm®) 0.981 0.075
Appearance Black Black
C (%) 51.35
0 (%) 40.78
Electrical conductivity (S/cm) 70000

" Note: The information is not provided in the product reports.

achieve acoustic matching with concrete materials for better sensing in
structural health monitoring application in concrete structures. At 50%
PZT ceramic volume content, the acoustic impedance is similar to that of
concrete (~9-10 x 10° kg/m2~s). Piezoelectric cementitious composites
exhibit piezoelectric properties if complete electric field polarization
can be achieved. Because of their piezoelectric properties, piezoelectric
cementitious composites can be used as sensing elements in piezoelec-
tric sensors and actuators used in SHM for concrete structures and traffic
monitoring [16,47-49]. Piezoelectric sensors with higher values for
piezoelectric properties, such as piezoelectric charge coefficient (ds3)
and piezoelectric voltage coefficient (g33), have higher monitoring
sensitivity in real-time SHM. Research on improving the piezoelectric
properties of piezoelectric cementitious composites (as piezoelectric
sensing elements) has been ongoing since 2001 [13-15,50-57].

The piezoelectric properties of 0-3-type cement-based piezoelectric
composites (whose functional particles are randomly oriented in the
cement matrix) can be enhanced by optimizing the manufacturing
process, polarization conditions, and additives. For instance, in a pre-
vious study, the ds3 value of a piezoelectric cementitious composite
containing 50% PZT increased considerably from 55 pC/N to 106 pC/N
when the composite was treated at 150 °C before and after electrode
fabrication [15]. Thus, cement-based piezoelectric composites (as sen-
sors and actuators) are used in the SHM of concrete structures, including
the monitoring of strength development [16] and stress—strain behavior
[49]. If the composite has an appropriate water-to-cement (w/c) ratio
during mixing (e.g., w/c = 10%), its ds3 value can be further increased to
133 pC/N [57]. During the polarization process, a higher poling voltage
and poling temperature [52-54] and an appropriate poling time [55] are
typically used to obtain cement-based piezoelectric composites with
higher ds3 and relative permittivity (e;) values. Moreover, the use of
pozzolanic materials, such as silica fume [58,59], slag, and fly ash [60],
as admixtures in cementitious composites can enhance the piezoelec-
tricity of these composites. Materials such as carbon [61], carbon black
[62,63], nano-quartz powders [64], CNTs [65], and kaolin [66] have
also been used as additives to improve the piezoelectric properties of
cementitious composites.

Since 2014, graphene has attracted increasing attention as a material
for improving the piezoelectricity of cementitious materials and geo-
polymer composites. Chang et al. [67] indicated that some highly or-
dered compounds of GO (such as clamped and unzipped GO) exhibit
piezoelectric responses and that a higher oxygen concentration causes
an increase and decrease in the dss values of the clamped GO and
unzipped GO, respectively. Candamano et al. [68] found that geo-
polymer mortar with 1% GNPs exhibits a d33 value of 11.99 pC/N within
a pressure range of 0-2500 N. Certain geopolymer materials, such as
metakaolin-containing GNPs, exhibit a piezoelectric effect under cyclic
compression but not under completely dry conditions [69]. Although
the piezoelectric performance of graphene is considerably worse than
that of piezoelectric ceramics such as PZT, graphene can be regarded as a
piezoelectric material to a certain extent. Jaitanong et al. [70] investi-
gated a cementitious composite consisting of silica/cement as a binder,
lead niobate zirconate titanate as functional particles, and 0-5% GNPs as
an additive and found that the &, value and dielectric loss of this
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composite increased with an increasing GNP content. However, they
could not identify the specific GNP contents that resulted in an enhanced
dielectric effect. Studies on the piezoelectric properties of
graphene-containing cementitious composites are limited. When the
piezoelectric properties of graphene-containing cementitious materials
are studied, the optimal graphene content and agglomeration properties
should be determined.

In this study, the piezoelectric properties of a 0-3-type PZT/cement
composite were investigated after the addition of GO and GNPs. The
composite contained a cement matrix and PZT inclusions. First, the
optimal dispersion time of graphene was determined by using ultrasonic
vibration to reduce graphene agglomeration. Subsequently, graphene
was added to the aforementioned cementitious composite. After polar-
ization, the cementitious composite exhibited piezoelectricity; thus, the
polarized composite was called piezoelectric cement (PEC). The optimal
graphene content of the PEC was determined based on the maximum
values of ds3 and ;. The piezoelectric properties of the PEC containing
the optimal graphene content were then examined under different
graphene-mixing conditions.

2. Experiments
2.1. Materials

The investigated cementitious material was a 0-3-type PZT/cement
composite, in which the cement matrix and PZT inclusions had a volume
fraction of 50% each. The acoustic impedance of this composite is close
to that of concrete [13], and it has been used as a PEC sensor for the SHM
of concrete [16,49]. The matrix of this composite was fresh ASTM type I
cement with a specific gravity and fineness of 3.16 and 321 m%/kg,
respectively. The inclusions were Ka-type unpolarized PZT ceramic
materials (Eleceram Technology Co., Taiwan). The properties of PZT are
presented in Table 1 (specific gravity = 7.9, ds3 = 470 pC/N, & = 2100,
g33 = 24 mV-m/N, and dielectric loss D = 0.015). PZT particles with
sizes in the range of 75-150 um were used in the composite.

Two types of graphene, namely, GO and GNPs (Conjutek Co.,
Taiwan), were used as additives in the PEC. The scanning electron mi-
croscopy (SEM) images of GO and GNPs are shown in Fig. 1. The layered
structure is the same as graphite crystal. The properties of graphene are
listed in Table 2. The diameter and thickness of GO are 0.5-5 um and
0.8-1.2 nm, respectively. GO is highly hydrophilic and easily dispersed
in water. GNPs are a form of multilayer graphene that exhibit a diameter
of 0.5-20 um and a thickness of 1-10 nm. GNPs have a high electrical
conductivity of 70,000 S/cm and are often used to reduce the electrical
resistance of the materials. The specific surface area of GNPs is
50-70 m%/g, and the particles agglomerate easily.

~
B 5.3 mm

Date :24 Apr 2013

(a) Graphene oxide (GO)
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2.2. Dispersion of graphene

To reduce graphene agglomeration in PEC, graphene must be
dispersed in a solution before mixing. Studies [34,71,72] have indicated
that GO can be easily and uniformly dispersed in aqueous solvents.
Moreover, GO agglomeration occurs even at a high GO content because
of the van der Waals forces between its interfacial layers [23]. Therefore,
pure water was selected as the solvent for GO dispersion in this study,
and 100 mg of GO was added to 100 mL of pure water to form a
1-mg/mL GO solution. Water-based fluids, glycol-based fluids, and oils
can act as solvents for dispersing GNPs [25,30,36,37]. After pilot ex-
periments involving the dispersion of GNPs in different solvents were
conducted, the GNPs agglomerated more easily in water than in ethanol.
Moreover, the GNPs mixed with oils were found to be unsuitable for
mixing with cementitious materials. Therefore, ethanol (specific gravity
= 0.789) was selected as the solvent for the dispersion of GNPs in this
study. The concentration of the GNP solution used was 1 g/L.

Mechanical methods (shear blending and ultrasonic vibration) are
frequently used to break the van der Waals bonds of graphene flakes in
solutions [37]. Because of the ease of operation, a bath-type ultrasonic
vibrator (Model WC-650 from Conjutek) was used for graphene
dispersion in this study. The degree of graphene dispersion depends on
the power, frequency, and duration of ultrasonic vibration [35]. In this
study, the frequency and power of ultrasonic vibration were 40 kHz and
650 W, respectively.

The prepared graphene solutions were subjected to ultrasonic vi-
bration for specific sonication times. The sonication times were 15, 30,
45, and 60 min for the GO solution and 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, and 60 min for the GNP solution. The appearance of the gra-
phene solutions after ultrasonic vibration is shown in Fig. 2(a). The
solutions containing dispersed graphene were black and turbid, and
graphene was uniformly dispersed in these solutions to a certain extent.
After the solutions were left standing for a certain time, graphene
agglomerated and began to settle at the bottom of the test tubes con-
taining the solutions. To determine the degree of graphene dispersion, a
hydrometer was placed in the dispersed suspension solutions to measure
their specific gravity values, as displayed in Fig. 2(b). The specific
gravity ranges measured by using the hydrometer for the GO and GNP
solutions were 0.995-1.050 and 0.760-0.820, respectively. Fig. 2(b)-2
(e) depict the specific gravity values of the solutions measured at
different precipitation times (t), beginning from t = 0 until the graphene
completely settled at the bottom of a graduated cylinder. When all
graphene flakes settled at the bottom of the solution, the specific gravity
of the solution became constant. The settling time refers to the earliest
time at which the specific gravity of the solution no longer changes. The
longer the settling time of the solution, the longer graphene takes to

3

(b) Multilayer graphene platelets (GNPs)

Fig. 1. The SEM images of GO and GNPs. (Courtesy of Conjutek Corporation).
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hydrometer

d

graphene solution

(a) graphene solution (b)t=0

b

(c)t=6h (d)t=12h (e)t=48h

Fig. 2. Changes in the specific gravity of a solution of GNPs measured using a hydrometer: (a) GNP solution obtained after ultrasonic vibration and specific gravity

measurements at precipitation times (t) of (b) 0, (c) 6, (d) 12, and (e) 48 h.

complete reagglomeration, and thus, the higher the dispersibility of
graphene. Fig. 3 shows the relationship between the settling time and
the sonication time. The optimal sonication times for the dispersion of
GO in water and that of GNPs in ethanol were 30 and 15 min,
respectively.

2.3. Specimen preparation

Graphene solutions sonicated for the optimal time were mixed with
the PZT/cement composite. To find the optimal graphene content for
enhancing the piezoelectric properties of the composites, specimens
containing GO were prepared by employing a dry-mixing method. The
GO content of these samples was 0.1-0.5% by the volume of cement. The
dry-mixing method was used to dry the dispersed graphene solutions in
an oven, and then, the dispersed graphene was added to the cement and
PZT powders. The graphene mixtures containing GO were initially

60
GNPs
50 [
£
£
= L GO
> 40
£
%
(2]
30
20 " 1 L 1 L L " 1 " 1 L Il L
0 10 20 30 40 50 60 70

Sonication time (min)

Fig. 3. Settling time versus sonication time for the solutions of GO in water and
GNPs in ethanol.

stirred manually and then rotated clockwise and counterclockwise in a
planetary ball mill at 100 rpm for 5 min. Wet-mixing was performed for
the specimens containing GNPs, wherein the GNP content was
0.1-0.9%. The wet-mixing method involved pipetting out a specific
content of dispersed graphene solution and adding it to a mixture of
cement and PZT, as shown in Fig. 4. The graphene mixtures containing
GNPs were manually mixed, and ethanol was added to them. The
resultant mixture was then placed in a porcelain bowl (mill cup), as
displayed in Fig. 5, and spun in a planetary ball mill at 100 rpm for
5 min. The effects of dry- and wet-mixing on the piezoelectric properties
of the adopted composite with the optimum graphene content were
investigated. A flow chart of manufacturing process is shown in Fig. 6.

The optimal GNP content was determined by comparing the
maximum values of ds3 and ¢, for the different graphene composites.

PZT/cement composite

Fig. 4. Graphene solution added to the PZT/cement composites (wet mixing).
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Graphene-containing PZT/cement composite

grinding ball

porcelain bowl

Fig. 5. Dispersal of the GNP-containing PZT/cement composite in a porcelain
bowl by using a planetary ball mill.

-

GNPs in ethanol ~—>»  Graphene dispersion <«—— GO in water
|
v v
GNP specimens prepared GO specimens prepared
with wet-mixing with dry-mixing
GNP/PEC composites GO/PEC composites

L l ]

Optimal graphene content

v

Effect of dry- and wet-mixing

Fig. 6. Flow chart of manufacturing process.

First, solutions of GNPs and ethanol (symbol GN) and GNPs and ethanol
containing a superplasticizer (symbol GS) were prepared and subjected
to ultrasonic vibration, shown in Table 3. The adopted superplasticizer
met the ASTM C494 type F specifications and had a specific gravity of
1.03-1.09 g/mL. The dispersed solutions of GN and GS were dry-mixed
and wet-mixed with the PZT/cement composite to fabricate GNP/PEC
composite specimens. GND and GNW represent the dry- and wet-mixed
specimens of the composite by using the GN solution, respectively. GSW
denotes the composite created via wet-mixing by using the GS solution.
The control samples are PEC samples (without graphene addition), and
PEC-D and PEC-W represent the PEC composites produced through dry-
and wet-mixing (in ethanol), respectively.

After the raw materials were mixed, the mixtures were placed in a

Table 3
Symbol for the GNP solutions.
Solution  Solvent  Superplasticizer GNP Vibration
concentration time
GN Ethanol  None 1g/L 15 min
GS Ethanol 1% solvent (by 1g/L 15 min

volume)

Sensors and Actuators: A. Physical 346 (2022) 113882

steel mold having a diameter of 15 mm to form disks. The specimens
were then fabricated by applying a pressure of 80 MPa to the mixture
and maintaining the pressure for 5 min. The pressed specimens were
cured at a temperature of 90 °C and a relative humidity of 100% for 24 h
to ensure that they developed high forming strength. After curing, the
specimens were polished to a thickness of 2 mm and air-dried at 25 °C
for 1 h. Electrodes were created on the specimens by coating the two
sides with conductive silver paste (SYP-4570).

For PEC composites, the double heat treatment method effectively
increases d33 and & [56]. In this method, the specimen was heated at
140 °C for 40 min before and after electrode fabrication. In this manner,
the dielectric loss, D, of the specimen can be considerably reduced and
the polarization efficiency during polarization can be improved, thus
enhancing the piezoelectric properties of the specimen. Therefore, the
specimens were subjected to double heat treatment prior to polarization.
The electric properties of the specimens were determined prior to
polarization.

2.4. Specimen polarization and measurement

After the double heat treatment was employed, the specimens were
subjected to an electric field of 1.5 kV/mm at 150 °C (poling tempera-
ture) for 40 min (poling time). Most of the piezoelectric and electrical
properties of the specimens were measured directly by using a dss
piezometer (Model P/N 90-2030) and an impedance phase analyzer
(Model 6520); then, ¢, electromechanical coupling coefficient k¢, and
resistivity p were calculated. The dielectric loss, D, and resistance, R, of
the specimen were measured at 1 kHz and 1 V, and d33 was measured at
110 Hz.

The relative permittivity (relative dielectric constant), &, was dis-
cussed [73] and calculated using the following equation [52]:

Ct
r= 1
& ASO ( )
where t represents the specimen thickness, A represents the electrode
area (¢15 mm x 2 mm in this study), C is the capacitance measured at
1 kHz, and ¢y = 8.854 x 10~ '2 F/m is the vacuum permittivity. The k¢
value was determined using the following formula [74]:

SR N L R [
k’_Zf,,tan<2 7 ), (2)

where f;, and f, are the resonance frequencies at the minimum and
maximum impedances, respectively, in the impedance-frequency spec-
trum of the specimens. Resistivity p was calculated using the following
equation:

P=71 3
where R is the resistance, and L is the length (¢ in this study) of the
specimen. The piezoelectric voltage coefficient, gs3, was calculated
using the following equation [75]:

833 = f @

where ds3 is piezoelectric charge coefficient (pC/N), &, is relative
permittivity, and &g is vacuum permittivity (8.854 pF/m).

All data were measured from 24 h (day 1) to 100 d after polarization.
The temperature and humidity levels in the measurements were main-
tained at 24 + 1 °C and 50%, respectively. The values presented for each
parameter in this study represent the average of the values obtained for
the three specimens. Additionally, the ds3 value of the specimen was
determined as the average of the ds3 values at nine points on the
specimen.
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3. Results and discussion
3.1. Effects of GO on the piezoelectric properties

The specimens prepared through dry-mixing were subjected to a
double heat treatment. The resistivity (p) values of the PEC containing
0-0.5% GO before and after polarization were calculated using Eq. 3,
and the results are shown in Fig. 7. Before polarization, the resistivity of
the GO-containing PEC composites increased considerably from
60.1 kQ-m at a GO content of 0% to 89.4 kQ-m at a GO content of 0.1%.
This result was obtained because the oxygen functional groups in GO
enhanced the insulating properties of PEC. When the GO content
increased to 0.5%, the p value increased to 93.1 kQ-m. Although the p
value could be increased by increasing the GO content, the most efficient
p increase was achieved when the GO content increased from 0% to
0.1%. The alignment of electrons is not easily accomplished in high-
resistance materials during polarization, resulting in an inefficient po-
larization. Therefore, a greater difficulty might be faced when polarizing
a cementitious material with a higher GO content. Consequently, the
material with a higher GO content exhibits lower piezoelectric proper-
ties. In this study, the p values after polarization were lower than those
before polarization. After polarization, the electrons of the PEC were
aligned along the poling direction, which increased its conductivity (and
decreased its resistivity).

The dielectric loss can be used as an index to evaluate the difficulty of
material polarization. The D value of PZT/cement composites should
preferably be less than 0.75 before polarization to ensure the feasibility
of polarization [57,76]. Fig. 8 displays the D values of the specimens
before and after polarization. Before polarization, the D value increased
from 0.14 at a GO content of 0% to approximately 0.24 at a GO content
of 0.5%. Thus, the addition of GO increased the difficulty of material
polarization and easily caused specimen breakdown. During polariza-
tion, the time to reach the poling voltage (trigger time) was longer for
specimens containing GO than for that without GO. Nevertheless, the
GO-containing specimens could be polarized to enable them to acquire
piezoelectric properties. In addition, after polarization, the dielectric
loss D increased with time and plateaued at approximately 50-60 d. The
D values of the specimens 100 d after polarization are presented in
Fig. 8, which indicates that the dielectric loss of the specimens con-
taining GO was smaller than that of the specimen without GO. Thus, the
filling effect of GO in cement reduces the leakage currents of polarized
PZT/cement composites.

The relative permittivity & was calculated from the capacitance (C)
values measured before and after polarization by using Eq. 1 (Fig. 9).
Before polarization, the &, value of the specimens containing GO was
marginally lower than that of the specimen without GO. The ¢, values of
the composites containing 0% and 0.3% GO were 49 and 40,

100

20 F

80 before polarization

70

100 days after polarization

60

Resistivity, p (kQ-m)

30 N L N L N L N 1 N 1 N
0.0 0.1 0.2 0.3 0.4 0.5 0.6

GO content (%)

Fig. 7. The resistivity versus the GO content before and after polarization.
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0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 8. The dielectric loss versus the GO content before and after polarization.

500

400

100 days after polarization
300

Relative permittivity, &,

before polarization

T K -
0 L L L 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6
GO content (%)

Fig. 9. The relative permittivity versus the GO content before and after
polarization.

respectively. Thus, the addition of GO to PZT/cement composites
marginally reduced their ability to store electrical energy (i.e., power
storage capacity). After polarization, the & value increased with time
and plateaued at approximately 30-40 d. For the composite containing
0% GO, the ¢, values before polarization and 100 d after polarization
were 49 and 444, respectively (Fig. 9). For the aforementioned com-
posite, the ¢, value increased considerably after polarization owing to
the effect of the functional PZT particles. However, 100 d after polari-
zation, the ¢, value decreased considerably with an increase in the GO
content. For instance, the &, value decreased to 270 for the GO content of
0.1%. This result was possibly because the D value before polarization
increased with increasing GO content (Fig. 8), which resulted in
decreasing polarization efficiency and, thus, the ¢, value. Therefore, a
high GO content is not conducive to increasing the relative permittivity
of cementitious materials after polarization.

PZT/cement composites do not exhibit piezoelectric properties until
they are polarized. The piezoelectric charge coefficient d33 and elec-
tromechanical coupling coefficient k; of the GO/PEC composites 100
d after polarization are shown in Fig. 10. The ds3 value of the composite
without GO was 98 pC/N, and the d33 value decreased with an
increasing GO content. For example, the d33 value was 49 pC/N when
the GO content was 0.1%. Thus, the ds3 value decreased by 50% as the
GO content increased from 0% to 0.1%. When the GO content increased
to 0.5%, the d33 value decreased to 24 pC/N. The variations in d33 with
the GO content were similar to those in ¢, after polarization with the GO
content (Fig. 9). This result was possibly because the oxygen functional
groups of GO increased the electrical resistance (Fig. 7) and dielectric
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Fig. 10. Effects of the GO content on the piezoelectric charge coefficient ds3
and electromechanical coupling coefficient ki.

loss (Fig. 8) of the material before polarization, thereby reducing the
polarization efficiency. Thus, compared with the specimen without GO,
the specimens containing GO had longer trigger times (excitation times)
and worse electron alignment in the poling direction, and thus, lower ds3
values. For use as piezoelectric sensors and actuators, cementitious
composites must have suitable piezoelectric properties, particularly high
ds3 values. The addition of GO reduces the ds3 value of PEC materials,
which results in a decrease in the piezoelectric sensitivity of the sensors
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developed using these materials.

Fig. 10 also presents the k; values calculated using the impe-
dance-frequency spectrum and Eq. 2. Between the GO contents of 0%
and 0.3%, k; decreased marginally from 0.148 to 0.142. However, when
the GO content was 0.4%, the k; value decreased considerably to 0.106.
The k¢ value at a GO content of 0.5% was 31% lower than that at a GO
content of 0%, which indicated that the addition of GO resulted in a
decrease in the electromechanical coupling coefficient of the PEC. The
GO-containing PEC composites were observed 90 d after polarization
using a scanning electron microscope at 5000 x magnification (Fig. 11).
A scanning electron microscopy image of the specimen without GO is
shown in Fig. 11(a). This image indicates that the specimen contained
hydration products (such as CH and C-S-H), PZT, and pores. Some pores
existed in the interfacial transition zone between the cement and PZT,
and in the hydration product zone. An SEM image of the specimen
containing 0.1% GO is shown in Fig. 11(b). This image is similar to that
shown in Fig. 11(a) (i.e., some pores can be clearly observed). For the
specimens with 0.2% and 0.3% GO, a few pores were present in the
overall structure. The pore size and number of pores were considerably
smaller for the specimen containing 0.2% GO [Fig. 11(c)] than for the
specimens containing 0% and 0.1% GO [Fig. 11(a) and 11(b), respec-
tively]. The specimen with a GO content of 0.4% [Fig. 11(d)] exhibited a
compact structure (i.e., compacted growth of hydration products was
observed), and only a few small pores were observed in the interfacial
transition zone. This observation is similar to the results of Chintalapudi
et al. [28] and Li et al. [33], who found that the addition of GO could

(¢) 0.2% GO

Fig. 11. SEM images for the GO/PEC composites containing (a) 0%, (b) 0.1%, (c) 0.2%, and (d) 0.4% GO.

(d) 0.4% GO
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reduce cement porosity and prevent crack propagation, thereby
improving the mechanical properties of cementitious composites. In
addition, according to experimental observations [57], an appropriate
porosity in cement can improve the electromechanical coupling coeffi-
cient of the PEC. Therefore, the decrease in the k¢ value with increasing
GO content can be attributed to the decrease in the porosity of cemen-
titious materials with increasing GO content.

3.2. Optimal GNP content

The GNP and PZT/cement composites were wet-mixed in ethanol to
prepare the specimens (GNP/PEC composites) and subjected to double
heat treatment. The GNP content of the GNW specimens was 0.1-0.9%,
and the specimen without GNPs was denoted as PEC-W. After the
specimens were polarized, their d33 and &, values were measured to
determine the optimum GNP content for the GNP/PEC composites.

Fig. 12 shows the d33 value of the GNP-containing PEC composites 90
days after polarization. The d33 value initially increased with the GNP
content and then decreased when the GNP content exceeded 0.3%. The
highest value of ds3 was 117 pC/N at a GNP content of 0.3%. The ds3
value was 18% higher than that of the PEC-W (dss = 99 pC/N). The
aforementioned trend of ds3 is similar to that obtained by Gong et al.
[65] when CNTs were added to a 0-3-type cement composite. Gong et al.
[65] reported that when the CNT content was between 0% and 0.3%, the
ds3 value increased with an increasing CNT content. However, when the
CNT content exceeded 0.3%, the ds3 value decreased with increasing
CNT content. Gong et al. [65] concluded that an appropriate amount of
CNTs can improve the piezoelectric and electrical properties of
cement-based composites. However, using an excessive amount of car-
bon nanomaterials increases the dielectric loss of these composites and
causes leakage currents. The generated leakage current dissipates some
electrical energy during polarization; thus, the polarization cannot be
effectively completed. Therefore, the D value of the GNP/PEC compos-
ites increases under excessive GNP addition, which reduces the polari-
zation efficiency and, thus, the ds3 value. In this study, the optimum
GNP content was 0.3%, which was similar to the optimal CNT content
for the 0-3-type cement composite. The relative permittivity ¢, of the
GNP-containing PEC composites 90 d after polarization is displayed in
Fig. 13. Similar to the trend observed for ds3, the ¢, value first increased
and then decreased with increasing GNP content. A maximum ¢, value of
588 occurred when the GNP content was 0.3%. This ¢, value is 17%
higher than that of the PEC-W specimen (¢, = 502). Thus, in response to
Jaitanong et al. [70], the optimal GNP content for enhancing the
dielectric constant was determined. Materials with high &, values have
high charge storage capacities. The addition of appropriate amounts of
GNPs can increase the electricity storage capacity of cementitious ma-
terials with an optimal GNP content of 0.3%. As displayed in Figs. 12 and
13, the PEC composites with 0.3% GNPs exhibit the highest
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Fig. 12. The piezoelectric charge coefficient versus the GNP content.
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Fig. 13. The relative permittivity versus the GNP content.

piezoelectricity. Thus, the addition of appropriate amounts of GNPs can
improve the piezoelectric properties of cementitious materials.

As the structural health monitoring sensor, the piezoelectric voltage
coefficient gs3 is an important property. The gss value of the PEC
composites containing GO and GNPs at 90 days is listed in Table 4. The
g33 values of GO/PEC composites decreased with increasing GO content,
indicating that adding GO to the composites adversely affects the
application in structural health monitoring. However, the g33 values of
the composites containing GNPs in the range of 20.6 — 22.5 x 1073
V-m/N are favorable for use in SHM. When the GNPs content is 0.3%, the
maximum value of g3 reaches 22.5 x 1073 V.m/N.

3.3. Effects of GNP mixing

To study the effects of GNP mixing, the optimal GNP content (0.3%)
was dry-mixed and wet-mixed with the PEC composite to prepare GND,
GNW, and GSW specimens. PEC-D and PEC-W specimens, which did not
contain GNPs, served as controls for comparison.

The pore distributions of the GNP-containing PEC composites were
examined using an optical microscope at 350x after curing the com-
posites for 24 h. Optical microscopy (OM) images of the composites
were input into PIA image analysis software to locate the composite
pores. This software highlights pores in red in the OM images by
selecting a pixel threshold criterion of 100 (Fig. 14). The aforemen-
tioned software uses a grayscale value to estimate the porosity of a
specimen surface. Fig. 15 presents the porosity values of the GNP/PEC
composites. The addition of GNPs to the PEC specimens reduced their
porosities. The wet-mixed specimens (PEC-W, GNW, and GSW) in
ethanol had lower porosities than the dry-mixed specimens (PEC-D and
GND).

The GNP-containing PEC composites were also analyzed by SEM, as
shown in Fig. 16. Most of the pores of the PEC-D and PEC-W specimens
[Fig. 16(a) and 16(b), respectively] existed near the interface between
the PZT and cement. Fig. 16(c)-16(e) depict the SEM images of the
specimens containing GNPs, which are irregular flakes that are stacked
together and fill the voids in the interfacial transition zone. The SEM
images indicated that the pore sizes of the dry-mixed specimens (PEC-D
and GND) were larger than those of the wet-mixed specimens (PEC-W,
GNW, and GSW). In particular, the GSW specimen exhibited the smallest
pore size [Fig. 16(e)] and lowest porosity (Fig. 15). Moreover, the car-
bon content at locations denoted by red squares in Fig. 16(c)-16(e) was
measured using energy-dispersive X-ray (EDX) spectroscopy, and the
results are listed in Table 5. The carbon content of the GNPs (multilayer
graphene) varied in different specimens, which might be attributed to
GNP agglomeration. The higher the number of layers in a multilayer
graphene stack (agglomeration), the higher is the carbon content. This
result might be related to the dispersion of GNPs and their mixing with
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Table 4

The g3 value of PEC composites containing GO and GNPs at 90 days. (x10~° V.m/N).
Content 0% 0.1% 0.2% 0.3% 0.4% 0.5% 0.6% 0.7% 0.8% 0.9%
GO* 24.9 20.3 16.7 14.9 15.4 13.3 — - - -
GNPs” 22.3 219 22.3 22.5 20.9 21.2 20.6 21.3 21.5 21.6

# Note: The GO/PEC composites were dry-mixing.
b Note: The GNP/PEC composites were wet-mixing.

(a) PEC-D specimen

(b) GSW specimen

Fig. 14. OM images of the PEC-D and GSW specimens (these images display the distributions of pores, cement and PZT particles in the specimens).

4
3 L
g 2.78 2,66
> 2.45
,ﬁ s | 2.29 296
2
o
a
1 L
PEC-D PEC-W GND GNwW GSW
GNP/PEC composites

Fig. 15. Effect of the mixing method on the porosity of the GNP/PEC com-
posites containing 0.3% GNPs.

the cementitious materials. The carbon content in Zone 1 of the GND
specimen [Fig. 16(c)] was low (2.15% C), and the material in this zone
did not appear to be graphene. However, the carbon content in Zones 2,
3, and 4 (Table 5) was relatively high; therefore, the specimen was
composed of graphene. The carbon content of the GND and GNW
specimens was 85.79% (Zone 2) and 50.21% (Zone 3), respectively.
These results indicate that agglomeration (stacked flakes) of GNPs in the
PEC specimens can be reduced by applying wet-mixing. When a super-
plasticizer was added to the GNP solution, the carbon content of the
GSW specimen was 35% (Zone 4), which was 15.21% lower than that of
the GNW specimen (Zone 3). Therefore, GNPs were dispersed in ethanol
and a superplasticizer (1%) and mixed with a cementitious material
(PEC) through wet-mixing, which could reduce the agglomeration of
GNPs in PEC.

The p values of the GNP/PEC composites containing 0.3% GNPs
before and after polarization are shown in Fig. 17. The specimens

containing GNPs (GND, GNW, and GSW) had lower p values than those
without GNPs (PEC-D and PEC-W) before and after polarization. For
instance, before polarization, the resistivity of the GNW specimen
(p = 53.8 kQ-m) was the lowest among all the specimens. The p value of
the GNW specimen was 10.9% lower than that of the PEC-D specimen
(p = 60.4 kQ-m), which did not contain GNPs. This result is consistent
with that of Bai et al. [21], who reported that graphene addition to
cement can reduce the resistivity of cement composites. The PEC-D and
PEC-W specimens exhibited resistivity values of 60.4 and 58.1 kQ-m,
respectively (a difference of 3.81%). This result indicates that the
addition of GNPs and the wet-mixing method can reduce the p value
(increase the conductivity) of the PZT/cement composites. Cementitious
materials with a lower resistance can be polarized more easily. There-
fore, the addition of GNPs is helpful for polarizing the PZT/cement
composites. In this study, the GNP/PEC composites exhibited similar
decreasing trends in resistance before and after polarization. In contrast
to the addition of GO (Fig. 7), the addition of GNPs reduced the electrical
resistance of the cementitious materials because GNPs are conductive
materials (Table 2), whereas GO is not. The resistance of the wet-mixed
specimens, especially GSW after polarization (Fig. 17), was lower than
that of the dry-mixed specimens.

The D values of the GNP/PEC composites are shown in Fig. 18. Before
polarization, the D values of the specimens containing GNPs were higher
than those of the specimens without GNPs. For example, the dielectric
loss of the GND specimen was 0.17, which is 21.4% higher than that of
the PEC-D specimen (D = 0.14). The D value of the GSW specimen (D =
0.21) was 31.3% higher than that of the PEC-W specimen (D = 0.16).
Jaitanong et al. [70] obtained similar results as the aforementioned ones
and found that the dielectric loss of the silica/cement binder increased
with the addition of GNPs. The addition of GNPs increased the D value
(resulting in a higher leakage current) and thus, the difficulty of material
polarization. This result was similar to that obtained for GO (Fig. 8). The
maximum D value was 0.21 before polarization (Fig. 18), which is
smaller than 0.75 [57,76] and within the polarizable range for obtaining
suitable piezoelectric properties. In addition, after polarization, the D
values of the GNP-containing composites were higher than those of the
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Fig. 16. SEM images of the GNP/PEC specimens after curing at 90 °C for 24 h.

Table 5
Carbon content measured through EDX.
GND GNW GSW
Position Zone 1 Zone 2 Zone 3 Zone 4
C (%) 2.15 85.79 50.21 35.00

10

PEC composites. This result can be attributed to the absorbed moisture,
PZT particles and the conductivity of GNPs.

Fig. 19 illustrates the relative permittivity of the examined speci-
mens. The addition of appropriate amounts of GNPs and the use of wet-
mixing increased the &, values before and after polarization. Before
polarization, the ¢, value (= 60) of the GSW specimen was 22.4% higher
than that of the PEC-D specimen (&, = 49). The ¢, values of the dry-mixed
specimens with 0.3% GNPs (GND in Fig. 19) and 0.3% GO (Fig. 9) were
53 and 40, respectively. These results indicate that GNP addition is
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Fig. 17. Effect of the mixing method on the resistivity of the GNP/PEC com-
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Fig. 18. Effect of the mixing method on the dielectric loss of the GNP/PEC
composites containing 0.3% GNPs.
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Fig. 19. Effect of the mixing method on the relative permittivity of the GNP/
PEC composites containing 0.3% GNPs.

superior to GO addition in terms of increasing the ¢, value. Similarly, the
relative permittivity of the PEC composites after polarization was higher
when GNPs were used than when GO was used. Thus, the addition of
GNPs can considerably enhance the relative permittivity after polari-
zation. Wet-mixing can increase ¢, to a greater extent than dry-mixing
can. In this study, the GNP/PEC piezoelectric composite with a
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superplasticizer (GSW specimen) exhibited the highest ¢, value of 615.

The piezoelectric charge coefficient of cementitious materials
increased with time after polarization [14,76]. The ds3 values of the
composites without GNPs were nearly constant approximately 30-40
d after polarization, whereas those of the composites with GNPs were
nearly constant approximately 50-60 d after polarization. Fig. 20 de-
picts the ds3 values of the GNP/PEC composites 90 d after polarization.
The addition of GNPs increased the ds3 and, thus, the sensitivity of the
PZT/cement composite as a piezoelectric sensor. The GSW specimen
exhibited the highest sensitivity as a sensing element, possibly because
the use of a superplasticizer resulted in multilayer graphene with high
dispersibility. The ds3 values of the GNW and GSW specimens were
19.4% (dss = 117 pC/N) and 25.5% (d33 = 123 pC/N) higher, respec-
tively, than that of the PEC-D composite (d33 = 98 pC/N). The optimal
piezoelectric constant ds3 of 123 pC/N can be obtained at 90 days for
GSW in GNP/PEC composite. This dsg value is higher than the ds3 values
reported in the literature for piezoelectric PZT/cement composites
containing 50% PZT [66]. The effect of the mixing method on gs3 is
shown in Table 6. The GNP mixing method has a slight effect on gss. The
g33 values of the GNP/PEC composites containing 0.3% GNPs are in the
range of 22.5-22.9 x 1072 V.m/N close to that of PZT ceramic material
(g33 =24 x1073 V.m/N).

As shown in Fig. 10, the electromechanical coupling coefficient
marginally decreases with the addition of 0.3% GO. The k; values of the
GNP/PEC composites are presented in Fig. 21. The k; values of the PEC
specimens containing GNPs are higher than those of the PEC specimens
without GNPs. When 0.3% GNPs and a superplasticizer are wet-mixed
with PEC, the k; value increases from 0.147 (for the specimen without
GNPs) to 0.202, representing an increase of approximately 37.4%.
Therefore, the appropriate amounts of GNPs can effectively increase k¢
and, thus, increase the energy conversion efficiency. Thus, GNP-
containing piezoelectric cementitious materials have the potential to
be utilized as energy-harvesting materials.

4. Conclusions

In this study, the effects of the addition of GO and GNPs through dry-
and wet-mixing on the piezoelectric properties of PZT/cement com-
posites containing 50% PZT and 50% cement were examined. These
composites can be used to fabricate sensing elements for piezoelectric
sensors. GO and GNPs were dispersed in pure water and ethanol,
respectively. The settling times of the graphene solutions were deter-
mined using a hydrometer. Experiments indicated that sonication times
of 30 and 15 min resulted in the optimal dispersion of GO and GNPs,
respectively. The addition of GO and GNPs increased the dielectric loss
of the examined composites, thereby increasing the difficulty in
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Fig. 20. Effect of the mixing method on the piezoelectric charge coefficient of
the GNP/PEC composites containing 0.3% GNPs.
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Table 6
Effect of the mixing method on the g3 of PEC composites containing 0.3% GNPs.
(x107 V-m/N).

PEC composite GNP/PEC composite

PEC-D PEC-W GND GNW GSW
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Fig. 21. Effect of the mixing method on the electromechanical coupling coef-
ficient of the GNP/PEC composites containing 0.3% GNPs.

polarizing the composites. Nevertheless, the composites could be
polarized, which allowed them to exhibit piezoelectric properties. The
addition of GO negatively affected the piezoelectric properties by
resulting in a decrease in piezoelectric charge coefficient d33, piezo-
electric voltage coefficient gss, relative permittivity ¢, and electrome-
chanical coupling coefficient k.. These results may be attributed to the
insulating properties of GO. The addition of GO increased the dielectric
loss and resistivity of the composites before polarization, which
increased the leakage current and dissipation of the stored energy in the
composites during polarization. A low polarization efficiency leads to
poor piezoelectric properties. The addition of GNPs reduced the resis-
tance of the composites because of the high electrical conductivity of
GNPs. The piezoelectric properties of the composites, including their &,
and ds3 values, were satisfactory when the GNP content was 0.1-0.5%.
The maximum ¢, and ds3 values were obtained when the GNP content
was 0.3%. The wet-mixing of GNPs and PZT/cement composites with
ethanol yielded superior piezoelectric properties compared with the dry-
mixing of GNPs and these composites. The optimal piezoelectric per-
formance was achieved when 0.3% GNPs were wet-mixed with a
superplasticizer and a PZT/cement composite (¢, = 615, d33 = 123 pC/
N, and ki = 20.2%). Because the addition of GNPs considerably
increased ki, the GNP-containing cementitious composites exhibited a
high efficiency of conversion between mechanical energy and electrical
energy. These composites have the potential to be used as green energy
materials in engineering applications.
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