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Abstract

Owing to its piezoelectric and pyroelectric properties, poly(vinylidene fluoride) (PVDF) has been 

extensively explored for applications related to tactile sensing, energy harvesting, and thermal 

imaging. However, PVDF cannot be directly used to detect light because of its weak absorption in 

the visible and near-infrared (NIR) regions, preventing effective conversion from light to heat and 

then electrical signal. In this work, we address this issue by incorporating Au nanocages (AuNCs) 

into PVDF nanofibers during electrospinning. The strong and tunable optical absorption associated 

with AuNCs makes them an effective transducer for converting light to heat and then electrical 

signal. The presence of AuNCs and the strong electric field inherent to electrospinning both 

promote the formation of the ferroelectric β phase for maximal piezoelectric and pyroelectric 

conversions. With the incorporation of AuNCs, the electrospun PVDF nanofibers show enhanced 

capabilities for tactile and NIR sensing. While the voltage output under the tactile force is 

increased by 12.6-fold relative to the case of pristine PVDF nanofibers, a voltage output of 7.2 V 

is achieved when the hybrid device is subjected to the on/off cycles of NIR irradiation by an 808-

nm diode laser at a power density of 0.2 W/cm2.
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The incorporation of AuNCs into PVDF nanofibers by electrospinning for enhancing the 

performance of tactile and near-infrared sensing

Introduction

Plasmonic nanomaterials have been extensively explored for applications ranging from 

photonics to medical diagnostics because of their localized surface plasmon resonance 

(LSPR) and related properties.1 To this end, Au-based nanostructures with a wide variety of 

non-spherical shapes or complex structures have been developed to provide tunable LSPR 

peaks in the visible and near-infrared (NIR) regions.2 Among them, Au nanocages (AuNCs) 

with hollow interiors and porous walls have received particular attention as their LSPR is 

typically dominated by absorption rather than scattering, and the peak position can be 

precisely tuned to any wavelength of interest in the range of 400−1200 nm by controlling the 

wall thickness relative to the overall dimensions.2 Empowered by their strong absorption of 

light, AuNCs can serve as a photothermal transducer to effectively convert photons to 

phonons or heat.3 In principle, one can incorporate AuNCs into a pyroelectric material to 

obtain a hybrid system that can be utilized to fabricate optical detectors or imagers working 

in the visible and NIR regions.

Poly(vinylidene fluoride) (PVDF) is a good candidate for the pyroelectric component. When 

poled into the ferroelectric β phase, this polymer shows strong piezoelectric and pyroelectric 

properties that have been utilized to fabricate tactile sensors and thermal cameras by 

converting mechanical and thermal energies, respectively, to electrical signal.4–7 The 

conventional poling of a PVDF film involves the application of a strong electric field 

(typically, 300 kV/cm) to the sample while it is held at 70−100 °C.8–11 In addition, the 

polymer chains can also be aligned to obtain the β phase when PVDF is dissolved in a 
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mixture of acetone and N, N-dimethylformamide (DMF), and electrospun into nanofibers by 

leveraging the strong electrical field and mechanical stretching force associated with 

electrospinning.12–14 Moreover, it has been reported that the incorporation of nanoparticles 

made of materials such as Ag,15,16 Au,17–19 and ZnO20 could play a positive role in aligning 

the polymer chains and thus enhancing the piezoelectric response. It was proposed that the 

strong electrostatic interactions between the positively charged nanoparticles and the 

negatively charged fluorine atoms in the polymer backbone could produce interfacial 

polarization on the crystalline phase to facilitate the formation of the β phase.13

Herein, we demonstrate the capability of directly incorporating AuNCs into PVDF 

nanofibers during an electrospinning process for the fabrication of tactile sensors and NIR 

detectors with greatly enhanced sensing performance. The presence of AuNCs not only 

facilitates the formation of the desired ferroelectric β phase but also enables a unique feature 

for converting NIR light to heat and then electrical signal, allowing the hybrid nanomaterial 

to simultaneously respond to mechanical and optical stimulations. To fully demonstrate the 

potential of such a hybrid material, we compare the piezoelectric, pyroelectric, and coupled 

outputs in terms of electrical signal when the device is subjected to the tactile force, NIR 

irradiation, and a combination of both, with the pristine PVDF nanofibers serving as a 

reference.

Experimental section

Chemicals and materials

Silver trifluoroacetate (CF3COOAg), sodium hydrosulfide (NaHS), hydrochloric acid (HCl), 

gold(III) chloride trihydrate (HAuCl4∙3H2O), acetone, N, N-dimethylformamide (DMF), 

poly(vinylpyrrolidine) (PVP, Mw≈55,000), and poly(vinylidene fluoride) (PVDF, 

Mw≈275,000) were all obtained from Sigma-Aldrich (St. Louis, MO, USA). Ethylene glycol 

(EG) was obtained from J. T. Baker (Center Valley, PA, USA). Sylgard 184 silicone 

elastomer kit (PDMS) was purchased from Dow Corning (Midland, MI, USA), and the 

plastic films pre-coated with indium tin oxide (ITO) were ordered from Kaivo 

Optoelectronic Technology (Zhuhai, Guangzhou, China).

Preparation of nonwoven mats made of AuNC/PVDF nanofibers

We prepared the AuNCs as described in a previous report.21 The solution for electrospinning 

was prepared by dissolving PVDF in a mixture of acetone and DMF (v/v = 3:7) at a final 

concentration of 18 wt.%. The AuNCs were dispersed in DMF at a weight percentage of 

0.01% to PVDF and then added into the PVDF solution to obtain a homogeneous mixture. 

The mixture was loaded into a 5-mL plastic syringe with a 21-gauge needle attached and 

dispensed using a syringe pump. The injection rate was maintained at 1 mL/h. A voltage of 

15 kV was applied, while the distance between the tip of the needle and the collector was set 

to 15 cm.

Fabrication of devices using the AuNC/PVDF nanofibers

A nonwoven mat of the AuNC/PVDF nanofibers was cut into small pieces with an area of 

1.5 × 1.5 cm2. It was sandwiched between two pieces of thin plastic films pre-coated with 
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ITO. The sandwich structure was then sealed with PDMS, an elastomer that allowed the 

device to recover its original structure effectively after the bending stress was released.

Characterization

The morphologies of the nanofiber mats were examined using an SU-8230 field-emission 

scanning electron microscope (Hitachi, Japan). The average diameter of the nanofibers was 

derived from 100 fibers on the scanning electron microscopy (SEM) images using Adobe 

Acrobat X Pro (ADOBE, USA). Transmission electron microscopy (TEM) images were 

taken on a HT7700 microscope (Hitachi, Japan) operated at 120 kV. For AuNCs, the sample 

was prepared by placing a drop of the particles suspended in water on a carbon-coated 

copper grid, followed by drying under ambient conditions. For AuNC/PVDF nanofibers, the 

sample was prepared by directly collecting the fibers with a carbon-coated copper grid. The 

weight percentage of AuNCs was determined using a NexION 300Q inductively-coupled 

plasma mass spectrometer (ICP-MS, PerkinElmer, USA). X-ray diffraction (XRD) patterns 

and Fourier transform infrared (FT-IR) spectra in the attenuated total reflection (ATR) mode 

were obtained using an X’Pert PRO Alpha-1 diffractometer (PANalytical, The Netherlands) 

and a Varian 640 infrared spectrophotometer (Agilent Technologies, USA), respectively. 

Absorption spectra were recorded using a Cary 60 spectrometer (Varian, USA). An 808-nm 

diode laser coupled to a 100-μm-core nanofiber (Power Technology, USA) was used as the 

light source. The outputs in terms of open circuit voltage and current were recorded at 

different frequencies using a CHI 600E electrochemical workstation (CH Instruments, 

USA).

Discrete dipole approximation (DDA) calculation

The nanocage was approximated as a nanobox, which was generated by i) creating a cube 

and ii) subtracting a smaller cube from the interior to create a box, as described in previous 

reports.22–24 Once the shape was generated and inspected with Visual Molecular Dynamics 

(VMD) 1.9.2, it was uploaded as a shape-file into the ddscat 7.2.0 software. In all cases, the 

propagation (k-vector) and electric field (Ex and Ey-field) of the incident photon were 

perpendicular and parallel, respectively, to the (100)-facet of the cubic box, as indicated in 

Fig. S2. Furthermore, in all simulations, dipoles between 104 and 105 were used to ensure 

accurate results. The dielectric constant of a Au0.52Ag0.48 alloy was taken from reference 25. 

Since all spectra were measured when the nanocages were suspended in water, the dielectric 

constants of the surrounding medium and the interior space were taken to be εm = n2 = 1.78.

Results and discussion

The TEM image in Fig. 1A indicates that the AuNCs had a well-defined hollow interior, 

together with an average outer edge length of about 53 nm and a wall thickness of 

approximately 8.5 nm. The LSPR peak position of AuNCs is mainly determined by their 

size and wall thickness, as well as the dielectric constant of the surrounding medium. In the 

current study, we focused on AuNCs with LSPR peaks tuned to the NIR region. As 

confirmed by the UV-vis-NIR spectrum in Fig. 1B, the LSPR peak of the AuNCs in an 

aqueous suspension was positioned at 787 nm, close to the output wavelength (808 nm) of 

the diode laser used for photothermal heating. Since the absorption spectrum of AuNCs 

Li et al. Page 4

J Mater Chem C Mater. Author manuscript; available in PMC 2019 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



depends on their surrounding environment, we also measured the absorption spectrum 

derived from an aqueous suspension of the AuNC/PVDF nanofibers. Relative to the LSPR 

peak of the AuNCs in an aqueous suspension, only a slight red shift of about 21 nm was 

observed for the peak in the case of AuNC/PVDF nanofibers (Fig. S1), confirming that the 

LSPR spectrum of AuNCs would not be changed significantly when the surrounding 

medium was switched from water to PVDF. For the AuNC/PVDF nanofibers, the strong 

absorption in the range of 300−500 nm can be attributed to PVDF and/or the nanofiber 

morphology.17

To verify the optical properties of the AuNCs, we also calculated the absorption and 

scattering cross-sections of one individual AuNC using the DDA method.26 We modeled the 

nanocage with an alloy composition composed of 52% Au and 48% Ag based on the ICP-

MS data, and assumed that it was surrounded by and completely filled with water. The 

nanocage was further simplified as a nanobox, together with an outer edge length of 54 nm 

and a wall thickness of 6 nm. As shown in Fig. S2, the calculated extinction, absorption, and 

scattering cross sections at resonance are 3.69 × 10−14, 2.65 × 10−14, and 1.04 × 10−14 m2, 

respectively. The LSPR peak of the AuNC derived from the DDA calculation was located at 

767 nm, in reasonable agreement with the peak at 787 nm recorded experimentally.

Fig. 2A shows a photograph of the as-prepared mat of PVDF nanofibers containing AuNCs 

before it was cut into smaller pieces for device fabrication. The mat showed a light blue tint 

that matched the color displayed by the aqueous suspension of AuNCs, suggesting that the 

AuNCs did not aggregate into larger structures during electrospinning. As shown by the 

SEM images in Fig. 2B, the AuNC/PVDF nanofibers had a smooth surface, together with an 

average diameter of 434 ± 73 nm. In comparison, the mat of pristine PVDF nanofibers 

showed a white color, and the fibers took an average diameter of 462 ± 72 nm (Fig. 2C and 

D). These results suggest that the inclusion of AuNCs did not cause any major changes to 

the electrospinning process. The AuNCs dispersed in the PVDF nanofibers could be readily 

resolved under a TEM image (see the inset in Fig. 2B), confirming the absence of 

aggregation. Fig. 2E shows a schematic drawing of the device. To facilitate electrical 

measurements and protect the device from repeated compressive deformation, the nonwoven 

mat (1.5 × 1.5 cm2 in area) of PVDF nanofibers containing AuNCs at a weight percentage of 

0.01% was sandwiched between two plastic films pre-coated with ITO. As shown by the 

photograph in the inset of Fig. 2E, the as-fabricated device had a total thickness of about 1 

mm. It was flexible and could be controllably bent without cracking. The good transparency 

of ITO and PDMS, with a transmittance as high as 84% in the visible and NIR regions, 

allowed the light to easily reach the layer of PVDF nanofibers without significant 

attenuation.

We used both XRD and FT-IR spectroscopy to analyze the crystal phases of AuNC/PVDF 

and PVDF in the form of nonwoven mats of nanofibers. In Fig. 3A, the diffraction patterns 

of both AuNC/PVDF and PVDF nanofibers show relatively weak peaks at 2θ = 18.5° and 

26.6° (corresponding to the diffractions from the α phase). Instead, both samples showed a 

strong diffraction peak at 20.4° to confirm the dominance of the β phase, which is crucial for 

both piezoelectric and pyroelectric applications.27 The peak intensity ratio between the β 
and α phases was increased from 1.55 for PVDF to 1.76 for AuNC/PVDF nanofibers, 
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demonstrating the enrichment of the β phase in the case of AuNC/PVDF nanofibers relative 

to the pristine sample. Fig. 3B compares FT-IR spectra collected from the samples. The 

vibrational bands at 840 cm−1 (CH2, CF2 rocking and asymmetrical stretching) and 1276 cm
−1 are characteristic of the β phase, while the α phase should exhibit two peaks at 764 [CF2 

bending and skeletal bending of (C(F)-C(H)-C(F))] and 976 cm−1 (CH2 rocking).16,19 It is 

also worth noting that the intensities of the peaks corresponding to the α phase were 

suppressed, and those for the peaks corresponding to the β phase were enhanced for the 

AuNC/PVDF nanofibers. The content of β phase in the nanofibers could be estimated using 

the equation F(β) = Aβ / (1.3Aα + Aβ), where Aα and Aβ are the absorbance at 764 and 840 

cm−1, respectively.9 The content of β phase in the PVDF nanofibers was increased from 83.5 

to 93.2% when AuNCs were added into the solution at a weight percentage of 0.01% for 

electrospinning. The incorporation of AuNCs in PVDF nanofibers was able to straighten the 

PVDF backbone, promoting the formation of the β phase instead of the α phase. Besides, 

the dipole-dipole interactions between PVDF and AuNCs could induce a polymorph change 

from the α phase to the β phase.19 Taken together, it can be concluded that the content of the 

β phase in the AuNC/PVDF nanofibers was greater than that in the pristine PVDF 

nanofibers.

We first measured the voltage output from a mat of AuNC/PVDF nanofibers when the 

device was used for tactile sensing (Fig. 4A). When a repeated compressive force was 

applied to the device, a positive voltage pulse as high as 18.3 V was measured, and a 

negative voltage pulse appeared as the compressive strain was released. In comparison, the 

maximum voltage output from a device made of the pristine PVDF nanofibers was only 1.45 

V (Fig. 4B). The voltage output of the device made of AuNC/PVDF nanofibers was 

increased by 12.6-fold relative to the case of pristine PVDF nanofibers, indicating a 

significantly enhanced sensitivity of the AuNC/PVDF nanofibers for tactile sensing. This 

difference can be attributed to a greater β phase content caused by the inclusion of AuNCs in 

the PVDF nanofibers. Besides, introducing metallic nanoparticles into a polymer host 

increases the dielectric constant of the polymer as a result of the interfacial polarization 

phenomenon. Fig. 4, C and D, shows the outputs in terms of open-circuit voltage and current 

when the device made of the AuNC/PVDF nanofibers was subjected to cycled compressive 

loading at 2, 3, and 5 Hz, respectively. The peak voltage and current were insensitive to the 

frequency of variation within the experimental range, which is consistent with the 

observation of a previous report.28 The highest voltage and current outputs of the device 

were 18.1, 18.2, and 18.9 V and 28.1, 28.3, and 27.4 nA, at a loading frequency of 2, 3, and 

5 Hz, respectively, suggesting that this device could output electrical signal stably at a 

number of frequencies for a relatively long period of time.

We then evaluated the capability of the AuNC/PVDF nanofibers to detect NIR light by 

converting light to electrical signal through photothermal heating. Under the irradiation of an 

808-nm diode laser, the temperature rise in the mat of AuNC/PVDF nanofibers was 

measured using an infrared (IR) camera. For comparison, a nonwoven mat of the pristine 

PVDF nanofibers were also tested. As shown in Fig. 5A, the temperature of the pristine 

PVDF nanofibers remained at 23.7 °C after 60 s of irradiation. Because of the lack of a 

photothermal agent, the pristine PVDF nanofibers could not directly absorb visible and NIR 

light, preventing the conversion from light to heat. However, within 60 s of irradiation, the 
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nonwoven mat of AuNC/PVDF nanofibers showed a drastic increase in temperature from 20 

to 73.9 °C, due to the presence of AuNCs (Fig. 5B). The uniform distribution of AuNCs in 

the mat of PVDF nanofibers was also confirmed. We observed similar temperature rise 

profiles at different locations of a nonwoven mat made of the AuNC/PVDF nanofibers upon 

60 s of irradiation with the 808-nm laser (Fig. 5C), suggesting that the AuNCs were 

uniformly distributed and dispersed in the nanofibers during the electrospinning process. 

Due to LSPR-assisted heating, the nonwoven mat of AuNC/PVDF nanofibers could 

effectively convert NIR light to heat with an efficiency much greater than that of PVDF 

alone (Fig. 5D). Moreover, the nonwoven mat of AuNC/PVDF nanofibers also exhibited 

good durability under extended laser irradiation. As shown in Fig. 5E, there was no 

significant change to the photothermal conversion efficiency after 640 rounds of irradiation, 

suggesting that the irradiation did not alter the plasmonic features of the AuNCs. This 

stability would ensure a long working life span for the device.

Fig. 6A and B shows the temperature increase/decrease profiles in a nonwoven mat of the 

AuNC/PVDF nanofibers when the sample was subjected to on/off irradiation cycles using 

the 808-nm diode laser at a power density of 0.2 W/cm2. The rise in temperature (ΔT) could 

reach up to 51.3 °C when subjected to laser irradiation, and then decreased slowly to zero 

after the NIR light was turned off. As shown in Fig. 6C, the highest voltage output from the 

device was ca. 7.2 V, which was smaller than that of the piezoelectric cell shown in Fig. 4A, 

but was on par with the device reported in literature.29 For the device reported in literature, 

however, a light absorption layer had to be added in order to transfer NIR light to heat, 

which may limit the scope of application. As a major advantage, the mat of AuNC/PVDF 

nanofibers could serve as the adsorption layer owing to the incorporation of AuNCs. The 

hybrid device can directly response to NIR irradiation by transferring light to heat and then 

electric signal by integrating the unique photothermal feature of AuNCs and the 

pyroelectricity of PVDF. The high sensitivity of this device toward NIR light could lead to 

the development of photodetectors. Fig. 6D shows the voltage outputs from a device when it 

was subjected to tactile force and NIR irradiation simultaneously, with a maximum output 

voltage as high as 25.5 V. This value was greater than that of an individual piezoelectric or 

pyroelectric cell. This result demonstrates that the hybrid device can also simultaneously 

detect tactile and NIR light stimulations.

Conclusions

In summary, we have demonstrated the fabrication of a hybrid device made of electrospun 

PVDF nanofibers and AuNCs, which can be used for simultaneous detection of both tactile 

and NIR light stimulations. The incorporation of AuNCs into the PVDF nanofibers also 

increased the content of β phase, leading to more favorable piezoelectric response. In 

addition, the strong optical absorption of AuNCs gave the PVDF nanofibers a new capability 

to convert light to heat and then electric signal, realizing the effective detection of NIR light. 

The voltage output of the device based on the AuNC/PVDF nanofibers could reach 18.3 V 

under the tactile force, which was more than 10 folds greater than that of the pristine PVDF 

nanofibers. Furthermore, a voltage output of 7.2 V was obtained when the device was 

subjected to the repeated on/off irradiation cycles using an 808-nm diode laser at a power 

density of 0.2 W/cm2. Taken together, this work provides a platform nanomaterial for 
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developing PVDF-based sensors integrated with both piezoelectric and pyroelectric 

capabilities for applications related to tactile sensing and NIR light detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) A typical TEM image of the AuNCs before incorporation into the PVDF nanofibers and 

(B) UV-vis-NIR spectrum recorded from an aqueous suspension of the AuNCs.
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Fig. 2. 
Photograph and SEM images of a nonwoven mat of (A, B) the AuNC/PVDF and (C, D) 

pristine PVDF nanofibers, respectively. The inset in (B) shows a TEM image taken from one 

of the nanofibers (scale bar: 50 nm). (E) Schematic drawing of a sensing device that was 

constructed using an ITO-coated plastic film (upper layer), a nonwoven mat of AuNC/PVDF 

nanofibers (middle layer), and another ITO-coated plastic film (bottom layer). A photograph 

of the device is shown at the upper right corner.
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Fig. 3. 
(A) XRD patterns and (B) FT-IR spectra recorded from nonwoven mats of the AuNC/PVDF 

and pristine PVDF nanofibers, respectively. The color scheme applies to both XRD patterns 

and FT-IR spectra.
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Fig. 4. 
Voltage outputs from the devices fabricated using a mat of (A) the AuNC/PVDF nanofibers 

and (B) the pristine PVDF nanofibers, respectively, when they were subjected to a repeated 

compressive force. Outputs in terms of (C) open-circuit voltage and (D) current during a test 

performed at different frequencies using a device made of the AuNC/PVDF nanofibers.
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Fig. 5. 
IR camera images showing the temperatures in the nonwoven mats of (A) pristine PVDF 

nanofibers and (B) AuNC/PVDF nanofibers after 60 s of irradiation with an 808-nm laser at 

a power density of 0.2 W/cm2. (C) IR camera images showing the temperatures at different 

positions in a mat of AuNC/PVDF nanofiber after 60 s of irradiation with the 808-nm laser 

at a power density of 0.2 W/cm2. (D) Comparison of the temperature rise recorded from the 

mats of AuNC/PVDF nanofibers and pristine PVDF nanofibers, respectively, upon the 

irradiation by the 808-nm laser at a power density of 0.2 W/cm2 for 2 min. (E) Plots 

showing the changes of temperature in the mat of AuNC/PVDF nanofibers upon repeated 

irradiation by the 808-nm laser at a power density of 0.2 W/cm2.
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Fig. 6. 
(A) Cyclic changes in temperature and (B) IR camera images showing the temperature rise 

and drop in a nonwoven mat of AuNC/PVDF nanofibers when it was (left) exposed to and 

(right) blocked from the 808-nm laser at a power density of 0.2 W/cm2. (C) Pyroelectric 

response of a device fabricated using a nonwoven mat of AuNC/PVDF nanofibers when it 

was exposed to and blocked from the 808-nm laser at a power density of 0.2 W/cm2. (D) 

Voltage outputs from a device fabricated using a nonwoven mat of AuNC/PVDF nanofibers 

when it was subjected to both tactile and NIR light stimulations.
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