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We report excellent piezoelectric and pyroelectric properties of electrospun nanofibers based on

the hybrid ferroelectric 1,4-diazabicyclo[2.2.2]octane perrhenate (dabcoHReO4). Ferroelectric

nanoparticles are embedded into the fibers being naturally aligned with the major polarization

component along the fiber axis. A flexible piezoelectric nanogenerator consisting of an aligned

array of dabcoHReO4 fibers provides a voltage above 100mV under a moderate strain level. The

pyroelectric coefficient in as-electrospun dabcoHReO4 fiber mat is similar to that in poled

polyvinylidene difluoride nanofibers. The results show that the nanofibers based on dabcoHReO4

have a great potential for pyroelectric and piezoelectric autonomous energy harvesting with

natural advantages such as biocompatibility, flexibility, low cost, and easy fabrication. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862437]

Flexible electronics have recently attracted great interest

due to its potential applications in portable devices such as

nanogenerators for energy conversion, storage devices, pho-

todetectors, transistors, and solar cells.1–3 The development

of smart textiles is also an emerging research field having

promising multiple impacts on various technological appli-

cations including wearable electronics, implantable physio-

logical sensing and monitoring, signal and power pathways,

large surface lighting or heating, and electromagnetic shield-

ing or textile antennas.4–6 The common approach to design

functional fabric for wearable devices consists of attaching

conventional off-shelf micro-electronic components such as

transducers, light emitting diodes, and microcomputers to

the clothes.7,8 Such devices must be powered by external bat-

teries which limit their mobility and increase the system

size.

On the other hand, functionalities such as piezoelectric-

ity,9 light wave conversion,10 or light emission11 can be

intrinsic to nonwoven textile fibers produced by electrospin-

ning. These works have demonstrated that the electrospin-

ning technique has the potential to be reliable and cost

effective nanomanufacturing process in the field of flexible

electronics. The unique characteristics of electrospun nano-

fibers such as their high surface-to-volume ratio, biochemical

flexibility, and the possibility of obtaining extremely long

lengths are critically important for a variety of technological

applications.12 Besides, the electrospinning is one of the few

nanotechnology methods, which is feasible to scale-up to an

industrial level.13

An important feature of nanofibers produced by the elec-

trospinning technique is the strong shear and electrostatic

forces exerted during their formation which causes the align-

ment of dopants, molecules, and chains within the principal

fiber axis.14,15 This feature is especially attractive for organic

polar materials, since promoting such an internal molecular

orientation (self-assembly) of the organic molecules can

result in useful functionalities, e.g. strong polarized emis-

sion16 or enhanced polar properties.17 This highly aniso-

tropic alignment of active components is expected to bring

in novel possibilities in the view of potential applications.

Recent success in the electrospinning of peptides and

polymer-free materials is very encouraging for fabrication of

a variety of organic nanofibers with strong p–p or H-bonding

interactions that can serve as a molecular scaffolding for the

stabilization of continuous fiber-like structures.18,19

Additionally, the interest in electrospun nanofibers reveals a

big potential of this low-cost nanomanufacturing process for

the development of fiber-based energy harvesting elements

based on piezoelectric effect.20–22

In this work, we report a successful fabrication

of nanofibers based on 1,4-diazabicyclo[2.2.2]-octane

perrhenate (dabcoHReO4) and demonstrate its usefulness

for energy microharvesting and thermal sensing.

DabcoHReO4 is a molecular analogue of the well-known

inorganic ferroelectric and nonlinear optical material po-

tassium dihydrogen phosphate (KDP) that crystallizes in a

monoclinic polar structure belonging to the space group

Cm. It is built of NH� � �N hydrogen-bonded dabcoH cati-

ons aligned along the [001] polar axis. These NH� � �N
hydrogen bond networks directly contribute to the

spontaneous polarization along the proton-donor to

proton-acceptor direction.23 This crystal is a room temper-

ature ferroelectric salt with a spontaneous polarization Ps

of 17 lC/cm2 along the polar axis, being the largest among

water-soluble organic ferroelectrics.

Continuous uniform dabcoHReO4 fibers with an average

diameter of about 400 nm were produced by a conventional

electrospinning process, using a precursor aqueous solutions

obtained by mixing dissolved dabcoHReO4 crystals and

poly(vinyl alcohol) (PVA) in a 1:1 wt. % ratio. The precursor

solution was loaded into a syringe which was pumped at

1ml/h flow rate with 10–12 kV applied between the needle
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An important feature of nanofibers produced by the elec-

trospinning technique is the strong shear and electrostatic

forces exerted during their formation which causes the align-

ment of dopants, molecules, and chains within the principal

fiber axis.14,15 This feature is especially attractive for organic

polar materials,

This crystal is a room temper-

ature ferroelectric salt with a spontaneous polarization PPs

of 17 lC/cmm2 along the polar axis, being the largest among

water-soluble organic ferroelectrics.



and the ground collector. The collector was kept at distance

of 12 cm from the anode needle.

The crystalline structure of dabcoHReO4 embedded in

PVA nanofibers was accessed by H–2H X-ray diffraction

(XRD) scans recorded on Bruker D8 Discover X-ray diffrac-

tometer. Nanocrystals of dabcoHReO4 and the polymer

nanofiber matrix form separate phases without the formation

of any new complex. The relative intensities of the observed

diffraction peaks in the X-ray diffraction pattern (Figure

1(a)) deviate from those predicted for a polycrystalline sam-

ple. The most intensive Bragg reflection is (200) followed by

(110) in the fibers while in bulk the most intense reflections

are (110), (11-1), (111), and (200) in order of decreasing in-

tensity. The reflections of bulk PVA (occurring at

2H¼ 16.0�, 19.4�, 20.1�, and 22.7�) are not observed, lead-

ing to the conclusion that PVA polymer inside the fibers is

amorphous.24

The XRD result shows that the nanocrystals of

dabcoHReO4 embedded into the fibers are oriented in such a

way that one-dimensional NH� � �N hydrogen bonded chains

are parallel to the fibers mat plane. As was mentioned above,

the alignment of nanoparticles embedded into the electrospun

fibers with their dipole moment directed along the fiber is a

common feature of nanofibers produced by the electrospin-

ning. It is important to note that the NH� � �N hydrogen bond

network directly contributes to the spontaneous polarization

along the proton-donor to proton-acceptor direction.23

Raman spectroscopy was employed with the objective

of determining the microscopic orientations of dabcoHReO4

nanocrystals inside the fibers. Raman measurements were

performed using a confocal Raman microscope WiTec

alpha300AR (WiTec GmbH, Germany) with a 3.19 cm–1

spectral resolution and 200 nm and 500 nm of lateral and ver-

tical optical resolutions, respectively. The spectra were

measured in a backscattering configuration with the laser

polarization oriented along (E kZ) and perpendicular (E? Z)
to the aligned bundle of dabcoHReO4 fibers (Figure 1(c)).

The dabcoHReO4 single crystal oriented with its Z polar axis

either parallel or perpendicular to the polarization has been

used as a reference (Figure 1(b)).

Several Raman lines have been chosen for the assess-

ment of the orientation of dabco molecules inside the fiber.

The bands at 1007 cm�1 and 930 cm�1 correspond, to sym-

metric and antisymmetric stretching vibrations of C–C bonds

respectively and characterize the orientation of the dipole

moment of the dabco molecule.25,26 The presence of a

1007 cm�1 line in the spectrum of nanofibers indicates that

dabco molecules are mainly oriented in the plane of the mat,

whereas its angular independence shows the deviation of

molecules from the fiber’s axis at a certain angle. An average

value of this angle was found from analysis of intensity of

several A1 Raman bands including lines at 803 and

1007 cm�1. Considering the Raman polarizability tensor,27

we found that dabco molecules are in the bc-plane and are

rotated along Z-axis with average angle of 23�. These results
are in line with the XRD data, which show that the most

intense peak corresponds to (200) plane which is parallel to

bc-plane.
The ferroelectric and piezoelectric properties of the

dabcoHReO4 nanofibers have been evaluated by the piezor-

esponse force microscopy (PFM) technique.28 PFM was per-

formed using a NTEGRA Aura (NT-MDT) instrument

where ac and dc voltages were applied between the counter

electrode and the conductive tip (frequency of ac voltage 50

kHz and 1V peak-to-peak amplitude). During scanning, the

vertical and lateral signals from the photodiode were ampli-

fied by the lock-in amplifier (SR830A) and imaged using

auxiliary channels of the microscope.

Figure 2(b) represents the PFM image obtained in verti-

cal (out-of-plane) mode where the local electric field is

FIG. 1. (a) X-ray diffraction pattern from dabcoHReO4 fibers mat; (b) and

(c) polarized Raman spectra of dabcoHReO4 crystal and aligned array of

nanofibers, correspondingly. The vertical (E k Z) and horizontal (E?Z) ori-
entations of the polarization of incident light is assigned by red and blue

curves, correspondingly.

FIG. 2. (a) Morphology of the dabcoHReO4 individual fiber obtained by

AFM; (b) vertical and (c) lateral PFM-images of dabcoHReO4 nanofibers;

(d) piezoelectric response hysteresis loop.
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The presence of a

1007 cmm�1 line in the spectrum of nanofibers indicates that

dabco molecules are mainly oriented in the plane of the mat,

vertical lateral PFM-images



applied normal to the fiber axis. Vertical PFM enables to dis-

tinguish polarization domains with the out-of-plane compo-

nent of the polarization (that are normal to the fiber axis),

while lateral PFM determines the polarization component

parallel (in-plane) to the sample surface. As seen from

Figures 2(b) and 2(c), the piezoelectric response is stronger

along the fiber axis. The detailed examination of in-plane

PFM images does not reveal any visible domain structure,

indicating that dabcoHReO4 nanoparticles are homogene-

ously dispersed within the fiber.

The piezoelectric effect in dabcoHReO4 (point group m)
is characterized by a third rank tensor with ten independent

coefficients. Assuming that the polar axis Z in dabcoHReO4

crystals embedded into the fiber has preferential orientation

mainly in the plane of the fiber direction (while ac and bc
planes have random orientation), d11 and d12 components of

the piezoelectric tensor may contribute to the effective verti-

cal PFM response (deff), while d13, d15, and d24 coefficients

influence the observed transversal PFM response. We

assume that the conglomerates of differently oriented

dabcoHReO4 nanoparticles are seen as an uniform contrast

in both out-of-plane and in-plane piezoresponse imaging.

The local domain switching under an external electric

field was studied by means of piezoresponse hysteresis loop

acquisition. In these measurements, the tip was fixed on a

fiber surface in the central part and a sequence of dc bias

voltage pulses with amplitude cycled from �25 to þ25V

was applied between tip and the counter electrode. The

observed out-of-plane hysteresis loop directly proves the

switchability of polarization in dabcoHReO4 nanofibers

(Figure 2(d)). The corresponding effective piezoelectric

coefficient (remanent value) was estimated to be about

deff� 20 pm/V. This value is comparable to the piezoelectric

coefficient of a poled poly(vinydelene fluoride) film, a classi-

cal ferroelectric polymer frequently used for fibers

fabrication.29

As we observed a pronounced piezoelectric effect in

dabcoHReO4 fibers, we explored its suitability for energy

harvesting applications. Modern electronics does require a

power of the order of less than a microwatt, and thus electro-

spun fibers may be used to supply energy for miniaturized

systems.30 In order to demonstrate the power generation abil-

ity of the dabcoHReO4 nanofibers, the piezoelectric response

was measured under a periodic bending of the fibers directly

electrospun on a flexible polyimide substrate with a sputtered

comb-shaped array of 6 pairs of gold electrode plates with

outward area 30� 10mm2 (as described elsewhere20,21). The

substrate stripe was bend using a vibration generator with a

periodic bending oscillation in the range of 1�5Hz. The per-

iodic bending results in a strong piezoelectric voltage

response with a periodic oscillation between positive and

negative output peaks, corresponding to the bending and

release cycles (Figure 3). The raw output signal reaches a

maximum (peak) value of about 120mV at 5Hz.

The energy conversion efficiency of the dabcoHReO4

piezoelectric device can be considered equal to the effective

electromechanical coupling factor g¼We/Wm, where We is

the electrical output energy, and Wm is the mechanical input

energy. The Wm can be calculated as Wm ¼ Ð
Fdx, where F

is the applied force to the stripe oscillator which is

proportional to the distance traveled by its support

x ¼ xmaxsinðxtÞ. For small deviation of the substrate stripe

with dabcoHReO4 nanofibers, the calculated conversion effi-

ciency is about 14.8% at 5Hz. The nanofibers of

dabcoHReO4 are capable of producing an output power of

about 1.5 nW that might be already suitable to power CMOS

or quartz oscillator microdevices.

Next, we demonstrate the direct heat conversion into

electricity by means of a pyroelectric effect in a

dabcoHReO4 nanofiber array. Pyroelectricity results from

the temperature dependence of the spontaneous polarization.

By changing the temperature, an electric field originated

from changes in intrinsic dipoles is compensated by the sur-

face layer of free charges. The rate of change of spontaneous

polarization dPs

dT determines the pyroelectric coefficient. The

change in the polarization can be detected as a pyroelectric

current I ¼ A � dPs=dT � dT=dt, where A is electrode area and

dT/dt is the rate of temperature change, measured in a capac-

itor geometry under short-circuit conditions.31

Figure 4 presents the variation of a pyroelectric current

obtained from 1 cm2 nanofibers mat of about 100 lm

FIG. 3. Voltage output of the fabricated nanofiber mat under 1Hz (left) and

5Hz (right) repeated compressive impacts. Nanofiber mat thickness of

100lm, working area of 1 cm2.

FIG. 4. The temperature cyclic change, derivative and output pyroelectric

current obtained in dabcoHReO4 nanofiber mat at pulsed (a) and ramp (b)

temperature changes.
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The piezoelectric effect in dabcoHReOO4 (point group m)
is characterized by a third rank tensor with ten independent

coefficients. A

dd11 and dd12 components of

the piezoelectric tensor may contribute to the effective verti-

cal PFM response (dddeffdd f), whileff dd133, dd155, and dd24 coefficients

influence the observed transversal PFM response. W

deffdd f� 20 pm/V.

. Modern electronics does require a

power of the order of less than a microwat

120mV at 5Hz.

The WWmWW can be calculated as WWmWW ¼
mecÐÐ

Fdx,

t 14.8% at 5Hz. Th

x ¼ xxmaxxsinðxtÞ.

I ¼ A � dPPss=dT � dT=dt,



thickness sandwiched between two electrodes and measured

by varying the temperature with different amplitude in the

vicinity of room temperature. The current measurements

were carried out by using a Keithley 617 electrometer, with

the fibers under a constant stress to avoid the piezoelectric

contribution. The pyroelectric response is nearly symmetri-

cal with respect to heating/cooling and I(t) follows the shape
of the derivative dT

dt ðtÞ. The maximum current peak was

200 pA at DT¼ 6K. To evaluate the effective pyroelectric

coefficient, a temperature ramp with a constant heating and

cooling rate was used (Figure 4(b)). As expected, the current

increases with increasing temperature. The corresponding

pyroelectric coefficient of the as-spun dacboHReO4 nanofib-

ers has been found to be about 8.5 lC/m2K. This value is

comparable with the reported pyroelectric coefficient of a

poled PVDF film32 and KNbO3 nanowire-polymer compos-

ite.33 In spite of the lower pyroelectric coefficient measured

for dabcoHReO4 nanofibers when compared to bulk crystals

(our measurements in single crystal of dabcoHReO4 grown

from aqueous solution of the perrhenate acid and dabco,

reveal the pyroelectric coefficient px of about 46 lC/m2K),

the fiber mat has a great advantage over single crystals

because it is easier to incorporate into electrical devices; it

has lower heat capacity and presents a pyroelectric coeffi-

cient that is similar to that of the best current alternative can-

didates. Moreover, the bulk crystals are very expensive to

grow due to their very high solubility in water.

As follows from the structural measurements, we may

conclude that a higher percentage of dabcoHReO4 nanocrys-

tals oriented such as one-dimensional NH� � �N hydrogen

bonded chains are parallel to the fibers mat, and the spontane-

ous polarization has a higher value when measured along the

fiber plane. According to point group m, the main contribution

to the pyroelectric current response must be assigned to the

transversal component PsX . From the results of Szafra�nski
et al.,23 in single crystal of dabcoHReO4, the spontaneous

polarization PsX ¼ 3:6 lC=cm2 is five times smaller than PsZ .

According to the electrode position used, the pyroelectric coef-

ficient measured in the fibers has only the contribution of spon-

taneous polarization perpendicular to the fiber axis.

To summarize, fully flexible devices of organic ferro-

electric dabcoHReO4 nanofibers produced by the low-cost

electrospinning process have been fabricated and character-

ized. The piezoelectric harvesting capability was demon-

strated. Both piezoelectric and pyroelectric coefficients are

sufficiently high and open up a pathway to incorporating

them in smart textile to serve as a harvester of sub-microwatt

energy. Future applications are also foreseen in the area of

MEMS/NEMS where actuation is required at the nanoscale.

Additionally, the possibility to produce flexible self-powered

systems would greatly increase the range of potential appli-

cations of electrospun nanofibers.

This work was financially supported by the European

Regional Development Fund (ERDF) through Programa

Operacional Factores de Competitividade (COMPETE:

FCOMP-01-0124-FEDER-014628, FCOMP-01-0124-

FEDER-009457) and the Portugal Fundaç~ao para a Ciência e
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ers has been found to be about 8.5 lC/mm22K.

single crystal

46 lC/mm22K),
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