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A B S T R A C T   

In recent years, inorganic perovskite materials have emerged as a great potential in optoelectronic and flexible 
nanogenerator applications. In this study, we have synthesized blue to green tunable photoluminescent (PL) 
inorganic CsPbX3 (X-Cl/Br) perovskite nanocrystals (NCs) utilizing a heat treatment process at a temperature of 
150 ◦C. The purity of the NC’s luminescence was analyzed utilizing PL spectroscopy and the pristine blue and 
green emissions were observed at a 365 nm wavelength under ultraviolet light. Furthermore, the NCs were 
embedded in a poly(D,L-lactide) (PDLLA) polymer matrix to fabricate flexible blue and green luminous CsPbX3- 
PDLLA piezoelectric nanogenerators (CPX-PDLLA PENGs). The Fourier-transform infrared spectroscopy char
acterization of both CPX-PDLLA PENG devices further revealed that perovskite NCs were successfully encap
sulated by the PDLLA polymer matrix. The fabricated perovskite based PENGs were tested by hand tapping 
motion at a 240 beats per minute load frequency to explore the alternating current electrical outputs. The results 
illustrated that the maximum open circuit voltage and short circuit current obtained for the green PL NCs (g-CPX 
NCs) incorporated PENG were 1.69 and 1.42 times higher, respectively, in contrast to the blue PL NCs (b-CPX 
NCs) incorporated PENG. In addition, both b-CPX and g-CPX PDLLA PENGs were tested against a range of 
resistance and the maximum power output obtained was ~335.44 and ~797.22 μW respectively with an active 
contact area of 31.67 cm2 for all PENGs. The developed flexible g-CPX PDLLA PENG was able to light up 50 
commercial light emitting diodes (1.5 V each) indicating the vast promising applications of the PDLLA-CPX 
PENG as a soft high-performance self-chargeable device.   

1. Introduction 

Energy harvesting is the process of extracting, converting, and stor
ing energy from environmental sources. Energy harvesting can be ach
ieved by modulating different variables such as: pressure, vibration, 
motion, and temperature. Energy harvesting has sparked interest in 
developing new materials to establish more alternatives for the use of 
fossil fuels [1–3]. Among these alternatives piezoelectricity is one of the 
most extensively researched. Piezoelectricity is the production of elec
trical charges in a material or system by an applied mechanical stress 

and vice versa [4,5]. Different mechanical stresses that can produce 
piezoelectricity include human movement, pressure, wind, rain, etc. In 
recent years, piezoelectric nanogenerators (PENGs) have gained rapid 
interest due to their potential to convert weak and irregular mechanical 
energy to electrical energy from the environment [6,7]. PENGs have also 
become attractive as an alternative to traditional batteries for low 
electrical power portable devices and microelectronic devices. There are 
many factors that affect the performance of PENGs, but the main goal of 
PENGs is to increase its flexibility and voltage/current output. To in
crease the flexibility and voltage/current output of PENGs, several 
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materials and material combinations can be utilized such as: inorgani
c/organic materials, chemical doping of piezoelectric materials, 
compatible substrates, and composite thin film materials [6,8]. 

Various materials including polymers [9,10], semiconductors [11, 
12] and ceramics [13,14] have been utilized to develop PENGs [7,8]. 
Among these materials, ceramic perovskite materials are well known for 
their exceptional piezoelectric properties to fabricate PENGs [15,16]. 
However, ceramic perovskite materials are limited because of their 
brittleness due to their processibility. To increase the ductility of 
ceramic perovskite materials, polymers are introduced to provide a 
reinforcement for the inorganic/organic composite material [17,18]. 
Halide perovskites (HPs) have been utilized for their extraordinary 
photovoltaic and optoelectronic properties [19–21]. HPs are extremely 
sensitive to environmental stimuli such as pressure and temperature. 
Pressure and temperature cause the dipole oscillation in HPs leading to 
the creation of a potential difference producing electricity [15]. 

Ever since the first development of the PENG in 2006 by Wang et al. 
utilizing zinc oxide (ZnO) nanowires, different materials have been 
utilized to create efficient PENGs as an alternative for sustainable elec
trical energy [22]. For example Ding et al. fabricated a PENG consisted 
of formamidinium lead halide perovskite (FAPbBr3) nanoparticles and a 
polydimethylsiloxane (PDMS) polymer matrix [17]. The PENG exhibi
ted a piezoelectric output voltage of 8.5 V and current density of 3.8 μA 
cm−2 under periodically vertical compression and release. Yoon et al. 
applied CH3NH3PbI3 (MAPbI3) perovskite thin films to fluorine doped 
SnO2 (FTO)/glass and Au/Ti/polyethylene terephthalate (PET) sub
strates [16]. The thin film PENGs reached a piezoelectric output voltage 
of 2.7 V and current density of 140 nA cm−2. Ding et al. also fabricated a 
PENG consisted of FAPbBr3 nanoparticles and a poly(vinylidene fluo
ride) (PVDF) polymer matrix [23]. This PENG exhibited a piezoelectric 
output voltage of 30 V and current density of 6.2 μA cm−2. The PENG 
showed the highest outputs for voltage and current density for 
organic-inorganic lead halide perovskite material based PENGs. 

In particular, cesium lead halide (CsPbX3, X = Cl, Br, and I) perov
skites have emerged as potential semiconductor materials for various 
applications including solar cells [24], lasers [25], light-emitting diodes 
(LEDs) [26], photocatalysis [27], photodetectors [28], and visible light 
communication devices [29]. These materials have shown potential to 
become alternatives for II-VI, III-V, and IV-VI quantum dots (QDs) as the 
next generation of display and lighting materials because of their high 
quantum yield (QY), tunable wide color gamut photoluminescence, high 
color purity, high absorption coefficient, crystal structure, high defect 
tolerance, etc. [19,21,30,31]. Furthermore, CsPbX3 perovskites have 
unique dielectric properties and an ideal dielectric constant promoting 
piezoelectric behavior [21]. CsPbX3 perovskites have a cubic structure 
which also allows the unit cell to deform into various ferroelectrically 
active non-cubic phases [18]. The piezoelectric behavior can also be 
attributed to the intrinsically high polarizability caused by ionic sub
stitution, dipolar or hopping contributions of polarons due to the 
non-centrosymmetric crystal structure of [PbX6]4- [21]. Moreover, 
Mondal et al. showed that inclusion of 5 wt% of CsPbBr3 rods in ferro
electric polymers like poly (vinylidene fluoride) (PVDF) nanofiber ma
trix not only increased the desired electroactive β-phase (electroactive β 
phase in PVDF > 90 %) formation, but also enhanced overall crystal
linity and dielectric permittivity in the hybrid composite yielding a 
maximum 120 Voc and 35 μA Isc with a power output of 4.24 mW [32]. 
The randomly oriented CsPbBr3 rods in the PVDF fiber matrix improved 
the localized electric field and domain mobility at the localized stress 
points. This is attributed to improved overall polarization of the fiber 
composite [32,33]. Furthermore, Mondal et al. demonstrates that a 3 wt 
% loading of CsPbCl3 nanocrystals in PVDF nanofibers facilitates an 
increment of over 86 % of electroactive β phase in PVDF owing to the 
interfacial surface charge interaction of CsPbCl3 and –CH2– and –CF2– 
dipoles of the PVDF chain [34]. An instantaneous output voltage of 
168 V and peak-to-peak output current of 2 μA by hand hammering 
resulted from the hybrid composite. 

Nevertheless, the intrinsic instability of CsPbX3 perovskites associ
ated with their poor stability against moisture, light, and temperature 
presents a challenge to develop CsPbX3 perovskite PENGs [35,36]. To 
overcome these issues, many synthetic strategies such as ultrasonication 
[37], chemical vapor deposition [38], ball-milling synthesis [39], 
microwave-assistance [40], including numerous synthetic alterations in 
hot injection technique [41] have been attempted to synthesize CsPbX3 
nanocrystals (NCs). However, the imbalance in stoichiometric equilib
rium between cations and anions are affected by the inert atmosphere 
and high temperature associated with large-scale production of CsPbX3 
NCs [42,43]. Another method utilized to protect CsPbX3 NCs is the 
encapsulation within protective matrices, which prevents NCs from 
segregation as well as safeguard them from thermal and environmental 
instability [19,44]. A gamut of protective methods such as atomic layer 
deposition, spin coating, protective coating, nanoparticle coating, 
polymer matrix methods, and polymer blend techniques have been 
applied to enhance the stability of CsPbX3 NCs [45,46]. However, re
ported studies still face significant challenges to ensure a uniform dis
tribution of NCs in matrices, a low production rate, monotonous post 
treatment to prepare the perovskite materials, etc. [19]. 

Recently, encapsulation of perovskite NCs in a polymer matrix has 
drawn significant attention as polymer matrices besides aiding in pre
venting agglomeration also provide mechanical and chemical stability 
to the NCs. Furthermore, polymer matrices offer processability towards 
thin films and microsphere structures among other systems. In this 
study, we have successfully synthesized blue and green photo
luminescent CsPb(Br/Cl)3 perovskite NCs embedded in a poly(D,L-lac
tide) (PDLLA) polymer matrix. PDLLA was utilized because of its 
biodegradable, mechanical, moisture resistance, flexible processibility 
properties [47]. In addition, polylactide based polymer composite/
fibers offer enhanced piezoelectric performance which can be applied to 
electronic skin sensor and energy harvesting applications [48–50]. Zhao 
et al. showed that the piezoelectric response of poly (L-Lactic) acid 
(PLLA) fibers results from the C––O dipole polymer chains [49]. The 
C––O function group of PLLA fibers is associated with the α phase 
generally located around the 103 helical structure whereas the β phase is 
located at the 31 helical structure [49,50]. These two main polymer 
chains generally arrange in an antiparallel formation relative to each 
other, so in normal conditions the PLLA doesn’t show piezoelectric 
properties [50,51]. However, under shear stress or under a strong 
electric field, the polymer chains twist and eventually the C––O dipole 
components orient along the carbon main chain direction and make 
them parallel to each other [48]. This results in a piezoelectric response 
along the fiber direction [48,49]. In addition, the β crystal structure 
results from the stretching of the PLLA material correlating to the 
thermal stability and piezoelectric response as presented by Gong and 
Oumghar et al. [48,52]. 

Here, in this investigation, developed PENGs were subjected to 
nano/microscopic morphology, infrared spectroscopy, and photo
luminescence spectroscopy analysis to inspect the NC’s structure, shape, 
size, distribution, photophysical properties, compositional stretching of 
different bonds present in the perovskite NCs and its associated CsPbX3- 
PDLLA piezoelectric films. In addition, the effect of encapsulated CsPbX3 
NCs on the piezoelectric performance of the fabricated polymeric 
CsPbX3-PDLLA PENGs were also investigated under a range of hand 
tapping motions to illustrate alternating electrical (AC) output (open 
circuit voltage and short circuit current). Furthermore, the PENGs were 
also tested against various capacitors and resistive loads to explore the 
applicability of synthesized CsPbX3-PDLLA PENGs for the prospective 
charging of small electronic devices and lighting commercial light 
emitting diodes (LEDs) within a short period of time. 
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2. Experimental 

2.1. Materials 

Poly (D,L- lactide) (PDLLA) with MW = 160 kgmol−1 was purchased 
from NatureWorks LLC (Ingeo 6362D). Lead (II) bromide (PbBr2, ≥98 
%), cesium chloride (CsCl, 99.99 %), toluene (C7H8, ≥99 %), N,N, 
dimethylformamide (DMF, ≥99.7 %) and chloroform (CHCl3, ≥99 %) 
were all provided by Fisher Scientific. Oleyl amine (OA, 70 %) and oleic 
acid (OLA, 90 %) obtained from Sigma Aldrich. All materials were uti
lized as received without any further purification. 

2.2. Preparation of CsPb(Cl/Br)3 NCs encapsulated PDLLA film 

The blue and green CsPb(Cl/Br)3 NCs synthesis technique was 
addressed in our previous work [19]. The synthesized NCs will be known 
as b-CPX and g-CPX NCs. To prepare the PDLLA polymer solution, 
PDLLA was first added to a CsPb(Cl/Br)3 NC embedded chloroform so
lution in a 20 mL glass vial to make 13 wt% polymer solutions. The 
solution was then stirred with a magnetic stirrer for 12 hr at 800 rpm to 
ensure complete dissolution. Then, the solution was poured into a petri 
dish and kept in the oven at 60 ◦C for 6 hrs to obtain a PDLLA polymer 
film by removing all the solvent from the system. The final NCs encap
sulated polymer films are abbreviated as b-CPX PDLLA and g-CPX 
PDLLA films. Fig. 1 illustrates the synthesis of b-CPX NCs, g-CPX NCs, 
b-CPX PDLLA film, g-CPX PDLLA film, the encapsulation of NCs in the 
PDLLA film and their respective bright blue and green photo lumines
cent emission under ultraviolet (UV) irradiation at 365 nm wavelength. 

2.3. Fabrication of CPX PDLLA PENG 

The CPX PDLLA films were removed from the petri dish and cut into 
circular shapes with a diameter of 6.35 cm. To properly create the 
PENG, commercially available copper (Cu) tape was attached on both 
sides of the film to work as electrodes. All the electrical tests were done 
in ambient conditions. 

2.4. Characterization 

The synthesized b-CPX and g-CPX NCs were analyzed using a Bruker 

D8 Advance X-ray diffractometer (XRD) with Cu Kα1 radiation (λ =

0.15406 nm). The obtained XRD data was collected using a scanning 
mode of 2θ with a scanning step size of 0.04◦ and a scanning rate of 
2.0◦ min−1. The morphology of the CPX-PDLLA films were characterized 
by using a field emission scanning electron microscope (FESEM) with an 
acceleration voltage of 1.0 kV (Sigma VP, Carl Zeiss, Jena, Germany). 
The fourier Transform Infrared (FTIR) Spectra of the NCs and NC 
encapsulated piezoelectric films were performed by using a 133 VERTEX 
70 v FTIR Spectrometer (Bruker). The transmittance data of the NCs and 
polymer films were recorded from a range of 450 cm−1 to 4000 cm−1 

wavelengths. Photoluminescent (PL) spectroscopy measurements were 
carried out by using an Edinburgh Instrument FLS 980 spectrometer 
with a steady state xenon lamp source. The PL intensity data was 
recorded from a range of 400–600 nm wavelengths. 

2.5. Measuring of electrical output 

The open circuit output voltage of the b-CPX and g-CPX PDLLA PENG 
was measured by a Tektronix TDS1001B digital oscilloscope while the 
short-circuit current was measured by a Stanford Research Systems 
SR570 current preamplifier connected to the oscilloscope. 

3. Results and discussion 

Transmission electron microscopy (TEM) morphology of the CPX 
perovskite NCs is illustrated in Fig. 2a–d. Fig. 2a and b represent the b- 
CPX and Fig. 2c and d represent the g-CPX NCs at different magnifica
tions. It is shown in Fig. 2a and b that the b-CPX NCs are monodispersed 
with a diameter of 10–20 nm with a spherical shape. The stabilization of 
uncombined and separated natural b-CPX NCs in chloroform can be 
elucidated by coulombic interactions among the b-CPX perovskite 
nanocrystals overcoming the van der Waals forces [19]. A similar trend 
of the morphological structure was also observed for g-CPX NCs with a 
diameter increase of 20–30 nm. The distinctive aggregation of the NCs 
can be ascribed to thermal treatment at 150 ◦C. Fig. 2g illustrates the 
XRD patterns of the perovskite b-CPX and g-CPX NCs and their corre
sponding b-CPX and g-CPX PDLLA polymer composite films. The syn
thesized b-CPX NCs and their corresponding peaks match with the cubic 
CsPbBr3 crystal structure according to the CPDS number 54-0752 [19, 
53] indicating the same structure as CsPbBr3. However, the 2θ angle 

Fig. 1. Schematic of synthesis mechanism of photo luminous b-CPX, g-CPX NCs and b-CPX PDLLA, g-CPX PDLLA film.  
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Fig. 2. TEM morphology of (a,b) b-CPX NCs and (c,d) g-CPX NCs. (e,f) Electronic images of photo luminous b-CPX and g-CPX NCs in Toluene solution under UV light 
at 364 nm wavelength excitation. (g) XRD pattern of b-CPX, g-CPX NCs, b-CPX PDLLA and g-CPX PDLLA film. 

Fig. 3. (a,b) FESEM micrographs of b-CPX and g-CPX PDLLA films. FTIR (c) and PL emission (d) spectra of b-CPX and g-CPX NCs, b-CPX and g-CPX PDLLA film.  
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shifts slightly left for the g-CPX NCs which can be attributed to the 
thermal effect on the NCs and possible expansion of the unit cell and 
shifting of the peaks to a slightly lower angle (space groupPm3m, 
PDF#73-0692) [19]. Moreover, the PDLLA polymer matrix masked the 
lower angle peaks of the b-CPX and g-CPX NCs specially for 2θ < 28º, 
although higher angle peaks of the NCs were still observable for the 
PDLLA encapsulated CsPbX3 polymer composite films indicating that 
the intrinsic crystal structure of the NCs were still maintained in the 
CPX-PDLLA polymer films. The broader peaks in the range of 10º to 28º 
ascribed the PDLLA polymer. 

The FESEM morphology of the b-CPX and g-CPX PDLLA films are 
illustrated in Fig. 3a and b. Dents on the surface of the films can be 
observed from these figures. This result can be attributed to air being 
accumulated and trapped at the time of pouring the perovskite polymer 
solution into the petri dish and air drying out when heated in the oven. It 
yielded traces on the surface, but no air bubbles were observed inside 
the film. The SEM images in Fig. 3a and b were utilized to further obtain 
the energy-dispersive X-ray spectroscopy (EDX) spectrum of the CsPbX3- 
PDLLA films (Fig S1). C, O, and Cl were found occupied in the K shell and 
observed a voltage of 0.28, 0.525 and 2.625 KeV, respectively, whereas 
Cs and Br were occupied in the L shell and Pb in the M shell with an 
observed voltage of 4.3, 1.48 and 2.39 KeV, respectively. As shown in 
Fig. S1a and b, the atomic ratio of Cs, Pb, and (Cl+Br) is 0.82: 0.76: 2.42 
(b-CPX PDLLA film) and 0.97: 0.9: 2.82 (g-CPX PDLLA film) which 
equals the CsPbX3 stoichiometric ratio [54,55]. Moreover, the Cl/Br 
ratio in the b-CPX PDLLA film (Fig S1a) is 1.94: 0.48, whereas in the 
g-CPX PDLLA film (Fig S1b) the ratio observed was 1.33: 1.52. This 
signifies the high concentration of Cl present compared to the Br (b-CPX 
PDLLA film) and vice versa. The variation in the Cl/Br ratio could be 
ascribed to the heat treatment at 150 ◦C for the g-CPX NCs [19]. 

The FTIR spectra of both b-CPX and g-CPX NCs and their associated 
CPX-PDLLA PENG films are shown in Fig. 3c. The weak broad IR peaks at 
approximately ~3400 cm−1 for bare b-CPX and g-CPX NCs were 
attributed to –OH stretching of the carboxylic group of OLA [19,56]. The 
characteristic vibration at 2954 cm−1 corresponded to the stretching of 
N–H of OA and the characteristic vibrations 2856 and 2350 cm−1 cor
responded to the O–C––O stretching and the asymmetric stretching of 
CH3 [19,56,57]. The IR band around 1450 cm−1 is characterized by 
–NH2/–COO vibration arising from the amine/carboxylic acid group 
[19,58]. The −COO stretching at 1525 and 1553 cm−1 conferred to the 
binding of Pb-oleate species [59]. The distinctive stretching at the low 
wavenumber region (750–900 cm−1) is attributed to the Pb–X bonds 
present in bare b-CPX and g-CPX NCs while peaks at 908 cm−1 is 
attributed to the C––C bending vibration [19,57]. The intensity of the 
peaks ranged from 2800 to 3000 cm−1 and reduced for the g-CPX NCs. 
This corresponding induced variation could be conferred due to the heat 
treatment at 150 ◦C for g-CPX NCs. However, interestingly all the NC 
bands are completely masked when encapsulated by the PDLLA polymer 
matrix (b-CPX and g-CPX PDLLA polymer film). PDLLA shows O–H 
stretching in the range of 3000–3600 cm−1 in the IR band [60]. The 
characteristic sharp peaks at 2995, 2946, 1746 and 1080–1180 cm−1 are 
due to the –CH3 asymmetric, –CH3 symmetric, C––O, C–O bonding 
stretching respectively of PDLLA polymer [61–63]. The peaks at 864 and 
754 cm−1 corresponded to the amorphous and crystalline phase of 
PDLLA [64]. The presence of weak peaks at 1380 cm−1 (C−H symmetric 
bending vibration) [65] and 1125 cm−1 (C–O–C stretching) [66] corr
responded to the α and γ phases contributing to low piezoelectric 
response. Moreover, the inclusion of CPX NCs improved crystallinity and 
the strong β phase dominance at 864 and 1210 cm−1 absorption bands 
due to C–O–C stretching [52,65,66] brought by the interaction of 
CsPbX3 and the C–O–C dipoles enhanced overall polarization in the 
hybrid composite contributing to the increase of piezoelectric response, 
as similarly suggested by Mondal et al. for PVDF nanofiber with CsPbBr3 
and CsPbCl3 [32,34]. 

The PL spectra of b-CPX & g-CPX NCs and their corresponding 
encapsulated b-CPX & g-CPX PDLLA films at 365 nm wavelength 

excitation are shown in Fig. 3d. The PL spectra of b-CPX NCs depicted a 
blue luminescence band located approximately at 469 nm and PL 
spectra of g-CPX NCs depicted a green luminescence located approxi
mately at 488 nm. These narrow PL emissions with a full width at half 
maximum (FWHM) of 20 nm (b-CPX NCs) and 24 nm (g-CPX NCs) is 
assigned to the CsPb(Cl/Br)3 host involving band to band transition [26, 
31]. 

Interestingly, these peaks further narrow down with a FWHMs of 
19 nm and 20 nm for b-CPX PDLLA and g-CPX PDLLA films, respec
tively. This PL spectra of encapsulated films additionally shows a red 
shift to 473 nm for the b-CPX PDLLA film and 491 nm for the g-CPX 
PDLLA film [19,26]. This red shift in combination to narrowed FWHM’s 
for NCs embedded flims can be attributed to the loading of bigger NCs 
from the ensemble or a fractional size enhancement during the fabri
cation of the b-CPX and g-CPX PDLLA films [19,29]. Fig. 3d also shows 
the PDLLA film PL spectra resembling the background of the PL machine 
and confirms no observable luminescence from the PDLLA films. Inter
estingly, similar color tuning capabilities can also be observed in me
chanically strong β-Ga2O3, β-(Ga0.955Al0.045)2O3 and β-(Ga0.91In0.09)2O3 
solid films [67,68], however the mechanism for color tuning for these 
solid films is different in comparison to b-CPX and g-CPX nanocrytals 
embeded PDLLA films. 

The fabricated PENG is shown in Fig. 4a and the working mechanism 
of the nanogenerator is illustrated in Fig. 4b. When the fabricated PENG 
is compressed, a piezoelectric field was generated along two opposite 
surfaces of the CPX-PDLLA film creating opposite poles [69,70]. As a 
result, induced electrostatic charges accumulated at the top and bottom 
surfaces of the CPX-PDLLA PENG yielding an electron flow through the 
connected external circuit [71,72]. During the release mode, the with
drawal of the piezo-potential led the induced charge to flow in the 
reverse (back) direction, and the combined press and release modes 
ultimately resulted in the alternation current signal [71,73]. Initially, 
the bare PDLLA piezoelectric film was tested to get electric performance 
as open circuit voltage (Voc) and short circuit current (Isc). To inspect the 
performance, we hand tapped the PENGs at 60 beats per minute (bpm) 
(1 Hz), 120 bpm (2 Hz), 180 bpm (3 Hz) and 240 bpm (4 Hz) load fre
quencies while keeping the range of motion at a distance of 8 cm 
(measure from the tip of the figure to the top surface of the PENG) [74]. 
The results in Fig. S2 shows that the individual PDLLA polymeric film 
resulted in obtaining a 4.4, 8.2, 14.3, 18.5 V maximum Voc (Fig. S2a) and 
3.45, 6.7, 10.2, 13.9 μA maximum Isc (Fig. S2b) at 60, 120, 180 and 240 
bpm frequencies, respectively. This is due to the β phase presence and 
C––O dipole component generation [48,49,52] which were significantly 
lower in comparison to the b-CPX PDLLA and g-CPX PDLLA piezoelectric 
polymer composite presented in Fig. 4c–h. The recorded maximum Voc 
for the b-CPX PDLLA PENG (Fig. 4c) at 60, 120, 180 and 240 bpm were 
15.8, 25.2, 41.2, 55 V, respectively, whereas there is a further increase 
of the maximum Voc observed for the g-CPX PDLLA PENG (Fig. 4f) at the 
same hand tapping motion (load frequencies) resulting in 31.5, 42.5, 
65.4 and 92.8 V, respectively. Subsequently, a similar trend of Isc 
enhancement was also noticed for the g-CPX PDLLA PENG in compari
son to the b-CPX PDLLA PENG with short circuit current outputs of 13.8, 
23.75, 37, 45.95 μA (b-CPX PDLLA PENG) and 23.4, 45.9, 48.2, 65.25 
μA (g-CPX PDLLA PENG), respectively. The enhancement of the elec
trical performance of the g-CPX PDLLA PENG can be attributed to the 
g-CPX NCs being agglomerated and clustered in the PDLLA matrix in 
comparison to the isolated b-CPX NCs in the PDLLA matrix and possible 
increment of electroactive β phase brought by the closely distributed 
g-CPX NCs in the PDLLA matrix [32–34]. Furthermore, average peak to 
peak voltages and current outputs were also measured and the results in 
Fig. 4e and h indicated that the highest average peak to peak voltage and 
current was 70.05 V and 60.98 μA for the b-CPX PDLLA PENG at a 4 Hz 
load frequency, whilst for the g-CPX PDLLA PENG the measured outputs 
were 121.95 V and 88.38 μA. The obtained results clearly implied that 
the g-CPX PDLLA PENG had a 74.13 % and 44.93 % increase of average 
peak to peak voltage and current in comparison to the b-CPX PDLLA 
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PENG reported above. 
In addition, to further investigate the performance of the fabricated 

CsPbX3-PDLLA PENG, we utilized a vertical constant force machine 
(schematic shown in Fig. 5e) where the load was varied from 10 to 30 psi 
with a load frequency of 65 bpm (Fig. 5a–d) [74]. The output electrical 
signal elucidated similar results in those observed in finger tapping but, 
the AC voltage and current peaks had higher uniformity. It can be 
highlighted that with the increase of the applied load, the impact force 
on the PENG surface also increased and the resultant AC Voc observed 
was 3.72, 6.25, 10.22, 14.73, 20.8 V for b-CPX PDLLA PENG while the 
measured Voc for the g-CPX PDLLA PENG was 8.4, 10, 22.8, 32.5, 45.2 V 
at 10, 15, 20, 25, and 35 psi, respectively (Fig. 5a and c). In addition, in 
Fig. 5b and d, the output Isc also increased linearly and yielded 1.33, 
1.94, 3.22, 4.75, 6.2 μA (b-CPX PDLLA PENG) and 2.7, 4.16, 7.96, 10.4, 
13.4 μA (g-CPX PDLLA PENG) at 10, 15, 20, 25, and 30 psi, respectively. 
However, compared to the finger tapped electrical output, the Voc and Isc 
was significantly lower since the diameter of the circular piston of the 

force machine was 2.54 cm with an active contact area of 5.07 cm2 

while the effective contact area of the PENG films was 31.67 cm2 indi
cating that the piston couldn’t utilize the whole active. 

area of the PENG [74,75]. Fig. 6c demonstrates that the full-wave 
bridge rectifier circuit converts the AC voltage signal of the PENG into 
direct current (DC) signal. The full wave rectification of the b-CPX and 
g-CPX PDLLA PENGs demonstrated in Fig. 6a and b that the maximum 
DC output was 26.1 and 35.2 V at a 180-bpm load frequency. The 
charging prospect of fabricated PENGs was also investigated with 
different capacitors and represents future applications in charging small 
electronic devices. The capacitance tests were performed with 1.0, 3.3, 
4.7 and 10 μF capacitors (Fig. 6f) for 30 s at a 240-hand tapping load 
frequency and the measured outputs, in Fig. 6d and e, exhibited that as 
the capacitance increased, the rate of charging decreased. The maximum 
charging output obtained for the b-CPX PDLLA PENG at 30 s was 2.68, 
1.42, 1.16, 0.56 V whereas the measured maximum capacitance output 
for the g-CPX PDLLA PENG was 4.72, 3.18, 2.75, 1.79 V at 1.0, 3.3, 4.7 
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Fig. 4. (a) 3D schematic of CPX-PDLLA PENG. (b) Working mechanism (Press and release stage) of CPX-PDLLA PENG. Electrical performance of CPX-PDLLA PENG. 
(c,f) Open circuit voltage. (d,g) Short circuit current. (e,h) Maximum peak to peak voltage and current output of b-CPX PDLLA PENG and g-CPX PDLLA PENG, 
respectively, for 60, 120, 180, 240 bpm load frequency. 
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and 10 μF capacitance, respectively. 
Furthermore, the PENGs were further tested in connection with 

external load resistances in series with a full bridge rectifier as shown in 
Fig. 6i. The resistive load varied from 0.5 MΩ to 15 MΩ at a 240 bpm 
(4 Hz) load frequency and the results in Fig. 6g and h revealed that the 
average voltage output increased while average current output declined 
with the increasing load resistance showing an opposing trend contrary 
to voltage output in accordance with Ohm’s law [74]. In addition, the 
PENG will deliver maximum power when the external resistance (opti
mum load) will be equivalent to internal resistance of the device ac
cording to the maximum power theory [72]. As a result, the power 
output (P = V2/R) gradually escalated as a sharp increase of the output 
occurring from a 1.36–4.08 MΩ resistive load for both b-CPX and g-CPX 
PDLLA PENGs (Fig. 6g and According to the size of each PENG devices 
(31.67 cm2), the instantaneous power density obtained was ~10.67 
μW/cm2 (b-CPX PDLLA PENG) and ~25.17 μW/cm2 (g-CPX PDLLA 
PENG). Additionally, the capability and feasibility of our fabricated 
PENGs were attached to a series of commercial LEDs connected with a 
full-wave bridge rectifier and a 0.1 μF capacitor and interestingly the 
b-CPX and g-CPX PDLLA PENG was able to light up 20 and 50 com
mercial LEDs (1.5 V each), respectively (Video 1 & 2 in supplementary 
information). This demonstrates the prospective aspects of our flexible 
CsPbX3 perovskite encapsulated PDLLA PENGs in flexible and stretch
able electronic applications [5,76]. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107674. 

4. Conclusion 

In summary, we have synthesized color tuned (blue to green) pho
toluminescent all inorganic CPX NCs and further integrated a PDLLA 
polymer matrix to fabricate luminous CPX-PDLLA PENGs. Fine color 
tunability was achieved by a heat treatment process at 150 ◦C which 

resulted in a possibility of a size increase and agglomeration of NCs in 
the case of g-CPX NCs in comparison to the monodispersed b-CPX NCs. 
PL emission spectra revealed that the encapsulation of the CsPbX3 NCs 
influenced the peaks to red shift from 469 nm (b-CPX NCs) to 473 nm (b- 
CPX PDLLA PENG) and 488 (g-CPX NCs) nm to 491 nm (g-CPX PDLLA 
PENG). The hand tapping PENG tests exhibited that with the increase of 
the load frequency (60–240 bpm), piezoelectric response (both open 
circuit voltage and short circuit current) increased gradually. The 
maximum Voc and Isc reported at 240 bpm (4 Hz frequency) for the g- 
CPX PDLLA PENG was 92.8 V and 65.25 μA, respectively, which 
exhibited a 68.72 % and 35.47 % increment in comparison to the b-CPX 
PDLLA PENG. This can be attributed to the agglomerated polarizing 
effect in the case of the g-CPX NCs in comparison to the individual 
segregated poling effect in the b-CPX NCs. The high output of both PENG 
devices can be accredited to the β phase presence and C––O dipole 
components resulted by the sharing effect of hand tapping motion. In 
addition, the improvement of electroactive β phase owing to the inter
action of CsPbX3 and the C–O–C dipoles in PDLLA polymer matrix 
resulted in a supplementary piezoelectric effect. The constant pressure 
test conducted upon both PENG devices confirmed the uniform signal 
output was more random while hand tapping. Moreover, the capacitor 
tests highlighted that within just 30 s of hand tapping at a 4 Hz load 
frequency can charge up to a maximum voltage of 2.68 V (b-CPX PDLLA 
PENG) and 4.72 V (g-CPX PDLLA PENG) representing a high charging 
capability of the devices. Moreover, power versus variable resistance 
load was carried out from 0.5 MΩ to 15 MΩ and the highest power 
density achieved was ~10.67 μWcm−2 and ~25.17 μWcm−2 for the b- 
CPX and g-CPX PDLLA PENGs, at a 4.08 MΩ load resistance, respec
tively. The PENGs were able to light up 20 (b-CPX PDLLA PENG) and 50 
commercial LEDs (g-CPX PDLLA PENG) which elucidates the promising 
nature of our fabricated self-charging flexible electronic device. Future 
studies include the synthesizing of the CPX NCs exhibiting an orange to 
red color tunability from the same precursor solution at ambient 

Fig. 5. Electrical performance of CPX-PDLLA PENG. (a,c) Open circuit voltage, (b,d) Short circuit current output and (e) Experimental set up for fixed pressure test of 
b-CPX PDLLA PENG and g-CPX PDLLA PENG for different pressure at 65 bpm load frequency. 
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conditions and creating Pb free perovskite NCs for piezoelectric and 
triboelectric energy harvesting and sensor applications. 
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