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the utilization of wide-ranging renewable 
energy. An enlightening idea has arisen 
over the latest publications to harvest 
environmental energy through employ-
ment of various piezoelectric, pyroelectric, 
and triboelectric materials.[1,2] Thereinto, 
piezoelectric materials, possessing the 
ability to capture mechanical energy with 
different amplitudes and frequencies, 
have been intensively developed to harvest 
energy from the ambient environment.[3,4] 
Energy harvesting is becoming a major 
technological trend not only for pure and 
clean energy production but equal impor-
tantly for aiding the development of energy 
autonomous monitoring systems like large 
area wireless access networks[5] or body 
wearable sensors that form key parts of 
the future Internet of Things ecosystem. 
Piezoelectric materials act as energy trans-
ducers through generating charges on the 
surfaces in response to an applied force.[6] 
In the past reports, ZnO nanowires were 
considered to be the excellent materials for 
developing nanogenerators compared with 
other traditional piezoelectric materials. 
Nonetheless, drawbacks to the prevalent 

application of ZnO nanowire materials are obvious too, such as 
the relatively low piezoelectric coefficient.[7] Furthermore widely 
used piezo-ceramic materials, despite their mechanical robust-
ness and relatively high electromechanical coupling coefficient, 
exhibit also certain intrinsic major drawbacks such as limited 
mechanical flexibility, high fragility, and usually high content 

In this work, a novel design of poly (vinylidene fluoride)/carbon quantum 
dots (PVDF/CQDs) based flexible poling-free hybrid material system able 
to efficiently convert small amounts of mechanical energy into electricity 
through the intrinsic piezoelectric nanostructures is reported. The PVDF/
CQDs composite is fabricated through solution casting followed by a high-
pressure crystallization process. The introduction of 3D quasi-spherical CQDs 
has in situ induced the self-assembly of polymorphic substructures in the 
PVDF crystallites at high pressure, and piezoelectric 3D nanosheet arrays, 1D 
nanometer small sticks, and 1D nanowires, respectively, are formed in situ 
with the increase of CQDs concentration. Without any electrical polarization 
treatment, the maximum open-circuit voltage output density of the durable 
composite system reaches 19.2 V cm−2 and short-circuit current output den-
sity of 550 nA cm−2, both far exceeding that of pure PVDF. Simultaneously, 
owing to the successful incorporation of CQDs, the material shows excellent 
fluorescent effect with high stability, and its multicolor photoluminescence is 
well retained even after the endurance for a rigorous treatment at high pres-
sure and high temperature. The as-developed environmental friendly PVDF/
CQDs compound may diversify niche applications in a new-generation of 
self-powered autonomous optoelectronic devices, biosensors, cell imaging, 
and so on.
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1. Introduction

Clean energy production is one of the most demanding prob-
lems we are facing today. Since the dependence upon fossil fuels 
must be cut down for the well-known environmental restric-
tions and latest guidelines, scientists have been focusing on 
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of heavy metals limiting thus their potential use in an environ-
mentally viable way in large area harvesting devices. Therefore, 
it is desirable to explore more suitable, efficient and ecofriendly 
material systems for the development of more advanced 
devices[7,8] based on generators with various nanostructures as 
flexible energy collectors.[9]

Poly (vinylidene fluoride) (PVDF) is favored for its finer 
performance, such as good mechanical property, chemical 
and fatigue resistance, excellent piezoelectric and ferroelectric 
properties, form flexibility, processing simplicity and, all in all, 
PVDF-based nanogenerators possess rather high piezoelectric 
coefficients.[10–12] In previous works, numerous studies have 
been conducted on energy harvesting from aperiodic and irreg-
ular mechanical forces, including respiration, body movement, 
solid pressure, and airflow and converting them into electricity 
by virtue of piezoelectric materials. These energy sources, col-
lected by all means, have demonstrated usage in powering 
light-emitting diodes, liquid-crystal displays, self-powered pie-
zoionic strain sensors, and many implantable and biocompat-
ible pressure sensors which are implemented on a catheter for 
minimally invasive surgery.[1,13,14] The sensors could be directly 
attached to human skin, monitor physiological states, and give 
feedback of the body in real time, thus displaying essential fea-
tures, i.e., pressure-sensing capabilities, for the next generation 
of smart embedded and autonomous systems.[14,15] Self-pow-
ered nanosystem that harvests its operating energy from the 
ambient environment stably and efficiently is an attractive 
approach as integration platform for sensing, suggesting an 
emerging field in nanoenergy.[16] Successful development of 
PVDF-based piezoelectric devices depends on the effective 
fabrication of polar crystalline structures, such as the β phase 
structure. Among the different kinds of methods to induce 
polar β form in PVDF matrix, including drawing under certain 
temperature, electrospinning, and application of high electric 
filed, high-pressure-crystallized PVDF tends to have less defects 
and higher degree of crystallization.[12,17–19]

Quantum dots (QDs) generally refer to the nanoscale parti-
cles subject to the quantum-confinement effect, which appear 
as core components in many photonics platforms finding 
numerous applications in sensing imaging, single photon 
sources for quantum applications, and other fields.[20] Com-
pared with metal-based QDs such as CdSe and CdTe and the 

raising concern over their environmental toxicity, biocom-
patibility, and stability,[21] carbon quantum dots (CQDs), also 
called carbon nanodots, not only could avoid these problems 
by nature, but also exhibit unique and tunable photolumi-
nescent and optical properties, nanoscale aqueous solubility, 
special physical and chemical properties, etc.,[22] thus leading 
to a bright future for their applications in environmental engi-
neering, bioimaging as well as medical treatment.[23] CQDs are 
structurally distinct from graphene quantum dots (GQDs).[22–24]  
The former are 3D quasi-spherical nanoparticles usually  
<10 nm in diameter, and the later are 2D fragments of single 
or a few layered graphene, with lateral dimensions larger than 
their height.[22–24]

Herein, we intend to design and fabricate a novel PVDF/
CQDs-based piezoelectric photoluminescent composite system. 
The PVDF/CQDs composites were prepared by solution casting 
followed by a high-pressure crystallization process. Multiform 
piezoelectric nanostructures were observed in the high-pres-
sure-crystallized composite samples with different component 
ratios, including 3D nanosheet arrays, 1D nanometer small 
sticks, and 1D nanowires, depending on CQDs concentration. 
Without any electrical poling treatment, these in situ formed 
nanostructures could efficiently convert small amounts of 
mechanical energy into electricity by their intrinsic piezoelec-
tricity, and the measured electrical output density exceeded 
that of most of state-of-the-art piezopolymers reported to date. 
Together with the multicolor photoluminescent effect intro-
duced by CQDs, the compound material exhibits interesting 
photoelectric properties and presents potential applications 
in advanced photonics, biomedical device, imaging, envi-
ronmental monitoring, and other related high-tech fields by 
exploiting also the flexibility of variable length scale production, 
from microscale to large-scale mechatronic systems.

2. Results and Discussion

Figure 1 and Table 1 show the differential scanning calorim-
etry (DSC), wide angle X-ray diffraction (WAXD), and attenu-
ated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR) testing results of the PVDF/CQDs composites 
with different concentrations of CQDs, prepared through 

Adv. Mater. Interfaces 2018, 1800587

Figure 1.  DSC a), WAXD b) and ATR-FTIR c) graphs of the PVDF/CQDs composite samples with different contents of CQDs, crystallized at 400 MPa, 
260 °C for 10 min.
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crystallization at 400 MPa, 260 °C for 10 min. With the increase 
of CQDs content, the area of melting peak first increased and 
then decreased, reaching the maximum at PVDF/CQDs (99/1, 
wt/wt) (Figure 1a). This indicated that the morphology and 
form of PVDF crystals changed together with different con-
tents of CQDs. Particularly, the higher melting points of the 
high-pressure-crystallized samples were all around 200 °C, 
suggesting the addition of CQDs has induced the growth of 
extended-chain PVDF crystals in the matrix.[11,19] The crystal-
line phase of PVDF in the substrate was further identified by 
WAXD and FTIR measurements (Figure 1b,c). Based on the 
X-ray diffraction pattern, apparent monolayers of superimposed 
orthogonal β phases from (110) and (200) reflections at 20.4–
21.1° in the 2θ angle were observed in the sample. In addition, 
characteristic IR wavenumbers at 840 and 1280 cm−1 further 
confirmed that β phase was induced in the composite. With the 
increase of the content of CQDs, the fraction of β phase crystal-
lites first increased and then decreased, and reached maximum 
value at PVDF/CQDs (99/1, wt/wt; Table 1). In that situation, γ 
phase still coexisted with β phase in the matrix, as noted in the 
WAXD and IR spectra.

Figure 2 shows the scanning electron microscopy (SEM) 
images of the etched fractured surfaces of the PVDF/CQDs 
samples. For the sample composed of pure PVDF (Figure 2a,b), 

certain extended-chain crystals, with striated appearance as the 
most typical feature, were observed clearly. With the increase of 
CQDs content, the morphology and structure of the composites 
were distinct from that of the homopolymer as a result of inten-
sively grown β phase crystals on a large scale. For PVDF/CQDs 
(99/1, wt/wt), of which the IR absorption bands characteristic of 
crystalline β phase reached the maximum volume (Figure 1c),  
a large number of nanosheet arrays appeared in SEM image, 
which somewhat presented interesting micronano spherical 
crystal structure (Figure 2c,d). For PVDF/CQDs (98/2, wt/wt), 
some nanosacle sticks emerged on the crystal surface (Figure 2e,f).  
And for PVDF/CQDs (97/3, wt/wt), there were large numbers 
of crystalline nanowires mixed with rod-shaped structures 
(Figure 2g,h).

Based on the above diagrams, it can be concluded that 
polymorphic β phase crystals were obtained in the PVDF/CQDs 
compounds in the wake of variable CQDs content loading, 
including 3D nanosheet arrays, 1D nanoscale small stick struc-
tures, and 1D nanowires. Crystallization pressure, temperature, 
duration time, as well as component ratio are all influencing 
factors for the formation of β phase crystals. By purposively 
adjusting experimental parameters, we are able to find the per-
fect PVDF/CQDs composite system and make it good candi-
date for the fabrication of piezoelectric nanogenerators (PNGs) 
with outstanding electric generating performance.

The electrical output density of the poling-free PVDF/CQDs 
compounds, fabricated with different CQDs concentration, was 
measured under the stimulation of low frequency impacts. 
Figure 3a,b showed the open-circuit voltage output density and 
short-circuit current output density of various PVDF/CQDs 
samples at a stimulating frequency of 1.5 Hz and applied force 
of 10 N. With the increase in the content of CQDs, the voltage 
output density and current output density first increased and 
then decreased synchronously. Maximum peak values were 
attained from PVDF/CQDs (99/1, wt/wt), 180 nA cm−2 and  
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Table 1.  Absolute contents of α, β, and γ phase crystals in various 
PVDF/CQDs samples crystallized at 400 MPa, 260 °C for 10 min, calcu-
lated from Equations (1)–(4).

Sample CQDs [%] α [%] β [%] γ [%]

PVDF100/CQD0 0 0.12 58.18 11.63

PVDF99/CQD1 1 0.08 83.67 4.69

PVDF98/CQD2 2 0 63.33 0.19

PVDF97/CQD3 3 0 63.78 0.12

Figure 2.  SEM cross-sectional view of the PVDF/CQDs composite samples with different component ratios, crystallized at 400 MPa, 260 °C for 10 min.
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7.6 V cm−2 for the short-circuit current output density and 
open-circuit voltage output density, respectively. Without any 
treatment of polarization, the material systems we developed 
are able to efficiently convert ambient mechanical energy into 
electricity for the realization of self-powered, sustainable, and 
environmental friendly devices.

In many references, it is difficult to give rise to macroscopic 
polarization in PVDF, though the existence of crystalline β 
phase has been achived for the polymer.[25] For bulk piezo-
electric polymers, their piezoelectric effect is due mainly to the 
molecular structures of the polymers and their orientation.[25] 
The molecular structure of a piezopolymer should inherently 
contain molecular dipoles, and these dipoles can be reoriented 
and kept in their preferred orientation state.[25] In a word, there 
are structural requirement for a bulk piezopolymer to realize 
its piezoelectricity.[25] Commonly, the reorientation of the 
crystallites within the bulk polymer matrix is done through a 
poling process with the application of a high electrical field at 
an elevated temperature.[25] Interestingly, as shown in Figure 3, 
herein the pure PVDF also showed relative good piezoelectric 
response without any electrical polarization treatment. This 
should be attributed to the pressure induced growth of 
extended-chain crystals in the sample (Figure 2a,b). Reputed as 
a kind of equilibrium crystal, polymer extended-chain crystals, 
in which the molecular chains run parallel to each other, are 
with a combination of 3D crystaline ordering and long-chain 
molecular orientational ordering.[26] Therefore, high-pressure 
crystallization that resulted in the large-scale formation of β 
phase extended-chain lamellae played the same role as elec-
trical poling for PVDF, and at the same time avoided its dis-
advantages, such as substantial additional power consumption 
and sometimes electrical breakdown of the samples.

Considering the DSC, WAXD, IR, and SEM characteriza-
tion results, we believed that different electrical output of dif-
ferent component ratio systems in Figure 3 could be attributed 
to the variation of distribution and size of CQDs, and crystal-
lization form, morphology, and substructures of the internally 
pressure-formed PVDF nanostructured crystals. 3D nanosheet 
arrays were formed when adding 1 wt% CQDs into the system, 
some 1D nanometer small stick structures with 2 wt% CQDs, 
and 1D nanowires when 3 wt% CQDs were added. From the 

point of view of short-circuit current and open-circuit voltage, 
the piezoelectric property of 3D nanosheet arrays should 
be superior to 1D nano stick structures and 1D nanowires. 
Besides, piezoelectric property of any PVDF/CQDs com-
posite system should be better than that of pure PVDF. The 
maximum short-circuit current output density of the com-
posites exceeded four times that of pure homopolymer, while 
maximum open-circuit voltage output density two times higher 
that of pure homopolymer. Unlike the crystalline nanostrcu-
tures in the other samples, the nanosheets in the composite 
with 1 wt% CQDs were formed in an array state. Such verti-
cally aligned array state allows the nanosheets to bend and relax 
more synergistically, and undergo larger deformation when the 
PVDF/CQDs-based devices are subject to mechanical forces. 
Moreover, as shown in Figure 1a and Table 1, the fraction of 
β phase crystals in PVDF/CQDs (99/1, wt/wt) composite is the 
highest, and the formed nanosheets are actually with β phase 
extended-chain lamellae as their substructures. Consequently, 
the PVDF/CQDs composite with 1 wt% CQDs concentration 
exhibits higher electrical conversion efficiency.

In practical applications, the collected vibration energy is 
often aperiodic and irregular, with inconstant amplitudes and 
frequencies. Hence, it is necessary to evaluate the electrical 
performance in a condition resembling the real world. Figure 4 
shows the electrical output density of a PVDF/CQDs (99/1, wt/
wt) sample with varying frequency and applied force. The fre-
quency and applied force were controlled by a force sensor. As 
can be seen from Figure 4a,b, the short-circuit current output 
density and open-circuit voltage output density in a stretching 
cycle increased with the applied force. The average short-circuit 
current output density was 210 nA cm−2 for an external force of 
10 N, 250 nA cm−2 for an applied force of 30 N, and reached up 
to 300 nA cm−2 as the mechanical force increased to 50 N. In 
the meantime, the open-circuit voltage output density gradually 
increased from 8.2 to 15.2 V cm−2. The piezoelectric response 
of the compound matrix was in accordance with the degree 
of deformation. We also tested its piezoelectric performance 
at different frequencies by applying a constant load of 10 N, 
and increased the frequency from 1. to 4.5 Hz (Figure 4c,d). 
It turned out the short-circuit current output density increased 
from 210 to 550 nA cm−2 and open-circuit voltage output 
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Figure 3.  Short-circuit current output density a) and open-circuit voltage output density b) of the PVDF/CQDs composites with different component 
ratios, generated at a stimulating frequency of 1.5 Hz and applied force of 10 N.
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density accordingly increased from 8.2 to 19.2 V cm−2. For a 
comparison, the PVDF/CQDs composites with 2 and 3 wt% 
CQDs concentrations, as well as the pristine PVDF, were still 
tested at a fixed 1.5 Hz frequency with variant 10, 30, and 
50 N forces (Figure S1, Supporting Information), and at a con-
stant 10 N force with increased 1.5, 3 and 4.5 Hz frequencies 
(Figure S2, Supporting Information). Evidently, the composite 
with 1 wt% CQDs, in which nanosheet arrays were formed, 
further demonstrated the best piezoelectricity among 1–3 wt% 
CQDs composites, and its electrical outputs still significantly 
surpassed those of the pure PVDF even if the applied load and 
frequency have varied. Based on the above piezoelectric experi-
ments, we may draw the conclusion that the PVDF/CQDs 
system exhibits excellent piezo-responsivity to the mechanical 
stimulus with a higher frequency, and increasing excitation or 
frequency stably leads to higher power output density. However, 
an upper frequency limit that will correspond also to maximum 
voltage is unable to be determined at present stage, due also to 
the generated frequency limit of the employed impacting test 
instrument.

For the successful development of piezoelectric-material-
based nanogenerators, the substrates should be qualified for 
long-term operation, by working stably and sustainably. Herein, 
we chose the short-circuit current output density as the assess-
ment parameter to characterize the stability and durability 
of the as fabricated PVDF/CQDs composite sample. A newly 

prepared PVDF/CQDs (99/1, wt/wt) composite sample con-
tinuously operated for more than 1000 cycles at a stimulated 
force of 50 N and frequency of 1.5 Hz, and the test result is 
shown in Figure 5. With the experimental time extended, the 
electrical output density kept increasing until the hits reached 
≈600 cycles. This is because as time extends, the electron trans-
mission rate increases, and charges accumulate on the surface 
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Figure 4.  Electrical output density of a PVDF/CQDs (99/1, wt/wt) under various loads or frequencies: a) short-circuit current output density and  
b) open-circuit voltage output density were measured at a fixed frequency of 1.5 Hz; c) short-circuit current output density and d) open-circuit voltage 
output density were measured at a fixed force of 10 N.

Figure 5.  Stability and durability test of a PVDF/CQDs (99/1, wt/wt) 
sample, whole signal, stimulated by a 1.5 Hz 50 N impact.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800587  (6 of 10)

www.advmatinterfaces.de

to form electrets, and the piezoelectric property of the composite 
system is consequently improved at the initial stage. However, 
a balance state was achieved for the sample with the test time 
further increased. As can be noted, the sample attained a stable 
state for electrical outputs when the hits exceeded ≈600 cycles. 
It operated for additional ≈400 cycles with excellent perfor-
mance stability and repeatability, and no electrical output decay 
was observed when the test was terminated.

The composite structure and working mechanism of the 
as-developed poling-free dynamic PNGs, for the capturing 
of kinetic mechanical energy, are schematically described in 
Figure 6. Its working process can be divided into four stages. 
The first stage is the original state without any exertion of force 
(Figure 6, stage I). In the second stage, when the vertical com-
pressive force is applied on the sample, the nanosheet array 
structure of PVDF bends so that the voltage begins to generate 
on both sides of electrodes. The electrons flow from the lower 
electrode to the upper electrode due to the generated poten-
tial, resulting in current from the upper electrode to the lower 
electrode (Figure 6, stage II). The third process shows that 
the nanosheet array structure of the sample reaches the max-
imum bending state, and the voltage presents the maximum 
potential (Figure 6, stage III). The fourth stage is the process 
of releasing. The internal nanosheet array structure tends to 
its original shape. Therefore, piezo and voltage are changing 
to zero, and the electrons will flow back to the lower electrode, 
resulting opposite current (Figure 6, stage IV).

Figure 7 shows the LSCM images of PVDF/CQDs (99/1, wt/wt)  
samples before and after high-pressure processing as well 
as the typical PL emission spectra of the PVDF/CQDs mix-
tures under different excitation lights by using a fluorescence  
spectrometer. It can be seen clearly from the diagram that 
the spin-coated PVDF/CQDs film irradiated different colors 
under variable excitation light sources, emitting blue light 
under the excitation of ultraviolet light, green light under blue, 
yellow light under green, and red light under the excitation 
of red light (Figure 7a–d). Thus, the PVDF/CQDs blend has 
the desirable essential multicolor fluorescent property before 
high-pressure treatment, and this is because the luminescent 
effect is not only determined by the quantum size effect, but 
largely influenced by the surface defect and edge effect of 

the introduced CQDs.[22–24] However, it is still vital to learn 
whether the as-prepared compound still maintains this perfor-
mance after a high-pressure crystallization process, as this has 
direct influence on its application. Fluorescence images of the 
pressure-treated crystalline compound sample are shown in 
Figure 7e–h, with testing conditions as stated before. Astonish-
ingly, the sample presented just the same photoluminescence 
(PL) behavior as the spin-coated film, eradiating blue, green, 
yellow, and red lights at the excitations of ultraviolet, blue, 
green, and red lights, respectively. Therefore, it demonstrated 
that the PVDF/CQDs composite maintained the multicolor 
fluorescence properties even after the rigorous process of 
high-pressure and high-temperature crystallization. Moreover, 
the PL spectra results are consistent with the LSCM observa-
tions. From the typical emission spectra of the PVDF/CQDs 
(Figure 7i), it can be observed that the emission peaks centered 
at 439, 529, 580, and 672 nm, corresponding to the optimum 
excitation wavelengthes of the mixtures at 365, 468, 528, and 
610 nm, respectively.

In the 1966 film “Fantastic Voyage,” a submarine carrying 
a team of scientists is shrunk to the size of a microbe and 
injected into a dying man for vascular surgery. Artificial self-
propelled micro/nanoscale machines, small devices capable of 
autonomous movement, are a powerful scientific innovation 
for solving various biomedical and environmental issues.[27] 
They have demonstrated considerable potential for performing 
operations and tasks in on-demand treatment and therapies 
for a desired duration and finally be removed without causing 
adverse or toxic effects.[27] Nevertheless, it is still challenging to 
make the synthetic functional motors on the nano- and microm-
eter length scales, mainly due to the difficulty in fabricating 
structurally complex objects of this size and scaling down of the 
familiar macroscopic principles of powering them.[27,28] Also, 
the choice of materials for the design and fabrication of the 
micro/nanomotors is crucial for their shape, mechanism, and 
propulsion efficiency.[27,28] Ideally, such biomedical machines 
should be self-powered in vivo by converting the numerous 
body-providing energy, such as biological mechanical energy 
and biofluid hydraulic energy.[29,30]

We have demonstrated the engineering and optimization 
of formation of piezoelectric polymeric nanostructures by 
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Figure 6.  Schematic drawing of the composite structure and working mechanism for a PVDF/CQDs-based PNG.
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CQDs concentration tuning, as well as the combined action 
of high piezoelectric response and stable multicolor fluores-
cence in a single composite. This may allow the development 
of a mechatronics platform for multifunctional self-powered 
devices, and make the science fiction plots in “Fantastic 
Voyage” come true in the near future. For example, combining 
the properties of CQDs and the in situ formed piezoelectric 
nanostructures, the pressure-crystallized hybrid composites 
may permit niche applications in the next-generation self-pow-
ered multicolor bioimaging micro/nanorobotics by efficiently 
converting the mechanical and hydraulic energy prevalent in 
living organisms, such as body movement, muscle stretching, 
blood vessel contraction, body fluid, and blood flow, into elec-
trical energy.[29–34] The micro/nanometer sized PVDF/CQDs 
may be further functionalized on its surface, and then biocon-
jugated to a specific antibody, enabling the self-powered micro/
nanorobotic specifically bind to cancer cells with high effi-
ciency, thereby providing new possibilities for various applica-
tions in targeted and visualized biomedical sensing, diagnosis, 
and cell imaging.[34]

Flexible NGs, based on the coupling of flexible electronics 
and piezoelectric, triboelectric and hybrid NGs, have been 
extensively studied, due mainly to their great potential for 
driving low power personal electronics and self-powered sen-
sors.[35,36] As one of the limited known piezoelectric classes 
of polymers, PVDF and its composites showed more advan-
tageous properties such as flexibility, adequate mechanical 
strength, processing easiness, and high chemical resistance 
than their inorganic counterparts, which has already been 
proven in many references.[35,36] The energy harvesting perfo-
mance, evaluated at varied load amplitudes and frequencies 
(Figures 3 and 4 and Figures S1 and S2), revealed significantly 
enhanced piezoelectric efficiency in poling-free PVDF/CQDs 
composite materials compared to intrinsic PVDF piezoelectric 
conversion efficiency. Particularly, the maximum open-circuit 
voltage output density of the durable PVDF/CQDs nanogen-
erator, without any treatment of electrical poling, reached 
19.2 V cm−2, surpassing that of state-of-the-art piezopolymers 
reported to date. This suggests the PVDF/CQDs composites 
are qualified for efficiently collecting of the kinetic energy with 

aperiodic and irregular forms in practical applications.[36] More-
over, the high stable multicolor PL in the PVDF/GQDs com-
posite was demonstrated (Figure 7). Its fluorescence properties 
were retained even after the endurance for a rigorous treat-
ment at high pressure and high temperature. This confirmed 
the composite might also find its applications in severe con-
ditions for environmental monitoring.[22,23] In these ways, the 
as-developed PVDF/CQDs may diversify niche applications in 
self-powered autonomous optoelectronic devices operated in 
complex and volatile harsh environments.[36]

3. Conclusion

In summary, we have successfully demonstrated the design 
and fabrication of a novel PVDF/CQDs-based poling-free self-
powered hybrid composite, prepared through solution casting 
and subsequent high-pressure crystallization. Depending 
on their loading concentrations, the CQDs induced the 
self-assembly of PVDF macromolecular chains into var-
ious unique piezoelectric nanostructures at high pressure, 
including 3D nanosheet arrays, 1D nanometer small stick, 
and 1D nanowires, respectively. The in situ formed nanostruc-
tures with special morphologies significantly enhanced the 
efficiency of mechanical-to-electrical conversion. Without any 
electrical poling, the maximum short-circuit current output 
density of the PVDF/CQDs composite reached 550 nA cm−2, 
open-circuit voltage output density up to 19.2 V cm−2, both 
remarkably exceeding that of pure PVDF. The as-prepared 
PVDF/CQDs showed excellent performance in kinetic energy 
harvesting, and due to its flexible form their size and way of 
employment can be scaled up from nano- and microdevices 
to large area systems depending on the application. At the 
same time, due to the special properties of CQDs, the mate-
rial exhibited strong and stable multicolor photoluminescent 
behavior. We believe the work shall make considerable con-
tributions to the development of environmental friendly self-
powered devices, and the material system has great potential 
in the field of biosensors, cell imaging, and autonomous 
monitoring devices.

Adv. Mater. Interfaces 2018, 1800587

Figure 7.  Laser confocal microscope images of PVDF/CQDs (99/1, wt/wt) samples before a–d) and after e–h) high-pressure processing, obtained at 
ultraviolet a,e), blue b,f), green c,g), and red d,h) excitations, respectively, and typical PL spectra i) of PVDF/CQDs mixtures under different excitations.
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4. Experimental Section
CQDs were supplied by Nanjing Newcastle New Materials Co., Ltd., with 
excitation wavelength of 350 nm, and emission wavelength of 440 nm. 
PVDF powder, commercial-grade Solef 6010, was purchased from Solvay 
Co., Ltd., Belgium, with average molecular weight of 322 000 g mol−1.  
Analytical grade N,N-dimethylformamide (DMF) was provided by 
Chengdu Kelong Chemical Co., Ltd, and used as received. PVDF 
solution was prepared by dissolving PVDF powder into DMF, stirring at 
60 °C, and then different contents of CQDs were added into the PVDF/
DMF solution, followed by 4 h mechanical stirring; homogeneously 
dispersed PVDF/CQDs solution was coated on a glass substrate and 
dried in a vacuum oven at 70 °C for 6 h to remove the DMF solvent. 
Finally, the dried blend films were detached and pelletized for the 
following high-pressure crystallization. Prior to the high-pressure 
treatment, transmission electron microscopy (TEM) was employed to 
observe the morphology and dispersion of the CQDs in PVDF matrix, 
and the results showed they achieved an overall good dispersion in the 
composite films with different component ratios (Figure S3, Supporting 
Information).

High-pressure experiments for the PVDF/CQDs composite, prepared 
by the solution casting approach stated above, were conducted with a 
prototype self-made piston-cylinder apparatus. After loading the PVDF/
CQDs granules, the temperature was increased to 200 °C to melt the 
composite. Then a low pressure (150 MPa) was applied, and the 
temperature was raised to 200 °C. After equilibrium was established, 
the pressure was further raised to 400 MPa. These samples were kept 
under these conditions for 10 min, and then quenched down to ambient 
conditions. The PVDF/CQDs specimens, with a consistent column 
aspect, 8.04 mm in diameter and 0.50 mm in thickness, were prepared 
by varying CQDs loadings. For reference, a pure PVDF sample was also 
prepared under the same treatment.

TEM observations were performed with a JEOL JEM-2100F apparatus. 
Laser scanning confocal microscope (LSCM) detections were conducted 
with a KEYENCE VK-9700 apparatus. PL spectra were obtained at room 
temperature using a FLS980 spectrometer (Edinburgh Instruments) 
with a 450W Xenon lamp. DSC measurements were conducted at 
atmospheric pressure using a TA-Q20 instrument. WAXD results were 
obtained at room temperature with a DX-1000 diffractometer. ATR-
FTIR data were obtained using a Nicolet 5700 spectrometer. Thereinto, 
the fraction of diversiform crystals in the samples were quantified by 
applying the following formulas[37]:

1.26( , )
840

840 765
cF

A
A A

X= + × ×β γ
	

(1)

( )
1280

1280 1234
( , )F

A
A A

F= + ×β β γ
	

(2)

( ) ( , ) ( )F F F= −γ β γ β 	 (3)

( ) c ( , )F X F= −α β γ 	 (4)

where A840, A765, A1280, and A1234 represent peak areas at 765 (α phase), 
840 (β and γ phase), 1280 (β phase), and 1234 cm−1 (γ phase) in FTIR 
spectrum, respectively; and Xc is the crystallinity of the sample. After the 
WAXD and ATR-FTIR characterizations, the sample surfaces were etched 
using a method modified from that developed by Vaughan,[38] and then 
coated with gold for SEM observations using a JSM-6330F apparatus.

The energy harvesting performance of the samples, without any 
electrical poling treatment, was evaluated by a periodic impacting 
test, with an experimental setup described in a recent publication.[11] 
A NTIAG HS01-37 × 166 linear motor was used as the impact source, 
and the simultaneously generated open-circuit voltage and short-circuit 
current were collected with a Keithley 6514 system electrometer and a 
Stanford Research SR570 low-noise current preamplifier, respectively. 
To confirm the collected electrical signals were right-down from the 
piezoelectric generator rather than from the testing system, the anode 
wire was exchanged with the cathode wire, and switching polarity tests 
were conducted for the PVDF-based generator. As expected, the wave 
patterns appeared in the opposite direction, whereas there was little 
difference between the electrical output value (Figure 8).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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