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Abstract 

This study describes the synthesis and characterization of the lead-free 
organic ferroelectric perovskite 𝑁-methyl- 𝑁 '-diazabicyclo [2.2.2]octonium)-
ammonium trichloride (MDABCO-NH4 Cl3 ). The electrospinning technique 

was employed to obtain nanofibers embedded with this perovskite in a PVC 
polymer for hybrid fiber production. The dielectric, piezoelectric, and 
pyroelectric properties of these fibers were carefully examined. Based on 
measurements of the dielectric permittivity temperature and frequency 
dependence, together with the pyroelectric results, a transition from a high 
temperature paraelectric to a ferroelectric phase that persisted at room 
temperature was found to occur at 438 K . The measured pyroelectric 
coefficient yielded values as high as 290𝜇CK−1 m−2, which is in between the 
values reported for MDABCO − NH4I3 and the semiorganic ferroelectric 

triglycine sulfate (TGS). The hybrid nanofibers exhibited good morphological 
characteristics and demonstrated very good piezoelectric properties. 
Specifically, a piezoelectric coefficient of 42pC/N was obtained when applying 
a periodical force of 3 N and a piezoelectric voltage coefficient of 𝑔eff =
0.65 VmN−1. The performance of these fibers is on par with that of materials 

discussed in the existing literature for the fabrication of nano energy-harvesting 
generators. Importantly, the perovskite nanocrystals within the fibers are 
protected from degradation by the surrounding polymer, making them a 



promising environmentally friendly platform for flexible mechanical energy 
harvesting. 

Keywords: organic perovskite; electrospinning; fibers; piezoelectricity; pyroelectricity; 
nano energy harvesting 

Introduction 

Ferroelectric materials, characterized by their simultaneous pyroelectric and piezoelectric 
properties stemming from spontaneous polarization that can be switched by applying an 
external static electric field, represent a crucial area of research in materials science. 
Within this domain, inorganic perovskites of the ABX3 type (where A and B are metal 
cations, and X is typically an oxide anion) have been studied extensively, with notable 
examples including strontium titanate (SrTiO3), barium titanate (BaTiO3), lithium niobate 
(LiNbO3), and lead titanate (PbTiO3) [1]. The ability of these metal oxides to accommodate 
a variety of anionic or cationic substitutions facilitates the tuning of their piezoelectric and 
pyroelectric properties, with the potential to enhance their photo-electric conversion 
abilities and photocatalytic responses [2-4]. At the moment, the piezoelectrics available 
on the market are predominantly inorganic perovskites, particularly materials based on 
lead zirconate titanate (PZT). However, inorganic perovskites typically contain heavy 
metals, making them environmentally unfriendly, with lead-bearing compounds being 
particularly 
toxic. In addition, they are generally processed at high temperatures and brittle, making 
them unsuitable for flexible mechanical-energy-harvesting applications. 

One way of avoiding the toxicity of lead-based perovskites is the substitution of either the 
ions A or X in perovskite-type materials with a molecular building unit [5,6], a possibility 
that is actively being investigated by several research groups. These hybrid perovskites 
offer several advantages over their inorganic counterparts, including ease of synthesis at 
room temperature, greater flexibility, and reduced weight. Their unique structural 
variability enables highly tunable properties, making them attractive candidates for 
various applications, particularly in the realm of pyroelectric and piezoelectric 
technologies, where they have the potential to replace inorganic materials [7-10]. Since 
the discovery of the first semi-organic ferroelectric, Rochelle salt (or sodium potassium 
tartrate tetrahydrate [KNaC4H4O6(4H2O)] ), by Valasek in 1920, these materials have been 
a focal point of fundamental and applied research [11,12]. 

Optoelectronic devices employing semi-organic crystalline materials are often competitive 
with respect to their inorganic counterparts. They have become a focal point of research 
in developing new piezoelectric and pyroelectric materials able to replace their traditional 
inorganic counterparts [7-10]. Crucially, the pursuit of lead-free alternatives gained 
momentum from the discovery of remarkably efficient solar cells incorporating 
methylammonium lead halide perovskites. This breakthrough prompted the exploration 
of lead-free hybrid organic-inorganic perovskites, a new promising branch within the 
perovskite domain [13-18]. 

The exploration of nanoscale ferro"lect'Ics, particularly in the form of electrospun 
nanofibers [19-23], holds significant potential for enhancing mechanical strength and 
flexibility while leveraging their pyroelectric and piezoelectric properties. In this regard, 
the exploration of nanoscale ferroelectrics with a perovskite structure is a promising and 
vital endeavor, as indicated by previous studies [7,24]. One promising application of 



functional electrospun fibers is the collection of electrical nano energy at low frequencies 
through the piezoelectric effect [25]. 

One promising example of a lead-free organic-inorganic perovskite is MDABCONH4I3 (N-
methyl-N'-diazabicyclo[2.2.2]octonium)-ammonium triiodide [26]. This material 
displays an impressive spontaneous polarization of 22𝜇C/cm2, comparable to that of 
traditional inorganic ferroelectrics like BaTiO3 at 26𝜇C/cm2. With a ferroelectric-
paraelectric phase transition taking place at 448 K and displaying multiple polarization 
directions, MDABCO- NH4I3 exhibits attractive characteristics for integration in cutting-
edge flexible optoelectronic devices [27,28]. Nanocrystals of this compound were 
successfully embedded into electrospun polymer fibers and demonstrated the ability to 
serve as promising flexible energy-harvesting sources, exhibiting a piezoelectric voltage 
coefficient of 𝑔eff = 3.6 VmN−1 and a pyroelectric coefficient as high as 194𝜇CK−1 m−2. 

By substituting the iodine atoms in MDABCO- NH4I3 the with bromine, a family-related 
compound, MDABCO- NH4Br3, can be obtained, which is isostructural with 
MDABCONH4I3, both crystallizing in the same space group, 𝑅3, at their room temperature 
ferroelectric phase and P432 high-temperature paraelectric phase [27]. Motivated by the 
similarities between these two compounds, we anticipated that if the iodine atoms in 
MDABCO- NH4I3 were substituted with chlorine atoms, another family-related 
compound, MDABCO- NH4Cl3, would be obtained, and it would also have the potential to 
display outstanding pyroelectric and piezoelectric properties. 

In this manuscript, we describe the successful production and characterization of the 
related perovskite, MDABCO- NH4Cl3, in electrospun poly(vinyl chloride) (PVC) polymer 
nanofibers. In particular, we demonstrate their potential as piezoelectric voltage 
converters or piezoelectric nanogenerators (PENGs) capable of efficient mechanical 
energy harvesting. Specifically, these flexible and lightweight electrospun fiber mats yield 
a piezoelectric coefficient of 42pC/N under the influence of small (under 10 N ) periodic 
mechanical forces. Significantly, the pyroelectric coefficient of electrospun fibers 
containing 
polycrystalline MDABCO- NH4Cl3 is comparable to that of the hybrid organic ferroelectric 
MDABCO- NH4I3. 

Materials and Methods 

Precursor Materials and Nanofibers Production 

We produced the precursor (MDABCO)I by following the method outlined by Kreuer et al. 
[29]. Subsequently, MDABCO- NH4Cl3 crystals were obtained following the method 
reported by You and Xiong [27]. To achieve particle sizes smaller than 40𝜇 m, the 
MDABCONH4Cl3 crystals were ground and sieved. 

All chemicals and solvents, obtained from Sigma-Aldrich (Schenlldorf, Germany), were 
used without any further purification. High-molecular-weight polyvinyl chloride (PVC), 
with a density of 1.40 g/mL, was supplied by Janssen (Beerse, Belgium). To prepare the 
10% PVC electrospinning precursor solution, the pellets were dissolved in a solvent mixing 
system consisting of 5 mL of tetrahydrofuran (THF) and dimethylformamide (DMF) in a 
50:50 (v/v) ratio. After complete dissolution, MDABCO- NH4Cl3, in a ratio of 1:5 by weight, 
was added in small portions, and the resulting solution was stirred for several hours under 



ambient conditions before the electrospinning process. The initial step involved loading a 
5 mL syringe with the precursor solution. Attached to the syringe was a needle with inner 
and outer diameters of 0.232 mm and 0.5 mm , respectively. The anode of a high-voltage 
power supply (Spellmann CZE2000) provided a positive bias to the syringe needle. 

Preferentially aligned fiber mats composed of PVC polymer with and without embedded 
MDABCO- NH4Cl3 perovskite were fabricated using an E-Fiber EF100 (Leonardino 

Srl/SKE Research Equipment  (𝑅), Milan, Italy) electrospinning apparatus in a horizontal 
configuration. Several key elements comprise the production process. A high-voltage 
power supply provided a 20 kV bias between the syringe metal tip and a grounded rotating 
drum collector, which were 13 cm apart. The polymer solution flow rate was consistently 
maintained at 0.18 − 0.20 mL/h as it was extruded through the spinneret using a precise 
syringe pump. A variable motor-speed controller regulated the rotation of the drum 
collector. Aluminum foil covering the collector amassed the fibers produced. 

Scanning Electron Microscopy (SEM) 

A Nova Nano SEM 200 scanning electron microscope (FEI Company, Hillsboro, OR, USA) 
was employed to examine the MDABCO- NH4Cl3 perovskite nanofibers' morphology, size, 
and shape. Operating at an acceleration voltage of 10 kV , the instrument facilitated 
detailed analysis. To prepare the nanofibers for analysis, they were deposited onto a silica 
surface, pre-coated with a 10 nm thick Au-Pd (80-20 weight %) film. A high-resolution 
sputter coater, specifically the 208HR from Cressington Company (Watford, UK), coupled 
with a Cressington MTM-20 high-resolution thickness controller facilitated a controlled 
gold film deposition. 

The nanofiber's diameters were determined based on the scanning electron microscope 
images using the open-source image-processing software ImageJ 1.51n (ImageJ2, NIH, 
https: / /imagej.nih.gov / ij/, accessed on 12 January 2024). To establish the average fiber 
diameter and the fiber diameter distribution, 50 nanofibers were randomly selected in the 
SEM images. We fitted the distribution of the measured fiber diameters to a lognormal 
function. 

X-ray Diffraction and Raman Spectroscopic 

Measurements 

The investigation into the crystallinity and crystallographic orientation of 
MDABCONH4Cl3 within the fibers involved X-ray diffraction. Here, 𝜃 − 2𝜃 scans were 
conducted. A Bruker D8 Discover X-ray diffractometer (Bruker, Madison, WI, USA) 

equipped with Cu-K 𝛼 radiation ( 1.5406Å wavelength) recorded the diffraction patterns. 

Dielectric Spectroscopy 

The dielectric properties of MDABCO- NH4Cl3 crystals were assessed through impedance 
spectroscopy between temperatures ranging from 300 to 450 K and over a 100 Hz − 1MHz 
frequency span. To determine the complex permittivity, denoted as 𝜀 = 𝜀′ − i𝜀′′, where 𝜀 
is the real component and 𝜀′′ is the imaginary component, the capacitance (C) and loss 
tangent (tan 𝛿) were measured. The following relations were used: 

C = 𝜀′𝜀0(𝒜/s) tan 𝛿 = 𝜀′′/𝜀′ 



In these equations, 𝒜 signifies the area of electrical contact, while the fiber mat thickness 
is denoted by s. In the measurements, the sample was sandwiched between a cylindrical 
metal contact with an approximate diameter of 10−2 m and the aluminum foil on which 
the fiber mats were collected. Altogether, this formed a parallel-plate capacitor integrated 
into the measurement LCR network. Measurements were conducted using a Wayne Kerr 
6440A precision component analyzer (Wayne Kerr Electronics, Bognor Regis, UK), 
interfaced with a computer. A shielded test leads help mitigate parasitic impedances 
resulting from the electrical connections. Temperature-dependent measurements were 
executed at a rate of 2∘C/min, facilitated by a Polymer Labs PL706 PID controller (Polymer 
Labs, Los Angeles, CA, USA) and furnace. 

Pyroelectric Measurements 

Pyroelectricity results from the temperature-dependent nature of spontaneous 
polarization, in which changes in temperature induce an electric field via changes in the 
intrinsic dipoles. The surface layer of free charges counteracts this electric field. The key 
parameter that characterizes this phenomenon is the pyroelectric coefficient, denoted by 
the rate of change in spontaneous polarization ( p = dPs/dT ). Measuring the change in 
polarization involves monitoring the pyroelectric current (I = A(dPs/dT)(dT/dt)) using a 
Keithley 617 electrometer (Keithley Instruments GmbH, Landsberg, Germany). Here, the 
electrode area is A, while the rate of temperature change is dT/dt. A capacitor geometry 
under short-circuit conditions was employed. 

Piezoelectric Measurements 

To measure the piezoelectric output voltage and current of the fibers, we connected them 
to a 100MΩ load resistance and transmitted the signals through a low-pass filter, 
subsequently amplifying them using a low-noise preamplifier (SR560, Stanford Research 
Systems, Stanford, CA, USA). All signals were recorded using a digital storage oscilloscope 
(Agilent Technologies DSO-X-3012A, Waldbronn, Germany). A vibration generator 
(SF2185, Frederiksen Scientific, Olgod, Denmark) subjected the fiber array sample, 
measuring (30 × 40)mm2 with a thickness of 200𝜇 m, to periodic mechanical forces. The 
frequency of the applied forces, set at 3 Hz , was controlled by a signal generator (33120A, 
Hewlett Packard, Palo Alto, CA, USA). A force-sensing resistor (FSR402, Interlink 
Electronics Sensor Technology, Graefelfing, Germany) calibrated the applied forces. To 
ensure that the sample experienced consistent and perpendicular force application across 
its surface, the sample was carefully fixed on a stage mount. 

Results and Discussion 

Dielectrics 

The electric permittivity of MDABCO- NH4Cl3 was measured as a function of temperature 
and frequency, that is, from room temperature to 453 K and at up to 3 MHz . Their real 
(𝜀′) and imaginary (𝜀′′) components are shown in Figure 1a and 1b, respectively. The 
dielectric constant (𝜀′) decreases with an increasing frequency, with an initial shaper drop 
at low frequencies, transitioning to a slower variation at high frequencies. On the other 
hand, two maxima, marked with the letters A and B in Figure 1b, can be observed in the 
imaginary component of the electric permittivity, which are characteristic of the presence 



of 
two dielectric relaxations. One occurs above 10 kHz (A relaxation), and the other occurs 
in the 10 Hz − 1kHz frequency region (B relaxation). These relaxations can be further 
observed in 𝜀′, as indicated by the appearance of two plateaus in the frequency intervals 
associated with the A and B maxima and by the appearance of two semi-circles in the Cole-
Cole plots in Figure 1c. The rise in the dielectric constant values at the low-frequency end 
(Figure 1a) is influenced by the Maxwell-Wagner-Sillars polarization that occurs at the 
nanoscale, where the charge carriers can be blocked at the inner dielectric boundary layers 
or interfaces between grains in the polycrystalline MDABCO- NH4Cl3 sample [30]. 
 

 

Figure 1. Frequency dependence of the (a) real part and (b) imaginary part of the dielectric 
permittivity polycrystalline MDABCO- NH4Cl3. (b) Inset plots of the logarithm of the 
frequency corresponding to the maximum of the relaxations marked with A (open dots) 
and B (closed dots) in 𝜀′′ versus the inverse of the temperature. The straight red lines are 
fits to the curves, which were used to obtain the corresponding activation energies. (c) The 
Cole-Cole plot and (d) temperature dependence of the real and imaginary (inset) 
components of the electric permittivity of the sample. 

According to the following equation, the frequency of the maxima of the imaginary 
component of the dielectric permittivity ( 𝑓𝑚 ) is related to the relaxation time ( 𝜏 ) of the 
process: 2𝜋𝑓𝑚𝜏 = 1. The frequency of the maxima follows a thermally activated 
Arrheniustype behavior described by the following equation [30]: 



𝑓𝑚 = 𝑓𝑚0exp (−
𝐸

𝑘𝐵𝑇
) (1) 

where 𝑓𝑚 is the frequency of the maxima, 𝑓𝑚0 is a constant, 𝑘𝐵 is the Boltzman constant, 
and E is the activation energy of the process. The result of taking the logarithm of Equation 
(1) is a linear dependence, which can be fit with a straight line according to the following 

expression: ln (𝑓𝑚) = ln (𝑓𝑚0) −
𝐸

𝑘𝐵𝑇
. The inset of Figure 1 b shows the linear fits to the 

graphics of ln (𝑓𝑚) as a function of the inverse of the temperature for both relaxations. For 
each curve, two linear regions can be observed in ln (𝑓𝑚) vs. 1/T, marked by the fitted red 
straight lines in the inset of Figure 1b. From the fits, the corresponding activation energy 
values were obtained, yielding EAL = 0.29eV (low T) and EAL = 0.062eV (high T ) for 
relaxation A and EBL = 0.59eV (low T ) and EBH = 0.64eV (high T ) for relaxation B . These 
changes in the activation energies with an increasing temperature are consistent with the 
presence of structural changes indicative of the stabilization of a ferroelectric phase at 
room temperature that transforms into a paraelectric phase at high temperatures. 

Figure 1d shows the temperature dependence of the real and imaginary (inset) parts of the 
electric permittivity of MDABCO- NH4Cl3. An overall increase in the real and imaginary 
permittivity can be observed, along with an increasing temperature, reflecting the 
increasing thermal energy available to the system. However, a frequency-independent 
change of behavior can be observed above ∼ 398 K (a step-like change), consistent with 
the stabilization of a ferroelectric phase, and another (frequency-independent peak) can 
be seen at ∼ 438 K, which might be due to a ferroelectric-paraelectric phase transition, as 
reported previously for a MDABCO- NH4I3 analog. Both dielectric changes occur at 
temperatures where anomalies are observed in the DSC measurements (Figure S1). 

Pyroelectricity 

The pyroelectric coefficient was measured on a polycrystalline sample (a pellet) of 
MDABCO- NH4Cl3 perovskite until the Curie temperature was reached, as shown in Figure 
2. The maximum value achieved was around 290𝜇𝐶𝐾−1 m−2. The maximum occurred in 
the temperature region of 398 − 426 K at temperatures where there is a change in slope in 
the real and imaginary components of the electric permittivity, as shown in Figure 1d. This 
indicates the presence of structural changes inside the MDABCO- NH4Cl3 sample that are 
associated with the phase transition reported for this perovskite family. The measured 
pyroelectric coefficient is comparable to that reported for MDABCO-NH4  3 and the 
organic ferroelectric triglycine sulfate (TGS), which are reported to achieve maxima of 
194𝜇CK−1 m−2 and 306𝜇CK−1 m−2, respectively, in the polar to non-polar phase transition 
[31]. The second maximum occurring in the temperature interval of 431 − 440 K is also 
consistent with the second anomaly observed in the temperature dependence of the 
electric permittivity (Figure 1d) and in the DSC measurements (Figure S1). 
 



 

Figure 2. Pyroelectric coefficient as a function of the temperature of MDABCO- NH4Cl3, 
measured during heating. 

Piezoelectric Characterization 

The piezoelectric characteristics of electrospun nanofiber mats fabricated from 
MDABCONH4Cl3@PVC were measured at a frequency of 3 Hz under an applied force of 3 
N as shown in Figure 3. The open-circuit voltage, Voc, reached 12 V for the MDABCO- 
NH4Cl3@PVC nanofiber PENG. Note that at 3 Hz , the frequency is low enough to allow the 
fiber mat to return to its native microscopic structure before the next force is applied. 
 



 

Figure 3. (a) SEM image at a magnification level of 50,000 × and (b) the respective fiber 
diameter distribution histogram for MDABCO- NH4Cl3@PVC fiber mat. The fiber diameter 
mean value and standard deviation were used to generate the logarithmic normal 
distribution represented by the curve. (c) Time dependence of the output voltage and 
piezoelectric current from MDABCO- NH4Cl3 incorporated into PVC polymer nanofibers, 
and (d) plot of piezoelectric current versus applied force with a schematic piezoelectric-
energy-harvesting setup with a MDABCO- NH4Cl3@PVC fiber array. 

The generated piezoelectric charge, calculated from Q = ∫  Idt(C), amounts to 125 pC for 
the MDABCO- NH4Cl3@PVC mat. To reach this value, a response time of approximately 1 
ms was estimated, while the maximum Isc measured was 125 nA . The effective 
piezoelectric coefficient, calculated as deff = Q/F(pCN−1), is 42pCN−1 for MDABCO- 
NH4Cl3@PVC when subject to a 3N periodic force. Comparatively, the piezoelectric 
coefficient reported for a single MDABCO- NH4I3 crystal is d33 = 14pCN−1 along the [111] 
direction [27], which is three times lower. The obtained value of 42pCN−1 for MDABCO- 
NH4Cl3@PVC is of a similar magnitude to that displayed by the electrospun fiber mats 
MDABCO- NH4I3@PMMA 
and MDABCO- NH4I3@PA66, reported to be 64pCN−1 and 21pCN−1, respectively [26]. It 



is important to note that, for this hybrid perovskite PENG, the piezoelectric polymer ( 
d31 ∼ 1.5pCN−1 ) [32] contributes a small amount. 

The peak power density, P = Isc/A(𝜇Wm−2) (where A is the electrode area), delivered by 
the MDABCO- NH4Cl3@PVC mat was 310𝜇 W m−2, around six times smaller than that 
delivered by the MDABCO- NH4I3@PVC fiber mat, which amounted to 1960𝜇 W m−2. 

The potential of a material as a piezoelectric sensor can be quantified by its piezoelectric 
voltage coefficient 𝑔eff , defined as 

geff = deff/(𝜀′𝜀0) ∨ mN−1. 

The dielectric measurements indicate a dielectric permittivity of 𝜀′ = 7.5 at 20 Hz and 300 
K for MDABCO- NH4Cl3@PVC nanofiber mats, which accounts for geff = 0.65 VmN−1. This 
high piezoelectric voltage coefficient is twice that displayed by polyvinylidene fluoride 
(PVDF) polymer thin films ( geff = 0.29 VmN−1 ) [33] and similar to that of the layered 
lead perovskite (4-aminotetrahydropyran) 2PbBr4( geff = 0.67 VmN−1) [7]. The obtained 
result is among the higher values recorded for the effective piezoelectric coefficient of 
electrospun fibers incorporating active organic piezoelectric materials [34-36]. 

Conclusions 

The synthesis and characterization of MDABCO- NH4Cl3 crystals presented in this study 
offer valuable information on the potential applications of lead-free organic ferroelectric 
perovskites. This material's high-temperature paraelectric structure transitions into a 
ferroelectric phase at 432 K , making it suitable for room-temperature ferroelectric 
applications. Moreover, the pyroelectric coefficient value obtained for MDABCO- NH4Cl3, 
namely, 290𝜇CKK−1 m−2, is competitive with respect to values reported for MDABCO-
NH4 I3 and the semiorganic ferroelectric triglycine sulfate (TGS), namely, 194𝜇CK−1 m−2 
and 306𝜇C K−1 m−2, respectively, at the ferroelectric-paraelectric phase transition. 

The successful incorporation of MDABCO- NH4Cl3 into PVC nanofibers, together with the 
observation of good morphological characteristics, underlines the viability of using these 
materials in practical devices. The observed piezoelectric properties, namely, a measured 
piezoelectric coefficient of 42pC/N under a periodic force of 3 N , a peak power density of 
310𝜇 W m−2, and a piezoelectric voltage coefficient of geff = 0.65 VmN−1, all reinforce this 
material's potential for energy-harvesting applications. 
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