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omplex biopolymers are
generating power: polylactide/carbon quantum
dot hybrid nanofibers with high piezoresponse and
multicolor luminescence†

Yali Xu,‡a Long Jin,‡a Xuebing He,a Xi Huang,a Meilin Xie,a Chuanfeng Wang,a

Chaoliang Zhang,c Weiqing Yang,*a Fanbin Meng*a and Jun Lu §*ab

We report the design and fabrication of novel biodegradable hybrid polymeric nanofibers with the

combined advantages of high shear piezoelectricity, multicolor photoluminescence and simultaneously

improved heat resistance. The multifunctional flexible nanofibers, with uniform diameters and smooth

surfaces, were fabricated through the electrospinning of poly(D-lactide) (PDLA)/poly(L-lactic acid) (PLLA)/

carbon quantum dots (CQDs) with dichloromethane and alcohol as the mixed spinning solvent. The

electrospinning at a high voltage enhanced the orientation and formation of stereocomplexed

polylactide crystals, and at the same time remarkably suppressed the growth of homocrystallites in the

ternary composite nanofibers. With the amplitude and/or frequency increase of stimulated dynamic

loads, the electrical outputs of the stereocomplex PDLA/PLLA/CQD nanofibers increased, and the

maximum open-circuit voltage and short-circuit current output density achieved were 74.2 V cm�3 and

4.9 mA cm�3, respectively. Also, the stereocomplexed nanofiber based nanogenerator, during continuous

operation of electromechanical conversion, demonstrated good stability and durability as a power

source to operate LEDs, and no electrical output decay was observed for more than 10 000 consecutive

working cycles. Moreover, the electrospun hybridized nanofibers emitted different fluorescence colors

under laser excitation at different wavelengths. The as-developed ecologically friendly bionanofibers may

diversify niche applications in future transient electronics and implantable medical devices as self-

powered bio-sensors, bio-piezoelectric nanogenerators, and so on.
Introduction

Energy harvesting through sustainable pathways has attracted
wide interest in transforming the prevalent and otherwise
wasted environmental energy into electrical power.1–6 Diversi-
ed energy scavenging technologies have been developed via
a variety of transduction mechanisms, including electromag-
netic, electrostatic, piezoelectric and triboelectric processes.1–6

Among the current available techniques, piezoelectric
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nanogenerators (PNGs) show more advantages in capturing
kinetic mechanical energy with variable amplitudes and
frequencies.7,8 In particular, the PNGs utilizing sustainable
piezopolymers from renewable resources, have a smaller
ecological footprint, and are highly desired for the realization of
a sustainable society.1,9,10

Piezoelectric polymers, with a non-centrosymmetric
arrangement of atoms and molecules achieved by mechanical
or electrical treatments, are categorized into two classes in
terms of their operating principles and properties.11,12 Class I
polymers are those poled by a high electrical eld to realize their
piezoelectricity, and typically show a symmetry of CNn, such as
poly(vinylidene uoride) and odd nylons.11,12 Class II materials
consist of uniaxially oriented chiral molecules, macroscopically
aligned by mechanical stretching or a magnetic eld, and are
with the symmetry of DN, such as polyesters with chiral repeat
units.11,12 Most of the optically active natural and synthetic
biopolymers, including cellulose, collagen, polypeptides, pol-
y(lactic acid) (PLA), and so on, are class II materials, and exhibit
shear piezoelectricity, i.e. a coupling between uniaxial polari-
zation and shear force or strain.13–27 Although chiral
This journal is © The Royal Society of Chemistry 2019
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biopiezopolymers have demonstrated such unique features as
non-poling treatment, non-pyroelectricity, and depolarization
resistance in bioelectronic devices, their piezoresponses are
generally smaller than those of poled piezopolymers.9,10,12,28

Therefore, recent advances in biopolymer based PNGs focus on
boosting power generation and conversion efficiency.5,9,10,12,28

Moreover, major challenges still lie in the design and fabrica-
tion of environmentally friendly hybridized biopolymers for the
realization of multifunctional bio-PNGs with simultaneously
improved combinational properties.28–31

PLA is a renewably sourced and commercially available
biopolyester, commonly made from starch-rich crops such as
maize, and is one of the most promising green alternatives to
petrochemical-derived polymers.1,32 According to the chirality of
lactide monomers (L-, D-, or meso-), it is categorized into semi-
crystalline PLLA and PDLA, and amorphous PDLLA.33,34 The
shear piezoresponse of optically active chiral PLA originates
from the internal rotation of polar radicals associated with an
asymmetric carbon atom, and the sign of its piezo-constant
depends on the chirality of the asymmetric carbon atoms.35–37

Also, the magnitude of the shear piezoelectric signal is linearly
proportional to the orientation degree of molecular chains and/
or crystallites.35–37 Therefore, a few techniques have been
developed to manufacture optically pure PLLA based lms and
bers with increased orientation and crystallinity, for the
purpose of achieving a relatively high shear piezoelectricity of
the polymer, including electrospinning, magnetic eld assisted
drawing, and solid-state extrusion.29,30,36–39 Among these, the
simple and versatile electrospinning technique has demon-
strated decisive advantages in the preparation of continuous
and uniform PLLA nanobers which have larger piezoelectric
strain constants than their lm counterparts.29,30,36,37 For elec-
trospinning, several parameters, such as solution concentra-
tion, solution feed rate, voltage, needle movement, and
collection method, have a direct impact on the physical and
mechanical properties of the products, and can be combined
together to control the macro/microscopic orientation of the
electrospun PLLA nanobers.36,40–42

Stereocomplexation (sc) happens when D- and L-poly(lactic
acid)s are melt or solution blended in equal proportions, mainly
stemming from the strong C]O/H3C interaction between the
isomers.43–48 The crystal structures and physical properties of sc
PLA are distinct from the parent polymers, and sc formation has
been proved to be an effective approach to enhance the thermal
and mechanical properties of the polymer.43–48 For example, the
melting point of sc PLA crystallites is about 50 �C higher than
that of homocrystals.43–48 Also, sc-PLA demonstrates higher
biocompatibility than optically pure polylactides, and has
attracted particular interest due mainly to its potential as
a matrix for biomedical purposes.43–48 Unfortunately, D- and L-
poly(lactic acid)s exhibit opposite signs of the piezoelectric
constant.35–37 Hence, the electrospinning technique, which
enables the formation of stereocomplexes in electrospun blend
bers that follow one-dimensional growth, is expected to
improve the piezoelectricity of a PLLA/PDLA mixture. Although
the electrospinning of stereocomplex PLA nanobers has been
carried out,43 to the best of our knowledge, no investigation was
This journal is © The Royal Society of Chemistry 2019
conducted on the piezoresponse of the sc bionanobers as well
as on integrating them with bio-PNGs for energy harvesting.

Carbon quantum dots (CQDs), a rising star of carbon
nanomaterials, have garnered much interest as potential
competitors to conventional semiconductor QDs, by virtue of
their low toxicity, environmental friendliness, biocompatibility,
adjustable luminescence range, low cost and simple synthetic
routes.49–54 CQDs are quasi-spherical nanoparticles, usually less
than 10 nm in diameter, and can be amorphous or nano-
crystalline with sp2 carbon clusters.49–54 Being considered as the
next big “small” thing, CQDs have demonstrated enormous
potential in bio-imaging, bio-sensing, theranostics, optoelec-
tronics, and energy storage/conversion, though the research is
still at an early stage.49–54

In this work, we report for the rst time the electrospinning
of stereocomplexed PDLA/PLLA/CQD based hybrid nanobers,
their photoluminescent properties, and their mechanical-to-
electrical conversion via a direct piezoelectric response. The
high voltage electrospinning signicantly enhanced the orien-
tation and growth of sc PLA crystallites in the ternary nano-
bers, and enabled their high piezoresponse under mechanical
stress. Also, the CQD hybridized nanobers demonstrated an
interesting multicolor uorescence effect under light excitation
at different wavelengths. Being assembled as a PNG, the elec-
trospun stereocomplex bionanobers could harvest from its
working environment the dynamic mechanical energy with
various amplitudes and/or frequencies, and the maximum
open-circuit voltage and short-circuit current output density
achieved were 74.2 V cm�3 and 4.9 mA cm�3, respectively. As
a power source to operate LEDs, the stereocomplexed bio-PNG
showed good stability and durability, and no decay in electrical
output was observed for z10 000 continuous working cycles.

Experimental part

PLLA and PDLA both have an intrinsic viscosity of 1.0–1.5 dl g�1

and a weight-average molecular weight of 100 000 g mol�1, and
were purchased from Dai Gang Biological Engineering Co., Ltd,
Jinan, China. CQDs were supplied by Newcastle New Materials
Co., Ltd, Nanjing, China. As revealed by transmission electron
microscopy (TEM), the original CQDs range from 3 to 7 nm in
size (Fig. S1a–d, ESI†). Further TEM observations on PDLA/PLLA/
CQDs showed that the CQDs intrinsically tended to aggregate on
the nanoscale in the polymer matrix, and the size of the CQD
aggregates increased with the increase of CQD loading (Fig. S1e
and f, ESI†). The CQD aggregates range from 3–9 nm and 3–13
nm in size, respectively, for the PDLA/PLLA/CQDswith 1 wt% and
2 wt% CQD concentrations (Fig. S1e and f, ESI†). Analytical grade
dichloromethane and alcohol were both provided by Kelong
Chemical Co., Ltd, Chengdu, China, and were used as received.

A schematic illustration of the manufacturing process for an
electrospun PDLA/PLLA/CQD nanobrous lm is shown in
Fig. 1. Blended PLLA and PDLA was rst dissolved in the mixed
solvent of dichloromethane and alcohol (3 : 1, v/v) at 25 �C for
2 h to generate a transparent solution with a concentration of
120 mgml�1, and then CQDs were added with magnetic stirring
for an additional 2 h. Aerwards, the well mixed
J. Mater. Chem. A, 2019, 7, 1810–1823 | 1811
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Fig. 1 Schematic diagram illustrating the manufacturing process of an electrospun PDLA/PLLA/CQD nanofibrous film.
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electrospinning solution was poured into a 10 ml syringe con-
nected to a spinneret with an inner diameter of 0.7 mm. A
positive high-voltage supply was used to supply the voltage in
a range of 0–30 kV. Herein, a 12 kV voltage was used during
electrospinning, and the outow rate was set to 20 microliters
per minute. A rotating drum was used to collect the ejected
bers. The stepping speed, step displacement and rotating
speed of the receiving device were set to 8 mm s�1, 60 mm and
Fig. 2 Schematic representation of the impact measurement system for
outputs, and the structural assembly of test samples.

1812 | J. Mater. Chem. A, 2019, 7, 1810–1823
1400 rpm, respectively. Aer electrospinning, the nanober
membranes were scraped off the drum and stored in a sealed
bag. For comparison, PDLA/PLLA/CQD nanobers were also
fabricated with different PDLA/PLLA ratios, electrospinning
voltages and rotating drum speeds. The electrospun bionano-
bers with various compounding ratios, were coded as PDLA/
PLLA/CQD x/y/z, where x, y and z represent the weight
percentages of PDLA, PLLA and CQDs, respectively.
concurrently collecting the generated electrical potential and current

This journal is © The Royal Society of Chemistry 2019
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TEM observations were performed with a JEOL JEM-2100F
apparatus. Laser scanning confocal microscope (LSCM) obser-
vations were conducted with a Nikon A1R+ apparatus. Photo-
luminescence (PL) spectra were obtained at room temperature
using a FLS980 spectrometer (Edinburgh Instruments) with
a 450 W xenon lamp. On the basis of the PL spectra, a 1931 CIE
(Commission Internationale de L'Eclairage) system was used to
calculate the chromaticity coordinates. The morphology of the
resulting nanober membranes was examined with scanning
electron microscopy (SEM) using a JSM-6330F apparatus aer
gold coating. Differential scanning calorimetry (DSC)
measurements were carried out at atmospheric pressure with
a TA-Q20 instrument. The weight of each sample was around 5
mg. Under a N2 atmosphere, the samples were heated from 0 to
250 �C at a rate of 10 �C min�1 and then cooled down to 40 �C.

Aer being integrated as nanogenerators, periodic impact
tests were performed on homemade devices to evaluate the
energy harvesting performance of the electrospun nanobrous
lms. A schematic drawing of the measurement system, as well
as the structural assembly of the test PNG samples, is shown in
Fig. 2. To eliminate the interference of triboelectric charges, the
PNGs were encapsulated within acrylic resin, the same material
used in the impact head. A NTIAG HS01-37 � 166 linear motor
was used as the impact source, and the generated open-circuit
voltage and short-circuit current were simultaneously collected
Fig. 3 Laser scanning confocal microscope images of the electrospun PD
at purple (a, d and g), blue (b, e and h) and red (c, f and i) light excitations,
PDLA/PLLA/CQD mixtures, under 405, 488 and 640 nm excitations, res
PDLA/PLLA nanofibers. The CQDs intrinsically tended to aggregate on the
nm and 3–13 nm in size, respectively, for the PDLA/PLLA/CQDs with 1 w

This journal is © The Royal Society of Chemistry 2019
with a Keithley 6514 system electrometer and a Stanford
Research SR570 low-noise current preamplier, respectively.
Results and discussion

Fig. 3a–i show the LSCM images of the electrospun PDLA/PLLA/
CQD nanobers with various CQD concentrations, under
different excitation wavelengths of light. As can be seen clearly,
no uorescence response was observed for the PDLA50/PLLA50

nanobers, whereas the hybrid PDLA/PLLA/CQD bionanobers
produced different colors under variable light excitations,
emitting blue, green and red light uorescence under the exci-
tation with purple, blue and red light, respectively. Thus, the
successful incorporation of CQDs during electrospinning
endowed the hybridized biopolymeric nanobers with the
desirable excitation-light dependent multicolor luminescence
that has a direct inuence in extending their applications.
Fig. 3j shows the typical PL emission spectra of the electrospun
PDLA/PLLA/CQD based nanobers, with 1 wt% and 2 wt% CQD
loadings, respectively. As already revealed by TEM (Fig. S1,
ESI†), the CQDs tend to aggregate in the PDLA/PLLAmatrix. The
CQD aggregates range from 3–9 nm and 3–13 nm in size,
respectively, for the PDLA49.5/PLLA49.5/CQD1 and PDLA49/
PLLA49/CQD2 based composites (Fig. S1, ESI†). This further
resulted in different photoluminescence response results for
LA/PLLA/CQD nanofibers with various CQD concentrations, observed
respectively, and typical PL spectra (j) and CIE diagrams (k and l) of the
pectively. The inset in (c) is the bright field image of the electrospun
nanoscale in the polymer matrix, and their aggregates range from 3–9
t% and 2 wt% CQD concentrations.

J. Mater. Chem. A, 2019, 7, 1810–1823 | 1813
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the hybrid nanobers with distinct size-distributed CQD
aggregates. The emission peaks were centered at 488, 563 and
706 nm for the PDLA49.5/PLLA49.5/CQD1 nanobers, and were
centered at 522, 564 and 688 nm for the PDLA49/PLLA49/CQD2

nanobers when the mixtures were excited by the optimal
excitation wavelengths of 405, 488 and 640 nm, respectively.
Moreover, the chromaticity coordinates in the CIE diagrams
(Fig. 3k and l), calculated from the PDLA49.5/PLLA49.5/CQD1 and
PDLA49/PLLA49/CQD2 mixtures at the optimum excitations,
respectively, are consistent with the LSCM and PL observations.

For one-dimensional (1D) piezoelectric materials, it is well
established that the macro/nanoscale structures as well as
morphologies play a key role in the enhancement of electrical
signal generation.7 The size and morphology of the electrospun
polymer bers are essentially related to the nature of the spin-
ning solutions and spinning conditions.43 Generally, numerous
undesired pores were noticed on the electrospun PLA bers,
prepared with a spinning solvent of methylene chloride or
Fig. 4 SEMmicrographs of the nanofibrous samples, electrospun at the a
f) PDLA49.5/PLLA49.5/CQD1. (b), (d) and (f) are partial enlargements of (a),

1814 | J. Mater. Chem. A, 2019, 7, 1810–1823
chloroform.43 Fig. 4 gives the SEM micrographs of the nano-
bers based on PDLA, PDLA50/PLLA50 and PDLA49.5/PLLA49.5/
CQD1, respectively, electrospun with the spinning solvent
mixture of dichloromethane and alcohol. It can be observed
that various single or multicomponent bionanobers, all with
uniform diameters (around 800 nm) and smooth surfaces, were
obtained under the same optimum spinning conditions.
Moreover, with a small quantity of CQDs added, the topo-
graphical structures of the electrospun PDLA/PLLA/CQD nano-
bers show no signicant change when compared with those of
their PDLA and PDLA/PLLA counterparts.

Fig. 5 and Table 1 show the DSC results of the as-electrospun
PDLA, PDLA50/PLLA50 and PDLA49.5/PLLA49.5/CQD1 based
nanobers. On DSC thermograms, polylactides generally show
lower melting temperature peaks below 180 �C, assigned to the
melting of homocrystals (hc) of optically pure PLLA or PDLA,
and higher melting temperature peaks above 200 �C, assigned
to the melting of sc crystallites grown in enantiomeric PLA
pplied voltage of 12 kV: (a and b) PDLA; (c and d) PDLA50/PLLA50; (e and
(c) and (e), respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 DSC profiles of the PDLA, PDLA50/PLLA50 and PDLA49.5/
PLLA49.5/CQD1 based nanofibers, electrospun at the applied voltage of
12 kV.
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blends.43–48 Herein, glass transition, cold crystallization, and
melting peaks are clearly observed for the electrospun PLA
bionanobers fabricated with dichloromethane and alcohol as
a mixed spinning solvent. Similar to the PLA bers electrospun
with chloroform,43 the cold crystallization peaks are adjacent to
or slightly overlap with the glass transition peaks. For the PDLA
bers, the endothermic peak at 176 �C suggested that actually
homocrystallites were formed. In contrast, a single endotherm,
centered at 226 �C, was detected for the PDLA/PLLA/CQD
nanobers, which is the same as that of the electrospun PDLA/
PLLA, conrming the co-crystallization of PLLA and PDLA in the
presence of CQDs. More astonishingly, no endothermic peak
corresponding to the melting of homocrystals was observed for
the PDLA/PLLA/CQD nanobers. This indicated that electro-
spinning at a high voltage enhanced the formation of sc crys-
tallites, and at the same time remarkably suppressed the growth
of homocrystallites in the ternary hybrid composite nanobers.
Consequently, the DSC data demonstrated that fully stereo-
complexed PDLA/PLLA/CQD bionanobers were successfully
fabricated during the electrospinning process, though the sc
crystallinity is somewhat slightly lower than that of their PDLA/
PLLA counterparts. The formation of a stereocomplex (sc) from
enantiomeric PDLA and PLLA has been proved to be an effective
Table 1 DSC data of the PDLA, PDLA50/PLLA50 and PDLA49.5/PLLA49.5/C

Specimen (x/y/z) Tg
a (�C) Tcc

b (J g�1) Tm(hc)
c (�C) Tm(sc)

c (�C) DHc

100/0/0 55 81 176 — 22.0
50/50/0 55 82 — 226 19.4
49.5/49.5/1 55 78 — 226 24.4

a Glass transition temperature. b Cold crystallization temperature. c Tm(
stereocomplex crystallites, respectively. d Cold crystallization peak area.
and stereocomplex crystallites, respectively. f Xc(hc) and Xc(sc) are th
respectively, calculated from DSC measurements. The theoretical melt
assumed to be 106 and 142 J g�1, respectively.33

This journal is © The Royal Society of Chemistry 2019
approach to enhance the thermal stability of the polymer.45,46

Herein, the stereocomplexed hybrid PDLA/PLLA/CQD nano-
bers have a melting point 50 �C higher than that of the PDLA
based nanobers. It is clearly evidenced that the heat resistance
of the glowing bionanobers was signicantly improved
through the electrospinning accelerated stereocomplexation
process.

Fig. 6a schematically illustrates the charge generation
process during the impact on an electrospun PDLA/PLLA/CQD
hybrid nanobrous web sample, with reference to the test
results of its mechanical-to-electrical conversion (Fig. 6b–d). As
shown in Fig. 6a-I, originally there is no charge on the surfaces
of the bionanober stack. When the sample is impacted, the
total thickness of the brous web stack decreases, resulting in
an increase of the charge density on the top and bottom elec-
trodes, due to the shear piezoelectric response of polylactides.
As the compression increases, the charge density on both
electrodes continues to increase. Aer maximum compression,
the pressure starts to reduce and the sample subsequently
returns to the original thickness with maximum charge density.
Moving to Fig. 6a-II, the variation of charge density subse-
quently reaches a steady and persistent state with the continued
application of impact pressure. With sample squeezing, the
total thickness of the charged nanober stack decreases again,
causing the charge density on the top and bottom electrodes to
decrease. The current ows from the bottom to the top elec-
trode, and an instantaneous positive signal output is generated.
As the compression further increases, the charge density on
both electrodes continues to decrease until a new equilibrium
state is attained. In the releasing process, the charge density on
both electrodes also increases. This results in the current
owing back from the top to bottom electrode, and a negative
signal output is induced accordingly. Aerwards, the sample
returns to its original state, and the cycle then repeats itself. In
this way, stable and durable power generation is realized from
the glowing stereocomplexed hybrid bionanobers.

The switching polarity test is generally used to identify
whether the piezoelectric signal is an artifact, resulting from the
inuence of the measurement system and environment, or the
true electricity output, originating from the piezoelectric prop-
erty of a PNG.55–61 Herein, switching polarity tests were also
conducted in order to further determine whether the electrical
outputs were actually generated by the assembled bio-PNGs.
Fig. 6b schematically illustrates the forward and reverse
connection congurations of the PDLA/PLLA/CQD based bio-
QD1 nanofibers, electrospun at the applied voltage of 12 kV

c
d (J g�1) DHm(hc)

e (J g�1) DHm(sc)
e (J g�1) Xc(hc)

f (%) Xc(sc)
f (%)

7 55.82 0 31.84 0
9 0 74.02 0 38.40
3 0 65.23 0 29.02

hc) and Tm(sc) are the melting temperatures of homocrystallites and
e DHm(hc) and DHm(sc) are the melting enthalpy of homocrystallites
e crystallinities of homocrystallites and stereocomplex crystallites,
ing enthalpies of homocrystallites and stereocomplex crystallites are

J. Mater. Chem. A, 2019, 7, 1810–1823 | 1815
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Fig. 6 Schematic drawing of the power generation process of PDLA/PLLA/CQD nanofibers (a), schematic illustration of the forward (left) and
reverse (right) connection configurations of the PDLA/PLLA/CQD based bio-PNGs in reference to the measurement system (b), and the
generated open-circuit voltage (c) and short-circuit current (d) of the 7-layer stacked PDLA49.5/PLLA49.5/CQD1 nanofibrous web when it is
forward- and reverse-connected to themeasurement system at a stimulation frequency of 1.5 Hz and applied force of 10 N. Sample size: 2 cm�
2 cm.
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PNGs under mechanical impact, in reference to the measure-
ment system. For the forward connection test, the positive
probe and negative probe of the measurement system, respec-
tively, are connected to the positive and negative ends of a bio-
PNG. In contrast, the positive and negative probes of the
measurement system are respectively connected to the negative
and positive ends of the same bio-PNG for the reverse connec-
tion test. The electrodes of the 7-layer stacked PDLA49.5/
PLLA49.5/CQD1 nanober based PNG were connected in forward
and reverse connections, respectively, and the obtained open-
circuit voltage output and short-circuit current signals are
shown in Fig. 6c and d, respectively. As expected, the wave
patterns of the forward- and reverse-connected output signals
were in opposite directions. Also, there was little difference
between the electrical output values. It is hence proved that the
measured electrical signals are indeed piezo signals generated
by the hybrid bionanobers instead of triboelectric signals from
the measurement system.

We also noted that in Fig. 6c and d the difference between
the positive and negative voltage peaks is much greater than
that between the current peaks. The short-circuit current
1816 | J. Mater. Chem. A, 2019, 7, 1810–1823
signals revealed more characteristics of alternating current
(AC), and the positive and negative pulses were generated,
respectively, with the direct impact and the subsequent relaxed
stress from the damping effect. Nevertheless, in contrast with
the positive voltage peak, the negative voltage peak was almost
negligible, and the voltage value appeared only as a unidirec-
tional peak on this device. Similar electrical output results were
also observed on exible piezoelectric (1�x)Pb(Mg1/3Nb2/3)O3-
XPbTiO3 (PMN-PT) nanowire based nanocomposites and
devices.61 It was reported that a piezoelectric nanocomposite
based nanogenerator could also serve as a capacitor.61,62 When
a piezoelectric voltage is generated, the induced charges are
stored on the electrode surfaces, and will then be consumed if
an opposite voltage is applied.61 Consequently, the measured
value of the negative voltage is always negligibly small if
compared with that of the positive voltage.61 Distinct from the
open-circuit voltage, the induced short-circuit current mainly
depends on the amplitude of the piezoelectric potential.61 There
is no signicant difference between the piezoelectric potentials
generated by the direct impact and the subsequent relaxed
This journal is © The Royal Society of Chemistry 2019
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stress, hence the difference between the measured values of the
positive and negative currents is not so obvious.61

Fig. 7 shows a comparison of the electrical outputs of the 5-
layer stacked 2 cm � 2 cm electrospun PDLA, PDLA50/PLLA50

and PDLA49.5/PLLA49.5/CQD1 based nanobrous webs, gener-
ated at a stimulation frequency of 1.5 Hz and applied force of 10
N. Generally, the optically pure polylactides have very small
shear piezoelectric responses. Nevertheless, the current and
voltage outputs of the as-prepared PDLA nanobers reached 102
nA and 3.6 V, respectively, further suggesting that a relatively
high degree of orientation of chiral crystallites and molecular
chains was achieved during the electrospinning. More inter-
estingly, although PDLA and PLLA have opposite signs of the
piezoelectric constant, more improved piezoelectric responses
were still observed on the electrospun stereocomplexed PDLA/
PLLA sample. Its short-circuit current and open-circuit voltage
outputs reached 125 nA and 3.8 V, respectively. This should be
attributed to the favorable orientation of the C]O dipoles of
the nanobers, within and outside the stereocomplexed
regions, caused by the optimum high voltage stimulation of
electrospinning, together with their ideal macro/microscale
topographical structures, created with the assistance of
a special mixed spinning solvent. For the PDLA/PLLA/CQD
nanobers, the generated current and voltage outputs were 89.2
nA and 3.1 V, respectively. With the same heat resistance being
retained, the stereocomplexed hybrid bionanobers achieved
electrical outputs comparable to those of their PDLA/PLLA
counterparts. Moreover, multicolor photoluminescence was
achieved, due to the successful introduction of CQDs. There-
fore, a self-powered multifunctional bionanober is realized
with the electrospinning technique and may present new
potentials in a new generation of autonomous optoelectronic
devices.

Compared with those of the PDLA/PLLA nanobers, the
electrical outputs of the PDLA/PLLA/CQD nanobers were
slightly reduced (Fig. 7). Nevertheless, the introduction of CQDs
enabled the hybridized nanobers to emit the desired excita-
tion-light dependent multicolor luminescence (Fig. 3). Also, the
PDLA/PLLA composite materials showed better heat resistance
than pure PDLA or PLLA, due mainly to the formation of
Fig. 7 Open-circuit voltage (a) and short-circuit current (b) outputs o
based nanofibrous web stacks with 5 layers, generated at a stimulation fre
each sample.

This journal is © The Royal Society of Chemistry 2019
stereocomplexed crystals (Fig. 5 and Table 1). Further studies
using electrospun PDLA/PLLA/CQD nanobrous lms as
piezoelectric units showed that their piezoelectric outputs
might be optimized with the exible stacking of collapsible
nanowebs as well as the tuning of the amplitude and/or
frequency of stimulated dynamic loads. Thus, the combined
advantages of high piezoresponse, multicolor luminescence
and simultaneously improved heat resistance could be achieved
in a single PDLA/PLLA/CQD based composite, allowing the
development of a new mechatronics platform for multifunc-
tional self-powered bio-devices.

Fig. 8 shows the generated voltage and current outputs of the
increasingly layered electrospun PDLA49.5/PLLA49.5/CQD1

nanoweb stacks, at a stimulation frequency of 1.5 Hz and
applied force of 10 N. Both the open-circuit voltages and short-
circuit currents increased with the increase of the stacked layers
of PDLA/PLLA/CQD nanowebs. At the maximum of 7 layers, the
short-circuit current and the corresponding open-circuit voltage
reached 103 nA and 3.8 V, respectively. According to a calcula-
tion, the voltage output density of the 7-layer stacked PDLA/
PLLA/CQD nanoweb is 29.69 V cm�3. It can be seen that if the
number of layers is continuously increased, the generated
electrical outputs will continue to increase accordingly.

Comparisons of electrical outputs were made with other
processed PDLA/PLLA/CQD materials. Fig. S2, ESI† shows the
electrical outputs of the PDLA49.5/PLLA49.5/CQD1 based lms,
fabricated through direct solution casting and electrospinning
at 0 and 1400 rpm rotating speed, respectively. For the solution
cast PDLA/PLLA/CQD lm, very low current and voltage outputs
were observed at a stimulation frequency of 1.5 Hz and applied
force of 10 N. Nevertheless, the electrical outputs of PDLA/PLLA/
CQDs were improved remarkably by the electrospinning
process, due mainly to the electrospinning enhanced orienta-
tion of chiral crystallites and molecular chains. Moreover, the
electrical outputs of the electrospun PDLA/PLLA/CQD nano-
brous lms increased with an increase in the rotation speed of
the receiving device, as the speed increase of the rotating drum
may further increase the orientation degree of the chiral crys-
tallites and molecular chains of the nanobers. Herein, the
PDLA/PLLA/CQD nanobrous lms electrospun at 0 and 1400
f the electrospun PDLA, PDLA50/PLLA50 and PDLA49.5/PLLA49.5/CQD1

quency of 1.5 Hz and applied force of 10 N. The size is 2 cm� 2 cm for

J. Mater. Chem. A, 2019, 7, 1810–1823 | 1817
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Fig. 8 Open-circuit voltage (c) and short-circuit current (d) outputs of the electrospun PDLA49.5/PLLA49.5/CQD1 nanoweb stacks, with an
increasing number of layers, generated at a stimulation frequency of 1.5 Hz and applied force of 10 N. The size is 2 cm � 2 cm for each sample.
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rpm rotating speeds are termed unoriented and oriented elec-
trospun lms, respectively. The short-circuit current output of
the oriented electrospun lm exceeded that of the unoriented
electrospun lm by four times, while the open-circuit voltage
output was two times higher than that of the unoriented elec-
trospun lm.

The piezoelectric electrical outputs of PDLA/PLLA/CQD
nanobers were also investigated with the changes in electro-
spinning voltage as well as in the PDLA/PLLA ratio. Fig. S3, ESI†
shows the electrical outputs of the PDLA49.5/PLLA49.5/CQD1

nanobrous lms electrospun at various spinning voltages,
generated at a stimulation frequency of 1.5 Hz and applied force
of 10 N. With the increase of the spinning voltage from 9 to 16
kV, the open-circuit voltage output increased slightly, whereas
the optimum short-circuit current output was observed at 12 kV,
and was much higher than that at 9 or 16 kV. The electrical
outputs showed the same trend with the increase in the PDLA/
PLLA ratio in the electrospun PDLA/PLLA/CQD nanobrous
lms (Fig. S4, ESI†). Although the generated open-circuit
voltage increased with the increase in PDLA content, the highest
short-circuit current was achieved with a PDLA/PLLA/CQD
nanobrous lm in which the PDLA and PLLA were mixed in
the same ratio. The phenomena in which the current and
voltage output variations do not always show the same trend
were also observed in other kinds of PNGs with the utilization of
1D polymer nanobers.58 The above results suggested that the
PDLA/PLLA/CQD based hybrid bionanobers with optimal
electrical output were able to be fabricated by tuning the elec-
trospinning conditions as well as the internal composite
structures.

To put these kinds of hybrid bionanobers into practical use,
it is necessary to consider the diversication of the external
dynamic stimulus, as the frequency and intensity of the applied
impact in real situations may not be as regular as those in the
laboratory. Therefore, the mechanical-to-electrical conversions
of a 7-layer PDLA49.5/PLLA49.5/CQD1 nanobrous web stack
sample, with an area of 2 cm� 2 cm and a volume of 0.128 cm3,
were evaluated by controlling the frequency and amplitude of
the stimulation force, and the generated voltage and current
outputs are shown in Fig. 9. With the increase of stimulation
frequency at a given force of 10 N, both the open-circuit voltage
1818 | J. Mater. Chem. A, 2019, 7, 1810–1823
and short-circuit current outputs increased signicantly (Fig. 9a
and b). When the frequency increased from 1.5 to 3 Hz, the
voltage outputs increased step by step from 3.8 to 9.5 V. At the
same time, the short-circuit current was accordingly raised to
620 nA. We also noted that a huge rise in current output
occurred when the frequency was increased above 2 Hz.
Comparing the current results generated at 2 and 2.5 Hz, the
short-circuit current increased exponentially from 158 to 480
nA. The maximum electrical output values were observed at 3
Hz, with an open-circuit voltage output density of 74.2 V cm�3

and a short-circuit current output density of 4.9 mA cm�3. The
electrical output increase with the variation of the applied
frequency was also evidenced in poly(vinylidene uoride) or
poly(vinylideneuoride-co-triuoroethylene) based piezoelec-
tric nanogenerators as well as in cellular polypropylene piezo-
electric generators.58–60 For a PNG utilizing an elastic
piezopolymer, its dynamic modulus increases with the increase
of stimulation frequency, and this in turn results in an
increased output response at higher frequencies.58 Also, the
strain rate of the PNG increases when the loading frequency
increases with a xed strain magnitude.59 In such cases, more
bound charges are generated, consequently leading to larger
piezoelectric voltage and current.59

Moreover, the short-circuit current as well as the corre-
sponding open circuit voltage produced by the press-and-
release cycles increased when the magnitude of the stimulation
force was increased at a xed frequency of 1.5 Hz (Fig. 9c and d).
With a force from 10 to 200 N, the voltage increased from 3.8 to
7.9 V, corresponding to a maximum density of 61.7 V cm�3, and
the current also increased from 113 to 313 nA, corresponding to
a maximum density of 2.5 mA cm�3. According to the above
results, increasing the magnitude and frequency of the excita-
tion force can lead to a larger electrical output for the so
electrospun hybrid bionanobers, but the increase is not
innite. Excessive excitation and frequency may damage the
brous samples. Also, the increase of the electrical output of the
hybridized stereocomplex nanobers is more sensitive to the
variation of stimulation frequency. A very high electrical output
density can be realized with a relatively lower magnitude of
dynamic load at a higher frequency.
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Electrical outputs of the electrospun PDLA49.5/PLLA49.5/CQD1 nanofibrous web stacks with 7 layers under various loads or frequencies: (a)
open-circuit voltage and (b) short-circuit current outputs, stimulated at different frequencies and a given force of 10 N; (c) open-circuit voltage
and (d) short-circuit current outputs, stimulated at different forces and a fixed frequency of 1.5 Hz. Sample size: 2 cm � 2 cm.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

19
 1

2:
53

:5
5 

PM
. 

View Article Online
To determine the optimum electrical output power, the
output voltage and current of the electrospun nanobrous
PDLA/PLLA/CQDs were further measured under various
external load resistances. As shown in Fig. 10a, with the
increase of the external resistance, the short-circuit current
amplitude decreased, due mainly to the ohmic loss, whereas the
open-circuit voltage followed a reverse trend. The change was
particularly sharp when the load resistance was increased from
10MU to 1 GU. The dependence of the calculated instantaneous
peak power density on load resistance is plotted in Fig. 10b for
a 7-layer PDLA49.5/PLLA49.5/CQD1 nanobrous web stack sample
stimulated at 1.5 Hz and 10 N. The instantaneous peak power
was maximized at an external load resistance of 384 MU, cor-
responding to a peak power density of 5.5 mW cm�3.

For the electrospun nanobrous PDLA/PLLA/CQDs, high
piezoelectric outputs have been obtained by tuning the ampli-
tude and/or frequency of the stimulated dynamic force.
However, it is still necessary to further study whether the hybrid
bionanobers are able to output the piezoelectric signals for
a long period of time, as long-term stable and durable energy
harvesting is vital to the operation of a sustainable and auton-
omous bioelectronic device. Herein, short-circuit current output
is chosen as the main parameter in evaluating the stability and
durability of the PDLA/PLLA/CQD nanober based PNG. At
a force of 10 N and a frequency of 1.5 Hz, the 7-layer PDLA49.5/
PLLA49.5/CQD1 nanoweb stack was impacted for about 10 000
cycles, and the corresponding current output is shown in
Fig. 11a. More interestingly, not only did no performance
degradation happen for the sample during the test cycles, but
This journal is © The Royal Society of Chemistry 2019
the current output also increased in the initial stage. With the
increase of experimental time, the output of the short-circuit
current kept increasing under the continuous impact until the
hits reached 5000 cycles, and then it became stable and
repeatable, with a maximum value of 145 nA. This means the
piezoelectric outputs of the bio-PNG will not attenuate over
a long period of dynamic load, and more kinetic energy can be
collected instead due mainly to a self-perfection of the electro-
spun brous web under the sustained impact. The self-
improvement of the electrical output performance may be
attributed to the unique internal composite structure of the bio-
PNG. The electrospun nanober web is similar to a cotton-like
textile fabric, and the inside is a porous and so structure
arranged with countless laments. The uffy nanober webs are
continuously compacted during long term impact, and more
charges are hence accumulated on the bio-PNG electrodes,
corresponding to the increasing electrical outputs in the early
stage. Nevertheless, with the impact cycles further increasing,
a balance state is achieved between the stress and relaxation of
the nanobrous webs, and then they achieve stabilized but
improved piezoelectric outputs. During the stability and dura-
bility test, a LED was connected to the electrodes at both ends of
the 2 cm � 2 cm hybridized nanobrous bio-PNG, and the light
bulb kept shining with the cyclical impacts on the sample, as
shown in Fig. 11b. In view of the results, it is conceivable that
more stable electrical power will be generated by using a larger
amount of such ber web stacks for the assembling of bio-
PNGs. This signies the great potential of the electrospun
hybrid bionanobers in many commercial applications.
J. Mater. Chem. A, 2019, 7, 1810–1823 | 1819
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Fig. 11 Output current–time curves of the 7-layer PDLA49.5/PLLA49.5/CQD1 nanoweb stack for z10 000 continuous working cycles, whole
signal, stimulated by a 1.5 Hz and 10 N impact (a), and a digital picture showing the LED operated with the generated power during the stability
and durability test (b). Sample size: 2 cm � 2 cm.

Fig. 10 Dependence of the voltage and current outputs (a) and the calculated power density (b) on external load resistance, for a 7-layer
PDLA49.5/PLLA49.5/CQD1 nanofibrous web stack sample, stimulated at 1.5 Hz and 10 N. The points represent peak values of the electrical signals,
and the curves are fitted results. Sample size: 2 cm � 2 cm.
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Conclusion

In summary, we have demonstrated the successful design and
fabrication of a novel electrospun stereocomplex PDLA/PLLA/
CQD based hybrid nanober. The introduction of CQDs
during electrospinning endowed the hybridized bionanobers
with desirable excitation-light dependent multicolor lumi-
nescence. Also, the optimum high voltage stimulation of
electrospinning, with the assistance of mixed dichloro-
methane and alcohol as a spinning solvent, favored the
manufacture of PDLA/PLLA/CQD nanobers with ideal macro/
microscale topographical structures, and remarkably
enhanced the formation and orientation of the internal ster-
eocomplexed crystallites. This, in turn, allowed the luminous
bers to harvest dynamic mechanical energy with a direct
piezoelectric conversion of high efficiency. Being assembled as
a bio-PNG, the electrical outputs of the electrospun stereo-
complex bionanobers were optimized with the exible
stacking of collapsible nanowebs as well as the tuning of the
amplitude and/or frequency of stimulated dynamic loads, and
the maximum open-circuit voltage and short-circuit current
output density achieved were 74.2 V cm�3 and 4.9 mA cm�3,
respectively. As a power source to operate LEDs, the
1820 | J. Mater. Chem. A, 2019, 7, 1810–1823
stereocomplexed hybrid bio-PNG showed good stability and
durability together with a self-perfection mechanism, and no
decay in electrical output was observed for more than 10 000
continuous working cycles. Considering their combined
advantages of high shear piezoresponse, multicolor photo-
luminescence and simultaneously improved heat resistance,
the as-developed multifunctional hybrid bionanobers may
have promising applications in environmentally friendly self-
powered bio-sensors and bio-piezoelectric nanogenerators in
a new-generation of transient electronics and implantable
medical devices.
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