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Abstract: The flexible piezoelectric pressure sensor is essential in areas such as machine sensing and
human activity monitoring. Here, 0-dimensional PZT piezoelectric ceramic nanoparticles with carbon
coating were synthesized by a surface-modified technique. The excellent electrical conductivity of the
carbon shell causes redistribution and accumulation of mobile charges in the carbon layer, resulting
in a greatly increased piezoelectric effect by inducing an enhanced electric field. A series of organic—
inorganic composite films were prepared by the spin-coating method using polydimethylsiloxane
(PDMS) as the matrix. The as-fabricated flexible PZT@C/PDMS composite film with 40 wt% PZT@C
powder exhibits an excellent output voltage of ~74 V, a peak of output current ~295 nA, as well as a
big sensitivity of 5.26 V N~1. Moreover, the composite film can be used as a pressure sensor to detect
changes in force as well as for monitoring limb movements such as finger flexion, wrist flexion, and
pedaling. This study reveals the promising applications of flexible 40%PZT@C/PDMS composite
film for limb motion monitoring and pressure sensing.
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1. Introduction

In contemporary society, the advancements of Internet of Things (IoT) and Artificial
Intelligence (AI) technologies increased demand for smart wearable devices that can sense,
monitor, and record human physiological parameters [1-4]. The pressure sensors, as a
type of sensor, play a vital role in external pressure monitoring and sensing human limb
activity because of their sensitivity and versatility [5,6]. According to the different sensing
mechanisms, the pressure sensors can be grouped into three types: piezoelectric [7-9],
capacitive [10,11], and piezoresistive sensors [12-14]. Among them, the piezoelectric sensor
has the advantages of high sensitivity and good dynamic response and became a popular
choice for detecting dynamic pressure and human limb activity [15].

Piezoelectric materials, as functional materials, can be deformed to generate polarized
charge when excited by external mechanical stress, e.g., human body limb movement.
Within the material, a piezoelectric potential can be formed, thus realizing the conversion
of mechanical energy to electrical energy [16]. Currently, conventional piezoelectric sensors
widely use inorganic piezoelectric materials such as Pb(Zr, Ti)O3 (PZT) [17], BaTiO3 [18],
(K, Na)NbO3 (KNN) [19], PbTiO3 [20], and ZnO [21], etc., as piezoelectric functional phases.
In particular, it is noteworthy that PZT piezoelectric ceramics are widely used owing to their
outstanding piezoelectric properties, such as high piezoelectric coefficients (d33) [22]. How-
ever, the inherent properties, such as high stiffness, brittleness, and limited deformation,
make them unsuitable for use in flexible electronics, such as wearable devices and sensing
applications with curved structures [23]. The polymer materials, such as polyvinylidene
difluoride (PVDEF), polydimethylsiloxane (PDMS), and polyimide (PI), are more flexible
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but have lower piezoelectric properties compared to piezoelectric ceramics. Hence, organic-
inorganic material composites are successful in combining the high piezoelectric properties
of piezoelectric ceramics with the flexibility advantages of polymer materials.

At present, the main focus of research is on enhancing the properties of composites
through the incorporation of various piezoelectric fillers, including one-dimensional (1D)
nanowire/ fiber, two-dimensional (2D) monolithic/sheet, three-dimensional (3D) piezoelec-
tric ceramic skeleton, and zero-dimensional (0D) nanoparticles (NPs). For example, Md.
Jahirul Islam et al. [24] prepared a PVDF-ZnO composite film with the spin coating method
by doping ZnO particles into the PVDF matrix, and the open circuit voltage of the compos-
ite film was increased to 4.2 V compared with pure PVDF film. Seong Su Ham et al. [25]
developed a flexible sensor possessing an open-circuit voltage of ~5 V by doping KNN 0D
piezoelectric particles into the poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)].
Mukesh Kumar et al. [26] prepared BT /PVDEF 2D composite films by electrospinning with
a peak voltage of 8.22 V and a short circuit current of 3.36 LA.

Nevertheless, with the addition of these piezoelectric phases, the piezoelectric proper-
ties of the composites tend to show a trend of increasing and then decreasing. The primary
cause is that with the significant increase in fillers, the aggregation trend between particles
is obviously enhanced, resulting in the destruction of the continuity of the polymer matrix
and the reduction in the piezoelectric potential.

In this work, PZT@C piezoelectric ceramic NPs with different carbon shell thicknesses
were obtained by polydopamine (PDA) modification and high-temperature carbonization,
based on PZT ceramic NPs synthesized by conventional solid-phase method. A series of
PZT@C/PDMS composite films were prepared via the spin-coating technique, and the
PZT/PDMS composite films were studied for comparison. The morphology structure
and electrical properties were characterized. The as-fabricated flexible PZT@C/PDMS
composite films with 40 wt% PZT@C powders have a large output voltage of ~74 V, a merit
output current of ~295 nA, as well as a high sensitivity of 5.26 V N~1. In addition, the 40%
PZT@C/PDMS composite film can be used as the core functional layer of a pressure sensor
to monitor body motions and concrete structure pressure.

2. Materials and Methods
2.1. Fabrication of PZT Nanoparticles

The PZT ceramics were prepared using conventional solid-phase sintering methods
(see Figure S1). The PZT powder used in this work is a commercial half-product of PZT
(Yu Hai Electronic Ceramics Co., Ltd., Zibo, China). Firstly, a certain quantity of PZT
ceramic powder was thoroughly mixed with ethanol by ball milling for 12 h. Then, the
ceramic powder was dried in a high-temperature oven at 80 °C for 5 h. After that, it
was calcined in an alumina crucible at 800 °C for 2 h. The ceramic particles were sieved
through a 60-mesh sieve, added with a polyvinyl alcohol (PVA) binder, and pressed into
pellets (@10 x 1 mm?) at a pressure of 6-8 MPa for 1 min. Next, the ceramic pellets were
embedded in an alumina crucible sintered at 1160-1170 °C for 2 h and cooled to room
temperature at 5 °C/min for crystallization. Finally, the sintered ceramic pellets were
crushed in an agate mortar and ball-milled for 8 h. The ceramic powder was dried at 80 °C
for 5 h and passed through 100-mesh and 300-mesh sieves to obtain PZT NPs.

In addition, for electrical performance testing, the ceramic samples were polished,
cleaned, silver-plated with electrodes, and sintered with conductive silver paste at 560 °C for
30 min. Finally, the PZT ceramic pellets were placed in silicone oil at 110 °C and polarized
under a 40 kV/cm electric field for 20-30 min, followed by piezoelectric performance testing.

2.2. Preparation of Carbon Coated PZT Piezoceramic Particles and Composite Films

PZT piezoceramic particles prepared were taken as raw materials. Firstly, the precursor
PZT@PDA particles were prepared through surface modification of PZT ceramic particles
with dopamine hydrochloride (PDA) (Macklin Biochemical Technology Co., Ltd., Shanghai,
China). PZT NPs were dispersed into an aqueous PDA solution (Tris-HCl solution, 10 mM,
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pH = 8.5) with continuous stirring for 24 h. As a note, the correlation between the weight
ratio of PZT and PDA would affect the thickness of the carbon shell encapsulated by the
ceramic particles. In this work, the carbon shell thickness (~7 nm, ~13 nm, ~16 nm, and
40-60 nm) of ceramic particles was investigated for different mass ratios (8:1, 6:1, 4:1, and
2:1) of PZT and PDA. Upon completion of the reaction, the mixed suspension was placed in
a centrifuge (H1850, Huan Xiangyi Laboratory Instrument Development Co., Ltd., Hunan,
China) and filtered at 8000 rpm for 15 min to obtain the precipitation of PZT@PDA. Then,
the as-fabricated PZT@PDA particles were washed at least five times with deionized water
to completely remove residual chloride ions and dried continuously in an oven at 80 °C for
12 h. Subsequently, the PZT@PDA powder was heated to 550 °C and held under the argon
protection for 2 h to prepare the carbon shell structure.

Finally, the PDMS (Sylgard 184, Dow Inc., Midland, MI, USA) resin was prepared
using a mass ratio of 10:1 for the base elastomer and curing agent. Weight 2 g of base
elastomer and 0.2 g of curing agent into a beaker, and then magnetically stirred for 15 min.
The PZT@C powder with various weight fractions of 5, 10, 20, 30, and 40 wt% were
uniformly dispersed into the PDMS matrix. The well-mixed and consistent precursor was
obtained by stirring for 3 h and sonicating for 15 min, successively. Then, the precursor
was placed in a vacuum desiccator for 15 min to remove the gases in the solution, followed
by injecting into a prepared glass mold and spin-coating at 500 rpm for 15 s to form a film
(20 x 30 x 1 mm?3). Then the film was put into a vacuum drying oven to cure for 4 h under
the condition of 80 °C negative pressure of 0.8 MPa. To assemble into a device, two Cu foils
were fixed on the surface of composites as electrodes. The PZT@C/PDMS composites were
polarized at 60 °C for 24 h in a direct current field of 80 kV/cm. The preparation process of
PZT@C/PDMS composite films is schematically shown in Figure 1.

PZT@PDA
Polydopaﬁiﬁi{é il PZI S i O\PZT@C
(PDA) : -
ris-HCI - e,
= 550 °C, 2h p ol
)
- /.\\ ﬂ
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g <:( 7\: .
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Figure 1. Schematic process diagram of the fabrication process for PZT@C/PDMS composite films.

2.3. Material and Device Characterization

The dielectric constant (g,) and dielectric loss (tan 5) were characterized by an impedance
analyzer (HP4294A, Agilent, Santa Clara, CA, USA). The ferroelectric polarization hysteresis
(P-E) loops and current density-electric field (J-E) curves were obtained using a ferroelectric
testing system (aixACCT, Aachen, Germany). The d3; was obtained by the quasi-static
tester (Z]-6A, Institute of Acoustics, Beijing, China). Morphology and element mapping of
the ceramic powder were observed by scanning electron microscopy (SEM, GeminiSEM360,
Carl Zeiss AG, Jena, Germany). The range of ceramic particles size distribution was
obtained by testing with a laser particle size analyzer (2000, Mastersizer, Worcestershire,
UK). A transmission electron microscopy (TEM) image was obtained using an electron
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microscope (JEM-2100F, JEOL Ltd., Tokyo, Japan). The phase structure analysis was tested
by X-ray diffraction in the range of 26 from 20° to 60° (XRD, D8 ADVANCE, Karlsruhe,
Germany). The Raman spectrum (HR Evolution, Horiba, Chiyoda, Japan) was used
to acquire the crystal structure of the carbon shell. The viscosities of the precursor were
experimentally determined by a rheometer (Kinexus Lab+, Netzsch, Germany) at various
shear rates. The stress—strain curves were acquired using an electronic universal material
testing machine (5669, INSTRON, Norwood, MA, USA). An oscilloscope (MDO34, Tektronix,
Beaverton, OR, USA) was used to capture the output voltage of the device. The output current
was captured by a digital source meter (2450, Keithley, Cleveland, OH, USA).

3. Results and Discussion
3.1. Electrical Properties of PZT Ceramic

Figure 2 demonstrates the basic electrical properties of PZT ceramics. The temperature-
dependent ¢, and tan 6 for PZT ceramic samples at 1 kHz are shown in Figure 2a. The ¢,
and tan 6 of the sample can be reached at 5961 and 1.2%, respectively. The peak of
g /tan & of ~360 °C for the sample is observed within the temperature range, which
corresponds to T, and the ferroelectric paraelectric phase transition temperature. The
d33 is on the order of 520 pC/N at room temperature (see Figure S2). Figure 2b exhibits
the P-E loops of the ceramics measured at 1 Hz under the varied electric fields from 5 to
45 kV/cm at room temperature. Clearly, the ceramic sample exhibits typical P-E loops with
a relatively rectangular shape. All P-E loops without the obvious conduction phenomenon
are symmetrical, showing typical ferroelectric features. The remnant polarization (P,) and
the coercive field (E) can reach up to 22 uC/ cm? and 12 kV/cm, respectively, with the
applied electric field of 45 kV/cm. A typical J-E curve exhibits a normal ferroelectric feature,
as seen in Figure 2c.
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Figure 2. Electrical properties of PZT ceramics: (a) the variations in ¢, and tan & with temperature,
(b) P-E loops at various electric fields, and (c) J-E loop at 45 kV/cm electric field.

In the initial state, the domains are in a disordered randomly oriented state. When
an electric field is applied to the ceramic, the randomly oriented domains are reordered
along the direction of the electric field, resulting in a current density peak (peak I) in the
first quadrant. Similarly, corresponding to a current peak (II) in the third quadrant, this is
the result of applying an electric field in the opposite direction, and the domains will also
follow the direction of the electric field to flip [27]. These results above fully prove that the
PZT ceramics prepared in this work are in ferroelectric and dielectric states.

3.2. Performance of Piezoelectric Composite Films

Figure 3 shows the basic characterization of the composite film. The piezoelectric
function phase of PZT has the features of polyhedral shape and relative homogeneity, as
presented in Figure 3a. The illustration in Figure 3a shows that the diameter of piezoelectric
ceramic particles is concentrated at ~270 nm. To check the chemical composition of the
ceramic particles, the typical energy dispersive spectroscopy (EDS) is exhibited in Figure 3b,
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where Pb, Zr, Ti, and O elements are distributed homogeneously. Figure 3c demonstrates
the optical photographs of PZT and PZT@C ceramic NPs. Obviously, the macroscopic
color of the ceramic powder changed from light yellow to pure black after being coated
with carbon. Figure 3d displays the XRD patterns of PZT, PZT@C powders, and a series
of composite films. All diffraction characteristic peaks of the composite films and PZT@C
powder can be well matched with PZT ceramic, indicating that the crystal structure of PZT
is not affected by the carbon shell or PDMS matrix. This may be due to the fact that the
carbon shells are merely wrapped around the surface of the particles and do not change
the phase structure of PZT.
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Figure 3. (a) SEM image of PZT ceramic power, the inset is diameter distribution of ceramic power.
(b) EDS mappings. (c) The Optical pictures of PZT and PZT@C particles. (d) X-ray diffraction patterns
of PDMS, PZT powder, PZT@C particles, and PZT@C/PDMS composite films. (e) TEM images of
PZT@C particles.

The TEM images of the PZT@C powder (Figure 3e) show the carbon is well dispersed
and uniformly adhered on the surface of the PZT powder, and the thickness of the carbon
shell is ~16 nm. All TEM images of PZT@C powder with different PZT and PDA mass ratios
are exhibited in Figure S3. Obviously, these results indicate that the thicknesses of carbon
shells are ~7 nm, ~13 nm, ~16 nm, and 40-60 nm, respectively, when the mass ratios of PZT
and PDA are 8:1, 6:1, 4:1, and 2:1. In the Raman spectra of PZT and PZT@C NPs shown
in Figure S4, a D peak at 1357 cm ! and a G peak at 1582 cm~! can be observed, which
corresponds to diamond-like carbon (sp® bonds) and graphite-like carbon (sp? bonds). This
also demonstrates that the surface of PZT particles was coated by the typical amorphous
carbon structure, which has good electrical conductivity [28,29]. Based on the previous
reports [30], the mass ratio of PZT and PDA with a carbon shell of ~16 nm is chosen to be
4:1 for the composites prepared in this work. Figure S5a shows the cross-sectional SEM
images of the 40%PZT/PDMS composite film. The agglomeration phenomenon of PZT
particles is observed in the composite film due to the large disparity in elasticity modulus
between stiff PZT particles and the soft PDMS matrix [31]. For the 40%PZT@C/PDMS
composite film, it can be seen that the ceramic particles are uniformly dispersed, with no
obvious particle agglomeration over a large area, as displayed in Figure S5b.

In terms of rheological properties, the shear stress versus shear rate is plotted as
shown in Figure 4a. With the increase in the weight ratio for PZT@C ceramic powder, the
shear stress shows an obvious upward trend. At the large shear rate of 400 s~!, when
the mass fraction of PZT@C is 0, 5%, 10%, 20%, 30%, and 40%, the corresponding shear
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stress of the PZT@C/PDMS slurry reaches 1460 Pa, 1802 Pa, 1860 Pa, 1962 Pa, 2376 Pa, and
2666 Pa, respectively. Figure 4b shows the viscosity as a function of the shear rate for the
PZT@C/PDMS composite materials with different PZT@C weight ratios from 0 to 40 wt%.
As the solid loading of PZT@C continues to increase, the viscosity and the degree of
shear-thinning behavior also increase significantly. For a varying solid loading range from
0 to 20 wt%, the PZT@C/PDMS composites show the slight shear-thinning behavior and
marked shear plateau. The degree of shear-thinning behavior increases significantly as the
solid loading rises to 30 and 40 wt% without a significant shear plateau. In addition, since
the high viscosity of PZT@C/PDMS material would limit the fluidity of slurry, the highest
mass ratio of PZT@C and PDMS is limited to 4:6 in this work in order to ensure that the
film has both excellent mechanical and electrical properties.
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Figure 4. (a) The shear stress versus shear rate. (b) The viscosity versus shear rate. (c) Optical photo
of the tensile test process. (d) Tensile stress—strain curves.

Figure 4c reveals the optical photo of the tensile test process. The tensile state of
the composite films was carried out by an electronic universal testing machine, and the
tensile rate was 0.5 mm/min. Figure 4d displays the representative stress-strain curves for
composite films and the pure PDMS film. Specifically, the strain of the pure PDMS film
reaches 147%, and the tensile properties of the composite film decrease significantly when
the inorganic piezoelectric fillers are introduced. This may be because the introduction of
the rigid inorganic ceramic phase leads to an increase in stiffness and a decrease in tensile
properties. Meanwhile, the strain of the composite film prepared by modified ceramic
particles (PZT@C) reaches 48%, which is better than 34% of the PZT/PDMS film. Obviously,
the tensile property of the 40% PZT@C/PDMS composite film is higher than that of the 40%
PZT/PDMS film. Usually, the macroscopic mechanical properties are directly related to the
microstructure of the film. This enhancement can be attributed to the modified carbon shell
on the surface of ceramic particles, facilitating better dispersion of PZT in the PDMS matrix.

Figure 5a presents the &, comparison diagram of the composite films at 1 kHz. It
can be seen that the & gradually increases with increasing the content of piezoelectric
fillers. The dielectric constants of the composite films with PZT@C powder as the piezo-
electric phase are obviously bigger than those of PZT ceramic material. Similarly, a
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higher piezoelectric constant is also achieved by increasing the content of the piezoelec-
tric phase, as demonstrated in Figure 5b. The piezoelectric dz3 of the composite film
increases from ~15 to ~41 pC/N with the increasing of PZT@C content from 5 to 40 wt%.
The d33~41 pC/N of 40% PZT@C/PDMS films was significantly enhanced compared to
pure PDMS (d33~7 pC/N) and 40% PZT/PDMS films (ds3~22 pC/N) after the same pol-
ing process. Compared with the pure PDMS (d33~7 pC/N) and 40% PZT/PDMS film
(d33~22 pC/N), the d33 value increases to ~41 pC/N with a PZT@C content of 40 wt%
under the same preparing process. Figure 5c displays the ferroelectric P-E loops of the
PZT@C/PDMS composite films. It can be seen that the more PZT@C, the stronger the
ferroelectric property.
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Figure 5. Comparisons of (a) dielectric constants and (b) piezoelectric coefficient. (c) P-E loops.
(d) P, for composite films with different contents of PZT@C. Comparisons of (e) P-E loops and (f) P,.

As shown in Figure 5d, with the increase in piezoelectric filler content, the residual
polarization of the composite film shows an upward trend. Figure 5e illustrates the P-E
loops of the 40% PZT/PDMS and 40% PZT@C/PDMS composite films. Compared to
the 40% PZT/PDMS composite film, the 40% PZT@C/PDMS composite film has better
ferroelectric properties with a higher P, (Figure 5f) under the same driving electric field.

The impact of various ceramic powder loadings on the electrical output of the com-
posite films is investigated. Figure 6a,b shows the output voltage and current of the
PZT/PDMS composite films under the excited condition of a human hand. The peak out-
put voltage and current display an increasing and then decreasing trend as the piezoelectric
filler content increases from 0 to 40%. The highest output signal of ~50 V is obtained when
filled with 30 wt% PZT powder. The excessive addition of fillers leads to particle agglomer-
ation, which reduces the interfacial specific surface area and destroys the microstructure
of the film [20]. This result is also consistent with the trend of piezoelectric properties
(d33) of PZT/PDMS composite films (Figure 5b). The SEM images of the agglomeration
phenomenon are demonstrated above (see Figure S5). In addition, pure PDMS flexible films
were prepared in order to exclude the effect of triboelectricity on the electrical output. Under
the condition of finger pressing, this film shows a very low electrical output signal of almost
zero. The results suggest that the triboelectric effect is severely limited during the test process.
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Figure 6. (a) Output voltages and (b) output currents of PZT/PDMS composite material. (c¢) Output
voltages and (d) output currents of PZT@C/PDMS composite material. (e) Comparison of output
voltages for composite films. (f) Comparison of output currents for composite films.

Figure 6¢,d displays the piezoelectric signal output of the PZT@C/PDMS composite
films. With the increase in PZT@C powder content, the output voltage and current of the
composite film increased significantly. The output peak voltage up to ~74 V and output
current up to ~295 nA are obtained in 40 wt% PZT@C/PDMS composite film, indicating
outstanding electricity generation performances. Compared with PZT/PDMS film, the
modified PZT@C/PDMS composite film has significantly higher electrical signal output,
as shown in Figure 6e,f. The carbon shells of PZT@C particles overcome the high surface
energy, van der Waals force, or electric static forces between ceramic particles, improving
the dispersion uniformity of ceramic particles in the PDMS [32,33]. This results in the
significant improvement of the electrical output for the composite film.

The flexible composite film can also be used as a pressure sensor. Thus, the piezoelec-
tric signal response of 40% PZT@C/PDMS composite film to various weight impacts on
film was investigated. Various weights (2 g, 5 g, 10 g, and 20 g) drop freely on the surface
of the device at a height of 30 cm to simulate different degrees of impact, as demonstrated
in Figure 7a. The generated voltage signals are collected in Figure 7b. With the mass of the
weights increased, the generated voltage is enhanced.

The applied force on the film can be calculated according to the equation Amgh/At,
where Amgh is the change in momentum of the ball that is fully transferred to the film, and
At is the interaction time of the ball on the film. The interaction time (At) is approximately
10 ms, as displayed in the magnified voltage pulse of Figure 7c. Amgh is quantified as mgh
after the ball comes to a complete stop on the surface of the device, where m is the weight
of the ball, g is the acceleration of gravity, and & is the height of descent. The detailed
calculations are listed in Table S1.
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Figure 7. (a) Schematic diagram of a composite film excited by a freely falling weight at 30 cm.
(b) Output voltages obtained by free-fall impact of weights of different masses on the composite film.
(c) A magnified voltage pulse of (b). (d) Dependence of output voltage on the external force. (e) This
work is plotted against the reported output sensitivity of some inorganic or organic films. (f) Output
voltages of 40% PZT@C/PDMS in both forward and reversed connection for switching polarity tests.

The composite film has a sensitivity of 5.26 V N~! and a linearity of 0.95, as depicted
in Figure 7d. To evaluate where the level of the film sensitivity lies, the related parameters
of recently reported piezoelectric organic, inorganic, or composite films are plotted in
Figure 7e and Table S2 [34-40]. In comparison, the outstanding sensitivity in this work is
extremely close to that of dome-shaped PVDF (6.028 V N~!) and superior to other film
series, such as T-ZnO (0.1825 V N~ 1), P(VDF-TrFE) (0.05 V N~1), and PZT film (2.56 VN~ 1).
Therefore, these results indicate the 40% PZT@C/PDMS film is strongly sensitive to external
forces. In order to clarify the piezoelectric output, Figure 7f depicts a switching polar test,
where the reversed negative and positive signals correspond to the reversed electrodes
only. The results indicate that the output voltage signal is generated by the piezoelectricity
of the PZT@C/PDMS film, and thus ruling out the effect of friction electricity.

Usually, the Lewis double layer [41] is introduced to comprehend the reason for
improved piezoelectric characteristics for PZT@C/PDMS composite materials. The model
is composed of the Stern layer and Gouy-Chapman diffusion layer. The first layer along
the PZT ceramic powder interface is defined as the stern layer, which generates counter
charge in the polymer materials (PDMS). The second layer, the Gouy-Chapman diffusion
layer, is adjacent to the Stern layer. This layer is filled with mobile charges and plays an
essential role in the piezoelectric response for ceramic-polymer composites [42].

Figure 8a presents a schematic of the carbon shell structure with a diffuse electric
double layer. Based on the Lewis model, in this work, a carbon shell (interface region) is
introduced between PZT ceramic powder and the polymer matrix (PDMS). Due to better
electrical conductivity, the carbon shell provides a more efficient region for the accumulation
of mobile charges compared to the PDMS material. In particular, the graphite-like carbon
is the main component of the carbon shell structure, which is more likely to accumulate a
large number of mobile charges compared with the Lewis model. This leads to the local
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electric field around the PZT ceramic NPs being significantly enhanced, and it is conducive
to generating sufficient polarization under an applied external electric field [43].
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Figure 8. (a) Schematic of a PZT@C ceramic particle structure and the diffuse electric double layer
with carbon shell structure. (b) Schematic illustration of the polarization principle of PZT@C/PDMS
composites under high DC field.

In addition, the mechanism of polarization for the PZT@C/PDMS composite films
is illustrated in Figure 8b. In this case, deformation of the structure of the composite film
results in a potential difference between the positive and negative electrodes of the material.
The potential difference will drive a directional flow of charge, thus generating an electrical
output signal in the external circuit. Specifically, in the unpolarized state (Figure 8b(i)), the
piezoelectric phase is composed of disorganized arrangements of ferroelectric dipoles, in
which the macroscopic piezoelectric behavior (such as output voltage and current) cannot
be observed. As shown in Figure 8b(ii), during the polarization process, mobile charges
within the carbon shells are shifted and rearranged when a high DC electric field is applied.
The graphite-like carbon can induce and trap mobile charges compared to PDMS materials
owing to its better electroactivity, which significantly enhances the partial electric field around
the PZT NPs. This enhanced localized electric field can drive the high alignment of dipoles,
thus promoting the piezoelectric properties of PZT@C/PDMS composite films [30]. After
polarization (Figure 8b(iii)), the polarization direction of the composite film converges with
the direction of the applied external polarization voltage. The rearranged domains maintain a
permanent polarization even after the poling voltage is removed. The piezoelectric effect for the
polarized composite film is demonstrated in Figure S6.

3.3. The Application of Human Activity Monitoring and Pressure Monitoring

In order to prove the ability to detect human motion of composite film, the PZT@C/PDMS
composite film is simply encapsulated using PI tape. Figure 9a illustrates the schematic dia-
gram of wearable sensors to monitor the movement of different joints in the human body,
including finger bending (Figure 9b), wrist flexion (Figure 9c), elbow flexion (Figure 9d,e),
knee bending (Figure 9f), and foot stepping (Figure 9g). Apparently, the device outputs
piezoelectric voltages up to about 18 V,20 V, 15V, 13V, 21 V, and 40 V for finger bending,
wrist bending, elbow bending (sensor affixed to the medial and lateral elbow joints), knee
bending, and foot stepping actions, respectively. When different parts of the human body
move periodically, for example, finger bending and elbow joints bending repeatedly, the
total polarization of piezoelectric film changes due to the deformation of the sensors are
driven by force, resulting in a potential difference. Additionally, the output voltage signal
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of this pressure sensor has a strong uniform consistency without significant fluctuations.
The results confirm the wearability of the piezoelectric sensor and the possibility of biome-
chanical sensing, which have great potential to be used as self-powered devices to monitor
human movement.
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Figure 9. (a) The schematic diagram of wearable sensors monitoring the movement of different parts
of the body. Output voltage of the device under different condition: (b) finger bending, (c) wrist
flexion, (d) elbow flexion internal sticking, (e) external application of elbow joint, (f) knees bending,
and (g) foot stepping.

In order to study the feasibility of applying this piezoelectric sensor to pressure
monitoring, the pressure sensor is encapsulated to improve the robustness of the device,
as evidenced in Figure S7. Figure S8 reveals the output voltages of the encapsulated
PZT@C/PDMS pressure sensor under the condition of excitation by hand tapping. The
corresponding voltages dropped to about 1/2 times the original values in Figure 6¢, but this
still has an obvious conversion characteristic from force to electricity. The lower magnitude
of electrical output can be derived from the confinement effect of the encapsulating material,
i.e., the copper foil. Figure S9 reveals the pressure sensor in the cases of surface mounting
(I) and shallow burial (II), respectively. As demonstrated in Figure 10a, the oscilloscope
captures an output voltage of approximately 17 V when the concrete sample surface sensor
is tapped with a hammer. When the concrete sample directly above the sensor is tapped
with a hammer, the output voltage (~6 V) of the pressure sensor is revealed in Figure 10b.

Compared to the surface-mounted sensors, the output voltage of the shallow-buried
sensors is significantly lower by 2/3, which may stem from the list of reasons below: (i) The
buried sensor is difficult to deform due to the enhanced density degree of concrete after
hydration reaction. (ii) The external skeleton of the concrete absorbs the impact of the
hammer blow, making the voltage output from the sensor weak. Therefore, this result
suggests that a surface-attached sensor should be prioritized in practical applications.
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Figure 10. Output voltages of the pressure sensor: (a) the sensor attached to the surface of concrete,
(b) the sensor embedded in concrete for about 1 cm.

4. Conclusions

In summary, a series of PZT@C/PDMS composite films were successfully prepared,
and the carbon coating was introduced on the surface of the PZT piezoceramic NPs in order
to enhance their piezoelectric properties. Compared with the PZT/PDMS composite, the
PZT@C/PDMS composite film displays a significant enhancement in piezoelectric property
and electrical output. The optimal output voltage, output current, and sensitiveness of the
40%PZT@C /PDMS composite reach up to ~74 V, ~295 nA, and 5.26 V N1, respectively. For
the actual application, the device can be applied both in monitoring human body motions
and pressure changes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings14101269/s1, Figure S1. Schematic diagram of PZT
piezoceramic prepared by the conventional solid-state method. Figure S2. Piezoelectric constant ds3
of PZT ceramic. Figure S3. TEM images of PZT@C powder with different mass ratios of PZT and PDA:
(a) 2:1, (b) 4:1, (c) 6:1 and (d) 8:1. Figure S4. The Raman spectra of PZT and PZT@C ceramic powder.
Figure S5. SEM images of (a) 40% PZT/PDMS and (b) 40% PZT@C/PDMS composite film cross
section. Table S1. The calculated forces based on different weights, and corresponding output voltages.
Table S2. Parameter comparison of different sensors. Figure S6. The schematic illustration of dipole
alignment during applied pressure processes of film: (a) no impacting, (b) impacting and (c) releasing.
Figure S7. Schematic diagram of PZT@CPDMS piezoelectric sensor after packaging. Figure S8. Output
voltage of 40% PZT@CPDMS piezoelectric sensor after packaging. Figure S9. Optical picture of concrete
specimens cured for 28 days after embedding sensor: (a) vertical view. (b) front view.
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