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A B S T R A C T   

Polyvinylidene fluoride (PVDF) based polymer nanocomposites with ceramics as nanofiller have been investi
gated as a solution for energy storage devices due to their unique and attractive combination of processability 
and electrical properties. This work assesses two dopants (fluorine and nitrogen) for zinc oxide (ZnO) nano
particles PVDF matrix composites as a means of improving dielectric properties targeting capacitive storage. 
Fluorine doping achieves improved performance compared to pure ZnO nanocomposites increasing the 
decomposition temperature by 15 ◦C to 463 ◦C with 15 wt% F-doped ZnO and reducing the weight loss by 4.2 %. 
The highest dielectric constant that can be achieved with the addition of fluorine is about 70 at room temper
ature, which is more than 3 times greater than that of pure ZnO nanocomposite. Nitrogen doping also enhances 
the permittivity of the nanocomposites at ambient temperature but limit enhancement at high temperature due 
to the lower activation energy.   

1. Introduction 

Dielectric materials have found many applications ranging from 
dielectric storage [1] to waveguides [2]. In dielectric capacitors, the fast 
charge/discharge of dielectric materials makes them a suitable energy 
storage device. Dielectric capacitors could be made by either ceramic or 
polymer. Various strategies to enhance dielectric performance has been 
proposed, for example, co-doping niobium and aluminum into TiO2 [3] 
or introducing elemental deficiencies, such as that of bismuth in barium 
modified sodium bismuth titanate-barium strontium titanate (BNBT- 
BST) to enhance the dielectric constant of ceramics [4]. Co-polymers 
produced by grafting one dielectric polymer onto another have been 
used to enhance dielectric performance [5]. Current materials applied 
for energy storage are not limited to conventional dielectric polymers, 
for example, the application of 3D MXene has been used in super
capacitors [6]. Organic-inorganic hybrid materials have become one of 
the main options for dielectric energy storage devices [7] as introducing 
a filler in a polymer matrix can enhance the dielectric properties [8–10]. 
Polymer-ceramic hybrid materials are still a candidate with great po
tential to be used for electrodes of supercapacitors [11]. 

Fillers commonly used are ceramic particles with different struc
tures, such as nanoparticles, nanorods, nanofibers or hollow structures 

[12–14]. Dielectric polymers, especially, PVDF and PVDF-based co- 
polymers, play a very important role in storage applications due to their 
high breakdown strength, which results in greater energy storage den
sity [15] and makes them a promising candidate as energy storage 
materials. Besides, polymers are generally easy to process and have low 
dielectric loss [16]. The energy density storage capacity of a linear 
dielectric polymer as an index to qualify the storage capacity of 
dielectric materials follows approximately a proportional relationship to 
its dielectric constant and to the square of its breakdown strength [17]. 
Consequently, the energy storage capacity of dielectric materials can be 
enhanced by either increasing the dielectric constant or the dielectric 
breakdown strength. In general, polymers have a relatively low dielec
tric constant and are easy to process, whereas ceramics have low 
breakdown strength, are difficult to process, and can attain high 
dielectric constant values [16]. Therefore, composites that combine the 
advantages of polymers and ceramics can play a crucial role in next 
generation energy storage devices [10,16,18–19]. 

Different ceramics have been used to produce polymer-based 
dielectric materials, such as BaTiO3 (BTO) and calcium copper titanate 
(CCTO) [20–23]. The dielectric properties of composites of BTO with 
organic matrices present a dramatically increased dielectric constant by 
about 150 % compared to the neat matrix upon addition of 50 wt% 
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ceramic particles [21] and can be further improved by surface modifi
cation of the particles[20]. The effect of ZrO2 on the dielectric constant 
of polyvinylidene fluoride-co-chlorotrifluoroethylene (PVDF-CTFE) 
based nanocomposites is moderate due to the relatively close dielectric 
constants of matrix and particles; an improvement in the dielectric 
constant of about 20 % is observed when 17 wt% of nanoparticles is 
added [22]. The addition of CCTO results in significant improvements in 
dielectric constant exceeding a 10 fold increase when 40 vol% is added 
to a polymer matrix [23]. ZnO nanoparticles have also been used, 
motivated by the strong interface they form with host polymers [24,25]. 
The interface between organic and inorganic materials is key in 
enhancing the dielectric properties and overall quality of the material; 
incompatibility between ceramic nanoparticles and the polymer matrix 
can lead to aggregation, porosity and voids in the nanocomposites which 
influence the dielectric properties and other material quality metrics 
adversely [16]. 

As a semiconductor, ZnO has very attractive properties such as 
exceptional optical, electronic and electrochemical response and it is 
environmentally friendly [26]. As a result of its piezoelectric properties, 
ZnO has been considered as a candidate to modify high frequency sur
face acoustic wave devices used as sensors to detect certain gases such as 
fluorine or methanol [27] with its selectivity enhanced by coating 
zeolitic imidazolate onto ZnO nanorods [28]. Modified ZnO can also be 
used as energy storage material to fabricate self-charging super
capacitors [29]. 

The high exciton binding energy (60 meV) and wide bandgap (3.37 
eV) of ZnO allow it to operate at high voltage, frequency and tempera
ture [30]. Improved dielectric constant values of composites containing 
ZnO nanoparticles have been reported; the permittivity of nano
composites with 30 wt% ZnO is about 30 % greater than that of pure 
PVDF [31]. Surface modification of ceramics has been investigated to 
improve further the dielectric properties of nanocomposite dielectric 
materials. A greatly enhanced dielectric constant (about 100 % increase) 
can be achieved with only 10.8 vol% addition of particles after 
dispersing BaTiO3 nanofibers in a dopamine hydrochloride aqueous 
solution [19]. Doping the particles with metal ions can also be an 
effective option; nanocomposites containing Ni-doped BaTiO3 present 
ultra-high dielectric properties [32]. ZnO has also been used as a sepa
rator of arrays of electrodes to fabricate low cost and environmentally 
friendly supercapacitors [29]. 

In addition to metal ions, fluorine and nitrogen are considered as an 
attractive candidate to maximise the energy storage ability of dielectric 
materials. Fluorine and nitrogen doping have been investigated with the 
aim of improving the electrical and optical properties of ceramics. 
Fluorine has been applied to energy storage materials previously. For 
example, fluorine-doped graphene-based supercapacitors achieve a 
significantly higher energy and power density than pristine graphene 
[33]. Fluorine has also been employed to enhance electrical conduc
tivity [34], by increasing the charge carrier concentration, which could 
also influence dielectric properties. Surface fluorinated waste rubber 
powder has been used to fabricate triboelectric nanogenerators [35]. 
Fluorine has also been used to dope non-metal polymeric semi
conductors such as graphitic carbon nitride to enhance the optical, 
electric and emission properties [36]. More importantly, fluorine doped 
SnO2 has shown an improved dielectric constant [37]. Nitrogen is also 
an attractive candidate for doping. Similarly, to fluorine, it has been 
shown that N-doped ZnO achieves a higher dielectric constant [38]. 

There is limited research on the thermal and dielectric properties of 
fluorine/nitrogen-doped nanocomposites and on using non-metallic 
dopants in general to enhance the dielectric constant reported so far 
in the literature. This study focuses on the investigation of thermal and 
dielectric properties of polymer-based nanocomposites with fluorine/ 
nitrogen doped ZnO nanoparticles to assess the feasibility of doping with 
these elements to improve the performance of storage devices based on 
PVDF-ceramic composites. This can facilitate understanding of how 
dopants influence the behavior of the nanocomposites. This is the first- 

time formulation and synthesis of polymer ceramic nanocomposites 
using fluorine/nitrogen doping of the nanoparticles is reported. In 
addition, the application of fluorine can improve the compatibility be
tween the ZnO and PVDF as PVDF has also functional groups with 
fluorine and the doping of the particles can improve the interface 
coupling. The approach followed here differs significantly from strate
gies utilised previously in the literature to improve the compatibility 
between the matrix and nanofiller, such as the use of surfactants [39] 
which can have adverse effects with respect to leakage currents. Previ
ous work focusing on improving thermal properties of polymer based 
nanocomposites is based on use of multiple nanofillers and surfactant 
[40]，resulting in complex synthesis. The use of doping in this work, 
offers an alternative route for improving thermal stability that can be 
implemented using a simple synthesis procedure. 

2. Materials and experimental methods 

2.1. Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O CAS: 10196–18-6, MW ~ 
297.49) and potassium hydroxide (KOH CAS: 1310–58-3, MW ~ 53.11) 
powders were supplied by Sigma Aldrich [41–42] and used directly 
without any further milling before adding into distilled water. Ammo
nium fluoride (Sigma Aldrich, NH4F, CAS: 12125–01-8, MW ~ 37.04 
[43]) with ACS reagent was used as source of fluorine in the form of 
powder. Synthesis level urea (Sigma Aldrich, CN₂H₄O, CAS: 57–13-6, 
MW ~ 60.06 [44]) was used as the source of nitrogen and was also used 
as powder directly. Polyvinylidene fluoride (PVDF, CAS: 24937–79-9, 
MW ~ 534000 by GPC [45]) in powder form with chemical formula 
(CH2CF2)n used as the main material for the film and BioReagent 
Dimethyl Sulfoxide (DMSO (CH3)2SO, CAS: 67–68-5, MW ~ 78.13 [46]) 
liquid used as the solvent applied for film preparation was also supplied 
by Sigma Aldrich. Conductive silver liquid paint (RS Components 
186–3600 [47]) was used for coating samples for dielectric 
measurements. 

2.2. Synthesis 

2.2.1. Synthesis of ZnO and fluorine/nitrogen-doped ZnO 
The synthesis procedures of the nanoparticles follow a previous 

study [48], zinc nitrate (0.1 mol) aqueous solution (500 ml) and po
tassium hydroxide (0.2 mol) aqueous solution (500 ml) were stirred at 
room temperature for 2 h separately. The agent solution was then added 
into the precursor solution drop wisely while the precursor solution was 
kept stirring during the process. The whole process lasted about 25 min. 
The final solution was stirred for about 1 h, then sealed and settled for 
24 h. After removing the suspension solution, the precipitate was ob
tained by using centrifugation (Heraeus Megafuge 8) for 10 min at 4500 
rpm; the collected precipitate was washed in distilled water and 
centrifuged again to wash away impurities. This process was repeated 
three times and ethanol was used in the last step to ensure impurities are 
removed and the pH value of the particles was maintained at about 7. 
The precipitate was then dried in a vacuum oven (THCHEM Model DZF- 
6050) at 90 ◦C for 12 h in standard atmosphere to convert the Zn(OH)2 
to ZnO. The dried powder was heat treated at 500 ◦C for 3 h in a furnace 
(Severn Science-TG38.2.1Z.F) to eliminate any organic residue and 
ensure purity of the nanofiller. 

The synthesis process of fluorine-doped and nitrogen-doped ZnO is 
identical to the process used for the synthesis of pure ZnO particles with 
the only difference being the addition of ammonium fluoride powder 
and urea powder into the precursor solution before mixing for F- or N- 
doping respectively. The molar ratio of dopant to Zn was 10 %. There
fore, 0.01 mol of ammonium fluoride or 0.005 mol of urea powder was 
weighted and mixed with zinc nitrate powder before dissolving into 
distilled water. The mixed solution was sealed and settled overnight for 
precipitation followed by stirring in distilled water for 30 min and 
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centrifugation to obtain the washed precipitates. After drying in the 
oven, the powder was annealed in the furnace. 

2.2.2. Preparation of nanocomposite films 
Polymer and nanocomposite films were prepared by using a 11 cm ×

11 cm glass plate as the substrate with silicone rubber forming a frame 
containing the solution. To make sure the final product could achieve 
the required thickness, the solution was only deposited onto the centre 
area of the substrate which had dimensions of 10 cm × 10 cm, with the 
rest of the area was covered by the rubber frame. The rubber frame, a top 
steel plate and the glass substrate were clamped to make sure the so
lution does not leak during the heating process. 

The nanocomposite material was formulated by dissolving 2 g of 
PVDF powder into 40 ml of DMSO and the corresponding amount of 
ceramic powder into 5 ml of DMSO. The PVDF solution and the ceramic 
mixture were stirred for 2 h at 70 ◦C separately and then mixed grad
ually. After mixing, the solution was stirred for 2 h at 70 ◦C and then 
sonicated (Clifton SW3H) for 30 mins to achieve better mixing. The film 
solution was sealed in a 100 ml beaker before immersion into water for 
sonication. The solution was deposited onto the clamped glass prepa
ration substrate, then heated at 90 ◦C for 24 h to evaporate the solvent 
completely. The film could be easily peeled off from the substrate after 
heating. 

The molar ratio between the dopant and Zn was fixed at 10 %, and 
the weight fraction of the pure and doped ZnO powder was 5 wt%, 10 wt 
% and 15 wt%. The films were coated with conductive silver paint on 
both sides, with the coating area kept the same as the size of the elec
trodes used in dielectric measurements. 

2.3. Characterisation 

Thermal degradation and stability analysis was carried out using a 
Thermogravimetric Analyser (TGA-TA instrument Q500) under nitrogen 
atmosphere. The maximum temperature reached 800 ◦C and the heating 
rate was 10 ◦C/min. A Differential Scanning Calorimeter (DSC-TA in
strument Q200) was used to investigate the thermal transitions of the 
nanocomposites. The tests were performed in nitrogen atmosphere. DSC 
samples were heated from 60 ◦C to 250 ◦C with a heating rate of 10 ◦C/ 
min and then kept at 250 ◦C for 2 min. After the isothermal segment, the 
samples were cooled down to −60 ◦C with a cooling rate of 10 ◦C/min 
and then heated again to 250 ◦C with the same heating rate. The purpose 
of the first heating and isothermal segment is to eliminate the thermal 
history of the materials. The melting and crystallisation temperature 
were obtained from the cooling and the second heating process. The test 
samples for TGA and DSC were cut from the uncoated part of the film 
without any further processing. 

X-ray diffraction (XRD Siemens D5005) was used to investigate the 
crystal structure of the nanocomposites and the influence of the dopants. 
The experiments were operated with a sample size of about 0.5 cm2 and 
wavenumber of 1.54 cm−1. Scanning Electron Microscopy (SEM) was 
carried out using a SEM Tescan S8000 microscope. All the films and 
powders were gold-coated prior to SEM analysis using a Quorum Turbo 
sputter coater targeting a coating thickness of 10 nm. 

Dielectric tests were carried out using a Solatron SI1260 Frequency 
Analyzer (FRA). The tests were operated in the frequency range of 101- 
106 Hz scanned in a logarithmic scale using 29 points. In all experiments 
the excitation voltage was 1 V. Measurements were carried out at about 
25 ◦C, 50 ◦C, 75 ◦C and 100 ◦C. Each isothermal measurement had a 
duration of 15 min to stabilise the temperature. A k-type thermocouple 
was attached to the measuring cell to monitor and record the tempera
ture. An in-house code built in LabView was utilised to acquire 
synchronised dielectric and temperature data. The nanocomposite films 
with a size of 10 cm × 10 cm were placed between two circular copper 
electrodes connected with the FRA. The diameter of the upper and 
bottom electrodes were 5 cm and 8 cm respectively with a thickness of 8 
mm. The electrodes and sample assembly was placed on a Sindanyo high 

temperature insulation board with thickness of 2 cm during the mea
surement. The upper electrode covered the coating area of the nanofilms 
and the two electrodes were completely separated by the nanofilm. 

The FRA provides raw results in the form of capacitance and resis
tance in an assumed parallel circuit. The dielectric constant can be 
calculated using: 

ε′ =
C
ε0

d
S

(1)  

where C is the measured capacitance, ε0 is the constant of free space 
which is 8.854 × 10-12F/m and d and S are the thickness of the film and 
coated area respectively. The dielectric loss can be calculated as: 

ε″ =
1

ε0Rω
d
S

(2)  

where R is the measured resistance, and ω is the angular frequency. To 
facilitate visualisation of relaxations, the imaginary electric modulus 
was also calculated as follows: 

M″ =
ε″

ε′2 + ε″2 (3)  

The dataset underlying this study is available at the Cranfield online 
research data repository [49]. 

3. Results and discussion 

3.1. Thermal decomposition 

The thermal degradation behavior of nanocomposites with a heating 
rate of 10 ◦C/min and 5 wt% of doped and pure nanofiller is presented in 
Fig. 1. Pure PVDF presents a two-step decomposition. The first decom
position, which has an onset at around 439 ◦C, is mainly attributed to 
chain-scission and causes a 76.6 % weight loss, due to the breaking of 
carbon-hydrogen or fluorine leading to the disassembly of the polymer 
structure [50–51]. The second step of degradation has an onset tem
perature of 487 ◦C and is attributed to the polyenic sequence generated 
in the first degradation step undergoing scission after the formation of 
aromatic molecules [50,52]. The TGA curve shifts to a higher decom
position temperature with the addition of 5 wt% ZnO, whilst the shift is 
greater with the addition of dopants in the nanoparticles. 

Table 1 presents the onset and inflexion temperature (Tonset and 
Tmax) of all the nanocomposites investigated. The decomposition tem
perature of PVDF + ZnO is higher than that of the neat PVDF and 
gradually increases with the ZnO content; the inflection point (Tmax) also 
increases to 467 ◦C with 5 wt% nanofiller and to 471 ◦C and 474 ◦C for 
the materials with 10 wt% and 15 wt% ZnO respectively. The shift of the 
curves shows that the nanofiller improves thermal stability compared to 
the neat PVDF polymer. The degradation temperature does not increase 
significantly when the ZnO amount changes from 10 wt% to 15 wt%, 
showing that the improvement in thermal stability of the nano
composites becomes saturated with increasing content. Both fluorine 
and nitrogen doped nanocomposites present decomposition curves 
shifted to greater temperatures, indicating that the addition of dopants 
improves the thermal stability of the materials. The decomposition onset 
temperature increases to 458 ◦C, 461 ◦C and 463 ◦C with the increase of 
fluorine doped nanofiller. N-doped nanocomposites present the highest 
decomposition onset temperature among all the nanocomposites, which 
reaches 465 ◦C. The nanocomposites containing F-doped ZnO exhibit 
increased inflection temperature, particularly when 5 and 10 wt% of 
particles are added, which is around 471 ◦C and 475 ◦C respectively. 
Further addition of nanoparticles does not increase the inflection tem
perature further, as the inflection temperature of both doped and 
undoped nanocomposites is 475 ◦C when 15 wt% nanofiller is added. 
When 5 wt% of N-doped ZnO is added, the inflection temperature of the 
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nanocomposite increases to 479 ◦C, which is higher than the inflection 
temperature of the pure ZnO nanocomposite with the same loading. This 
represents the highest inflection temperature among all nano
composites. Further addition of N-doped nanoparticles reduces slightly 
the temperature to 476 ◦C and 475 ◦C with 10 wt% and 15 wt% of 
nanofiller, whereas the inflection temperature of pure ZnO material with 
15 wt% doping is also 475 ◦C. The inflection temperature of all nano
composites with and without dopant is around 475 ◦C when 15 wt% of 
nanofiller is applied. This implies that 475 ◦C is the plateau temperature 
of the nanocomposites; further addition of dopant does not increase the 
maximum degradation temperature further. 

Table 1 presents the final weight loss and matrix weight loss for all 
materials. Since the degradation of PVDF occurs by bond scission and 
rupture of C-H and C-F bonds by thermal decomposition, it generates 
double C-C bonds. The weight loss in the first degradation stage is 
accompanied by removal of HF. The mass loss becomes slower in the 
second stage, and the degradation generates tar; therefore, the whole 
degradation process of PVDF generates HF, tar and char [53]. The 
removal of HF is followed by carbonisation of the polymer and then 
cyclisation of the released species. The greater temperature leads to a 
fully carbonised residue by polymer crosslinking [54], which explains 
why the second stage occurs at high temperatures. The total weight loss 
decreases from 76.6 % for PVDF to 74.4 % with 5 wt% of ZnO and is 
reduced further to 71.5 % and 67.4 % when 10 wt% and 15 wt% of ZnO 
is added. However, the polymer weight loss shows the opposite trend. 
The polymer weight loss with ZnO is around 79.5 % which is 2.9 % 
higher than that observed in pure PVDF. Fluorine doped nano
composites present lower weight loss than pure ZnO nanocomposites 
and both total weight loss and polymer weight loss decrease further with 
the increase of fluorine doped nanofiller. This could be attributed to the 

introduction of extra fluorine that may help the formation of C-F bonds 
and delay the elimination of HF. Also, the presence of fluorine in the 
particles can help the ZnO nanoparticles to build a stronger interface 
with the polymer and restrict chain movement, which results in a 
reduction of PVDF weight loss. Furthermore, fluorine may also form H-F 
bonds which have greater bonding dissociation energy (136.2 Kcal/mol) 
than F-Zn (88 kcal/mol) and O-Zn (67.9 kcal/mol) [55]. The weight loss 
of N-doped nanocomposites with increasing amount of nanoparticles is 
consistent with the results obtained for pure ZnO nanocomposites. The 
total weight decreases with the nanofiller, but polymer weight loss in
creases. N-doped nanocomposites also present the highest total weight 
loss and polymer weight loss among all nanocomposites studied, around 
79.4 % and 83.6 % respectively. This indicates that the addition of ni
trogen may affect negatively the interface between Zn and O by occu
pying interstitial positions into the ZnO structure leading to oxygen loss. 

3.2. Thermal transitions 

Fig. 2 illustrates the melting and crystallisation behavior of pristine 
PVDF and nanocomposites with and without dopant measured by Dif
ferential Scanning Calorimetry (DSC). The DSC curves of the nano
composites show a single melting peak, which is narrower than the peak 
of pure PVDF. This is due to the fact that ZnO acts as a heterogeneous 
nucleating agent and facilitates the formation of more uniform but 
smaller lamellae which can melt entirely in a heating cycle [56]. The 
melting/crystallisation temperature and enthalpy of the different ma
terials are summarised in Table 2. The melting temperature increases 
with the addition of ZnO and then decreases slightly with further 
addition of greater amount of ZnO nanoparticles. The melting enthalpy 
increases monotonously with increasing ZnO content. Also, both the 
crystallisation temperature and enthalpy increase with the increase of 
nanoparticle content. The crystallinity of the nanocomposites is higher 
than that of the pure PVDF and is enhanced further by the increase of 
nanofiller amount. 

The shift of the melting temperature to greater values with the 
addition of ZnO is a consequence of the nanoparticles promoting crys
tallisation of PVDF by acting as a nucleating agent. Meanwhile, the 
observed reduction in melting temperature with increasing ZnO content 
is attributed to the facilitation of crystallisation of PVDF by ZnO, which 
results in smaller crystallites that can be melted at lower temperature 
[57]. The increase of melting enthalpy indicates that although the 
crystallite size decreases with ZnO loading, the crystallites amount 
grows. The increase of crystallisation temperature and enthalpy repre
sent the enhanced interface energy when the nanofiller is added. The 
crystallinity increases with the nanoparticles amount which evidences 

Fig. 1. TGA curves of PVDF and nanocomposites with and without doping.  

Table 1 
Degradation parameters of PVDF and nanocomposites with and without 
dopants.  

Material Total loss Tonset
◦C Tmax

◦C PVDF loss 

Pristine PVDF  0.766 439 459  0.766 
PVDF + 5 % ZnO  0.744 443 467  0.783 
PVDF + 10 %ZnO  0.715 448 471  0.795 
PVDF + 15 % ZnO  0.674 448 474  0.794 
PVDF + 5 % F: ZnO  0.739 458 471  0.778 
PVDF + 10 % F:ZnO  0.657 461 474  0.731 
PVDF + 15 % F:ZnO  0.632 463 475  0.744 
PVDF + 5 % N: ZnO  0.794 465 479  0.836 
PVDF + 10 % N: ZnO  0.690 464 476  0.766 
PVDF + 15 % N: ZnO  0.681 465 475  0.802  
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their influence in promoting crystallisation of PVDF by acting as a 
nucleation agent [56]. 

Nitrogen and fluorine doping influence thermal transitions in 

nanocomposites in different ways. As reported in Table 2, the addition of 
F-doped ZnO results in an increase of melting temperature and enthalpy 
compared to pure ZnO nanocomposites. The melting temperature re
mains constant with various nanofiller concentrations, whilst the 
melting enthalpy increases as the concentration of F-doped ZnO in
creases. The crystallisation temperature of F-doped films follows the 
same trend as the melting temperature and enthalpy and represents the 
highest values among the materials with the same amount of nano
particles. The constant melting temperature implies that the crystal size 
of F-doped nanocomposites does not change as a function of nano
particle content. The increase of melting enthalpy indicates that the 
addition of F-doped nanoparticles further enhances the crystallite 
number. The greater crystallisation enthalpy reflects higher crystallinity 
which can be attributed to greater interfacial energy of the F-doped 
nanoparticles. The N-doped nanocomposite with 5 wt% nanoparticles 
presents the highest melting temperature among all the materials; 
further addition of nanofiller decreases the melting temperature as well 
as the melting enthalpy. Similarly to melting, the crystallisation 

Fig. 2. Calorimetric response during melting (a) and crystallisation (b) of PVDF and nanocomposites with and without dopants.  

Table 2 
Melting/crystallisation temperature and enthalpy of PVDF and nanocomposites 
with and without adding dopants. Crystallinity computed using a PVDF crys
tallisation enthalpy of 104.7 Jg−1 [58].  

Material Tm◦ C ΔHm J/g Tc◦ C ΔHc J/g ΔXc 

Pristine PVDF  157.8  43.6  127.7  45.7 45 % 
PVDF + 5 % ZnO  158.7  50.6  133.4  47.2 47 % 
PVDF + 10 %ZnO  158.5  54.2  134.1  52.2 55 % 
PVDF + 15 % ZnO  157.9  58.9  133.2  55.5 56 % 
PVDF + 5 % F: ZnO  158.8  55.5  134.8  53.9 54 % 
PVDF + 10 % F: ZnO  158.8  65.1  135.1  58.0 61 % 
PVDF + 15 % F: ZnO  158.8  76.0  135.9  65.1 65 % 
PVDF + 5 % N: ZnO  159.7  57.7  134.4  48.5 49 % 
PVDF + 10 % N: ZnO  158.2  44.2  130.6  42.4 45 % 
PVDF + 15 % N: ZnO  158.5  39.8  132.9  42.5 48 %  
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temperature as well as the crystallisation enthalpy of the N-doped 
nanocomposites decrease with nanoparticle content. The higher melting 
temperature of N-doped nanocomposite indicates that the N-doped 
nanocomposites with 5 wt% nanofiller has the largest crystal size. 
However, further addition of N-doped ZnO does not enhance further the 
crystallisation of nanocomposites. The reduction of crystallisation tem
perature and enthalpy indicates that nitrogen doping affects the inter
facial energy and nucleation of the nanocomposites negatively. 

3.3. Crystal structure and morphology 

Fig. 3 illustrates the XRD spectra of neat PVDF and of its nano
composites which reflect the semi-crystalline structure of the polymer 
and crystalline structure of the nanofiller. The XRD peaks can be used to 
deduce the change of the lattice parameters and to identify how the 
dopants affect the crystal structure of the nanocomposite. This is also 
linked to potential effects on dielectric properties as a result of changes 
in the crystal structure. 

Pure PVDF has three main peaks located at 20.29◦, 18.48◦ and 
39.37◦ which correspond to the (110), (020) and (132) planes, and a 
relatively weak peak at 41.65◦ corresponding to the (−221) plane. The 
strength of the (110) and (020) plane peaks indicate that pristine PVDF 
is dominated by α phase [59]. The (200) plane, which is characteristic 
of the β phase of PVDF, located at 36.39◦ and the (111) plane located at 
22.58◦, which is present in the α phase [60], can also be observed. The 
PVDF peaks do not undergo any distinct shift. In addition to the main 
peaks the relative weak peak corresponding the plane (−221) can still 
be observed in the spectrum. After addition of 5 wt% of ZnO nano
particles, the spectrum shows three additional peaks at 31.76◦, 34.50◦

and 36.23◦ respectively, indicating the hexagonal structure of ZnO [61] 
as well as peaks at 47.54◦, 56.57◦, 62.85◦,67.92◦ and 69.05◦, and a weak 
peak located at 66.32◦. The sharpness of the peaks indicates that a fine 
crystalline structure of ZnO has been achieved. The addition of dopants 
does not generate any additional peaks, showing that the dopants do not 
prominently affect the crystal structure of the nanocomposites. With 
fluorine doping, the three main PVDF peaks which correspond to the 
(110), (020) and (132) planes shift to 20.45◦, 18.72◦ and 39.22◦

respectively, whilst the main ZnO peak shifts to 31.99◦. The other two 
main peaks at 34.50◦ and 36.23◦ do not show any shift. The rest of the 
peaks corresponding to ZnO present an overall right shift. The peaks 
shift to 47.69◦, 56.66◦, 62.91◦, 68.00◦ and 69.22◦ with the addition of 
fluorine, while the relative weak peak also shifts to the right to 66.43◦. 
The right shift of the peaks means that the addition of fluorine reduces 
the lattice parameters of the matrix compared with that of the pure ZnO 
nanocomposites with the same amount of nanofiller. Only one ZnO main 
peak shifts with the addition of fluorine, indicating that fluorine can be 
incorporated into the ZnO lattice without affecting the lattice parameter 
of ZnO significantly. Formation of ZnF2 may lead to a reduce of crystal 
size resulting in the ZnO appearing under compression [62]. In the case 
of nitrogen doping, both PVDF and ZnO peaks present an overall left 
shift. The PVDF peaks shift to 20.20◦, 18.45◦ and 39.24◦ and the ZnO 
peaks to 31.67◦, 34.44◦ and 36.36◦. The peaks corresponding to planes 
(−221) and (111) shift to 41.26◦ and 22.63◦. Only two peaks show a 
0.03–0.04◦ right shift. Overall, these results indicate that the addition of 
nitrogen causes expansion of the crystal structure of the ZnO. This might 
be explained by the mainly interstitial incorporation of N since it has 
greater ionic radii compare with Zn and O. 

Fig. 4 presents the element spectrum of pure and doped nano
particles. According to Fig. 4 (a), the pure ZnO nanoparticles were 
successfully synthesized without any impurities. The small amounts of 
carbon and gold originate from the carbon adherent and surface coating 
used to fix the powder onto the substrate and make the surface 
conductive. The fluorine and nitrogen peaks in Fig. 4 (b) and (c) indicate 
the successful doping of the nanoparticles. The element spectra show 
that doped nanoparticles present some impurities. Sodium, sulphur and 
phosphorus are present in the F and N doped nanoparticles. The 

Fig. 3. XRD spectra of PVDF and nanocomposites with and without dopants: 
(a) PVDF; (b) PVDF + 5 wt% ZnO; (c) PVDF + 5 wt% F:ZnO; (d) PVDF + 5 wt% 
N: ZnO. 
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Fig. 4. Element spectra of (a) pure ZnO nanoparticles; (b) F-doped ZnO nanoparticles; and (c) N-doped nanoparticles.  
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potassium originates from the agent used to prepare the nanoparticles; 
the K is extracted from the KOH. 

Fig. 5 presents SEM images of pure ZnO and doped nanoparticles; the 
images also indicate the nanoparticles size. The nanoparticles change 
from spherulite like to rod like with the addition of dopant. The pure 
ZnO nanoparticles are around 100–150 nm in diameter, while the length 
of particles increases to 300–600 nm and the width decreases to 60–70 
nm with the addition of fluorine and nitrogen. The variation of the 
morphology could be due to the presence ammonium fluoride which 
generates more hydroxide ions that can increase the aspect ratio of 
nanofillers with zinc ion [63]. 

Fig. 6 shows SEM images of the pure PVDF and nanocomposites with 
and without doping. The PVDF shows a porous and spherulitic micro
structure in both pure PVDF and nanocomposites indicating that the α 
phase is dominant [50]. The addition of nanofiller does not change the 
morphology of the matrix as the PVDF in the nanocomposites is still 
dominated by the α phase. The spherulite size increases significantly 
from about 12 μm to nearly 16 μm after adding 5 wt% of ZnO; the 
growth of spherulites represents the reduction of non-crystalline re
gions. In the nanocomposites, the spherulite size increase is attributed to 
the ZnO promoting the crystallisation of PVDF by acting as a nucleating 
agent and triggering crystal growth, which is consistent with the 
observation that pure ZnO nanocomposites present higher melting 
temperature and greater crystallinity with the addition of ZnO. A change 
of spherulite size can be observed in nanocomposites with dopants. The 

doped nanocomposites present smaller spherulite size than undoped 
materials. For the nanocomposite with 5 wt% F-doped ZnO, the spher
ulite size decreases to about 11 μm, whilst the N-doped nanocomposite 
with the same loading amount has a spherulite size of around 9 μm. The 
reduction in the spherulites size with doping can be attributed to a 
limited crystal growth space. 

Fig. 7 illustrates the element distribution of nanocomposites with 15 
wt% nanofiller. Small areas of aggregation can be observed after addi
tion of 15 wt% of ZnO in PVDF. The aggregation of the nanocomposites 
is reduced with the addition of fluorine; the nanocomposites with 15 wt 
% F-doped ZnO still present some aggregation, but with smaller size and 
density. In the nitrogen case, the nanocomposites present more aggre
gation areas than in pure ZnO nanocomposites. Also, the nitrogen doped 
materials present a lower Zn distribution density than pure ZnO nano
composite, indicating that there is aggregation areas at other places of 
the nanofilm. 

3.4. Dielectric response 

The dielectric constant and loss spectra of pristine PVDF and nano
composites with and without dopants are illustrated in Figs. 8 and 9. 
Both dielectric constant and loss decrease with increasing frequency. 
The dielectric spectra of nanocomposites with dopants present a greater 
slope than pure ZnO nanocomposites especially for the material with 15 
wt% F-doped ZnO. At room temperature, the dielectric loss decreases 

Fig. 5. SEM images of (a) pure ZnO nanoparticles (b) F-doped nanoparticles and (c) N-doped nanoparticles.  
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with frequency and increases again. With the increase of temperature, 
the spectra of dielectric constant and loss become steeper. The variation 
of dielectric constant and loss with frequency is due to the different 
relaxation mechanisms present in the materials. These include the α 
relaxation in the crystalline region which mainly occurs at about 1 Hz 
[64], and explains the high dielectric constant and loss at low frequency. 
The dielectric loss increase in the high frequency range indicates a 
second relaxation peak corresponding to the α relaxation in the amor
phous region located in the 1–10 MHz range [64]. The interfacial 
Maxwell-Wagner-Sillars polarisation expected for the systems with 
ceramic nanoparticles is not detected in Fig. 7 or 8, as it occurs at fre
quencies below the lower limit of the spectra shown here at about 1 MHz 
[64]. However, the greater slope of dielectric spectra of nanocomposites 
with dopant is indicative of a shift of the MWS mechanism towards 
higher frequencies. The addition of dopants decreases the relaxation 
time leading to greater relaxation frequency, thus shifting the dielectric 
spectra to the right. 

Fig. 8 shows that the introduction of ZnO enhances the dielectric 
constant of the nanocomposites significantly. The dielectric constant at 
room temperature at 10 Hz increases from about 12 for the pristine 
PVDF to 15 when 5 wt% ZnO is added, and further increases to 17 when 
15 wt% of nanoparticles is added; this trend follows previous results for 
PVDF/ZnO nanocomposites [31]. Pure ZnO nanocomposites present 
lower dielectric loss than pristine PVDF at room temperature. The 
dielectric loss of nanocomposite with 5 wt% ZnO is about 2.6 at room 
temperature and 10 Hz, whilst for the PVDF it is about 3.8 at the same 

frequency and temperature. The dielectric loss of the material with 15 
wt% ZnO is about 2.2 at the same conditions, which show that the loss 
decreases with increasing nanofiller content. The increase of permit
tivity with the addition of ZnO nanoparticles is mainly due to an increase 
in migrating charges [65] and interfacial polarisation. Also, the decrease 
of inter-dipolar distance at the interface area could be affecting the 
dielectric response [66]. The orientation of the polymer and nanofiller 
interfacial charges contributes to polarisation increasing the dielectric 
constant with the increase of nanofiller amount. The lower dielectric loss 
of pure ZnO nanocomposites than that of pristine PVDF is due to 
mobility limitations; the nanoparticles restrict the motion of polymer 
chains, which increases the relaxation time, and shifts the relaxation to 
lower frequencies. Consequently, nanocomposites with higher ZnO 
content show lower dielectric loss. 

The addition of dopants further enhances the dielectric constant of 
nanocomposites as it can be observed in Fig. 8. At room temperature 
with 15 wt% nanoparticles, the dielectric constant at 10 Hz increases 
from about 15 for the nanocomposite without fluorine doping to 70 for 
the material with fluorine. For the N-doped nanocomposites, the 
dielectric constant of the nanocomposite with 15 wt% nanofiller in
creases to 35 for the material. Unlike the pure ZnO nanocomposites, F- 
doped nanofilms present a dielectric loss significantly higher than that of 
the pure polymer and of ZnO containing films which increases with the 
nanofiller amount at all frequencies and temperatures. Nanocomposites 
with 15 wt% N-doped ZnO show greater dielectric loss at room tem
perature than that of the corresponding undoped material, while the 

Fig. 6. SEM images of (a) PVDF (b) PVDF + 5 % wt ZnO (c) PVDF + 5 wt% F: ZnO and (d) PVDF + 5 wt% N: ZnO.  
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other N-doped nanocomposites present similar dielectric loss with that 
of the pure ZnO material. For example, the loss of the material with 10 
wt% nanofiller is about 0.13 at room temperature and 10 Hz both with 
and without nitrogen doping. 

The increase of temperature greatly enhances the dielectric constant 
and loss of pristine PVDF and nanocomposites. By comparing Fig. 8 (a) 
and (d), it can be observed that the dielectric constant of nanocomposite 
with 15 wt% ZnO nanofiller at 10 Hz increases from about 15 at room 
temperature to about 100 at 100 ◦C, while the constant of pure PVDF 
also increases from 12 to 70 in the same conditions. The dielectric 
constant of the material with 5 wt% of ZnO increases to around 200 
when the temperature reaches 100 ◦C. Nanocomposites with lower pure 
ZnO content present greater constant at low frequencies with the in
crease of temperature, especially at 100 ◦C. This is attributed to the 
effects of restriction nanoparticles impose to the polymer chain. This 
leads to an increase of relaxation time and a lower relaxation frequency. 
Therefore, the dielectric constant spectra of nanocomposites shift to the 
left with the increase of ZnO. The nanocomposite with 15 wt% F-doped 
ZnO presents the highest dielectric constant amongst all materials at 

100 ◦C and 10 Hz, which is around 500. The nanocomposite with the 
same amount of N-doped ZnO has a constant of around 180, which is 
lower than the nanocomposite with 5 wt% of pure ZnO at the same 
temperature and frequency. This could be attributed to the weaker 
temperature dependence of the dielectric properties of N-doped mate
rials. The highest dielectric loss is observed for the nanocomposite with 
15 wt% F-doped ZnO and is around 2000 at 100 ◦C and 10 Hz. This is 
about 6 times greater than that of the pure ZnO nanocomposites with the 
same nanofiller amount under the same conditions. When the temper
ature increases, especially at 75 ◦C, the dielectric loss values of nano
composites with 15 wt% N-doped ZnO and 5 wt% pure ZnO are similar 
at 10 Hz at around 125 and 85 respectively, and nearly overlap at a value 
of 430 when the temperature increases to 100 ◦C. 

Fig. 10 illustrates the imaginary modulus spectra of pristine PVDF 
and nanocomposites which can facilitate the identification of relaxation 
peak shifts. At room temperature, only the relaxation peak of the F- 
doped nanocomposites with 10 wt% and 15 wt% of nanofiller can be 
observed which evidences the right shift with fluorine doping. At 50 ◦C, 
the relaxation peak of pure PVDF and N-doped nanocomposite with 15 

Fig. 7. (a) SEM image of PVDF + 15 wt% ZnO; (b) Zn distribution of PVDF + 15 wt% ZnO; (c) O distribution of PVDF + 15 wt%; (d) SEM image of PVDF + 15 wt% F: 
ZnO; (e) Zn distribution of PVDF + 15 wt% F: ZnO; (f) O distribution of PVDF + 15 wt% F:ZnO; (g) SEM image of PVDF + 15 wt% N:ZnO; (h) Zn distribution of PVDF 
+ 15 wt% N:ZnO; and (i) O distribution of PVDF + 15 wt% N:ZnO. 
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wt% of nanofiller can also be observed, while the complete relaxation 
peak cannot be observed for pure ZnO nanocomposites. This supports 
the conclusion that the addition of ZnO results in a left shift of the 
spectrum, which is enhanced with increasing nanofiller amount. The 
manifestation of the relaxation peak of N-doped nanocomposites evi
dences the right shift of the spectrum with the application of nitrogen. 
However, with the increase of temperature, the pure ZnO nano
composites present greater relaxation frequency than N-doped mate
rials. This indicates that the pure ZnO nanocomposites have a stronger 
temperature dependence than the N-doped nanocomposites. 

Fig. 11 summarizes the dielectric constant of polymer-based nano
composites at 1 kHz and compares with the state of the art in the 
literature [67–71]. The nanocomposites with 7 % NaNbO3@Al2O3, 9 % 
BTO@TiO2@SiO2 and 15 % ZnO present similar dielectric constant 
with the nanocomposite containing 10 wt% F-doped ZnO from this 
work. Compared to the nanocomposite from the literature that also uses 
ZnO as nanofiller but co-polymer as matrix [70], the F-doped nano
composite requires a lower amount of nanofiller to achieve the same 

level of dielectric constant enhancement. The other two nanocomposites 
from the literature which use a core–shell structured nanofiller [67,69] 
that requires a comparatively complex synthesis procedure do not show 
a significant advantage over the F-doped material from this work. The 
nanocomposite with 15 wt% F-doped ZnO shows similar dielectric 
constant to the materials that contains Ag nanoparticles and surface 
modified BaTiO3 from the literature [68,71]. The F-doped nano
composite from this work requires a significantly lower amount of 
nanofiller to achieve the same dielectric constant. The N-doped nano
composite with 15 wt% nanofiller shows lower dielectric constant than 
the F-doped nanocomposite and the state of the art materials. However, 
due to the difference in the nanofiller amount, it is still possible that the 
N-doped nanocomposite can achieve greater dielectric constant than the 
state of the art materials in the literature if the same amount of nanofiller 
is used. 

Fig. 12 summarizes the tanδ values of the nanocomposites at 1 kHz 
and compares them with the state of the art materials from the literature. 
Both F-doped and N-doped nanocomposites present a much higher tanδ 

Fig. 8. Dielectric constant spectra of nanocomposites at (a)25 ◦C (b)50 ◦C (c)75 ◦C and (d)100 ◦C.  
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than the materials in the literature. The tanδ of the materials in the 
literature is around 0.05 while the F-doped nanocomposite shows tanδ 
nearly 6 times higher. The tanδ of the nanocomposite with 15 % F-doped 
ZnO is nearly 10 times higher than the materials in previous studies, 
although 60 % of nanofiller is used in this case. The nanocomposite with 
25 % AgNP@DPA shows a tanδ close to the nanocomposite with 10 % F- 
doped ZnO which is around 0.3 and about half of that of the material 
with 15 % F-doped ZnO. N-doped nanocomposites present a lower tanδ 
than F-doped materials. 

Materials used for dielectric energy storage devices require a high 
energy density which can be achieved by either enhanced dielectric 
constant or breakdown strength. Also, a low dielectric loss is necessary 
as it represents greater efficiency and longer life. The nanocomposites 
reported here can achieve higher than or similar level of dielectric 
constant as the current state of the art by much easier preparation 
procedures and/or lower nanofiller amount. The enhancement using 
fluorine and nitrogen is due to the increase in the charge carriers con
centration. More charges can be transferred into the nanostructure when 
the electric field is applied; these charges are than blocked by the 
insulator polymer at the interface region, which enhances the 

polarisation and thus increases the dielectric constant. However, the 
charge mobility can also be enhanced and can cause greater energy 
dissipation resulting in increased dielectric loss. The nitrogen doped 
nanocomposites show a controlled increase of dielectric loss due to the 
decline of migrating charges mobility when the nitrogen is added [72]. 

Fig. 13 compares Arrhenius plots of relaxation time of pure PVDF and 
nanocomposites with and without dopant. The relaxation time as a 
function of temperature follows Arrhenius behavior. The crystalline 
relaxation process follows a straight line in log scale indicating that both 
the PVDF and nanocomposite undergo a single rate activation process. 
Therefore, the activation energy can be determined by the slope of the 
line and the Arrhenius relation: 

f = foexp
(

−
Ea

kT

)

(4)  

where f is the relaxation freuqnecy, Ea is the activation energy and k is 
the Boltzmann constant which is equal to 1.38 × 10-23 m2kgs-2K−1 and T 
the temperature in K. The activation energy is 0.41 eV for pure PVDF and 
0.37 eV for the nanocomposite with 5 wt% ZnO. The lower activation 
energy for the nanocomposite means that the relaxation is more 

Fig. 9. Dielectric loss spectra of nanocomposites at (a) 25 ◦C (b) 50 ◦C (c) 75 ◦C and (d) 100 ◦C.  
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sensitive to temperature and the process requires lower energy to 
overcome the energy barrier. Thus, the nanocomposites present a 
greater dielectric loss at high temperature. The activation energy of F- 
doped nanocomposites is 0.34 eV which is significantly lower than the 
value observed for the neat PVDF and ZnO nanocomposite respectively, 
whilst the activation energy of N-doped nanocomposite with 5 wt% 
nanofiller is 0.40 eV, which is higher than the value for the pure ZnO 
nanocomposite. The low activation energy of F-doped nanocomposite is 
consistent with the result that the F-doped nanocomposite exhibit the 
highest dielectric constant and loss among all the nanocomposites with 
the same loading amount, while the activation energy of N-doped 
nanocomposite explains the result that its dielectric constant is close to 
that of pure ZnO nanocomposites at high temperature. 

4. Conclusion 

Addition of ZnO enhances the thermal stability of PVDF and addition 
of dopants improves further the thermal characteristics of the nano
composites. Nitrogen doping increases the decomposition temperature 

to 465 ◦C which is the highest value among all the nanocomposites 
studied whilst fluorine improves both the decomposition temperature 
and weight loss. ZnO also promotes the crystallisation of the PVDF; the 
increase of ZnO content results in increased numbers of crystallites with 
smaller size. Fluorine doping of ZnO further promotes the crystallisation 
of nanocomposites and the crystallinity increases with the increase of F- 
doped ZnO to 65 %, whilst nitrogen doping influences the crystallisation 
negatively with a reduction of crystallinity to 48 % with 15 wt% of N- 
doped ZnO. The addition of ZnO results in higher dielectric constant and 
lower dielectric loss than pure PVDF. Both fluorine and nitrogen in
crease the dielectric constant and dielectric loss. Pure PVDF presents the 
highest activation energy of 0.41 eV and thus has the lowest dielectric 
constant and loss at high temperature. The activation energy of the F- 
doped nanocomposite with 5 wt% nanofiller is only 0.34 eV, and 
therefore this material has the greatest temperature dependence of 
dielectric properties. 

The results reported here indicate the potential of using doping to 
tailor and optimise the properties nanocomposites for dielectric storage 
applications. Overall, PVDF-ZnO nanocomposites have to potential of 

Fig. 10. Imaginary modulus spectra of nanocomposites at (a) 25 ◦C (b) 50 ◦C (c) 75 ◦C and (d) 100 ◦C.  
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providing an efficient solution in dielectric capacitors as energy storage 
devices. They show enhanced dielectric constant and reduced dielectric 
loss due to the restriction ZnO imposes on the polymer chain of PVDF. 
The addition of fluorine and nitrogen further enhances the dielectric 

constant of the nanocomposites. However, the addition of fluorine also 
increases the dielectric loss especially at high temperature. Nitrogen 
doping does not increase the dielectric constant to the same level as 
fluorine; however, nitrogen doped nanocomposites present a controlled 
increase of dielectric loss even at high temperature. The dielectric loss of 
nanocomposites with nitrogen doping is close or even lower than that of 
pure ZnO nanocomposites due to the reduction of charge mobility. Apart 
from dielectric properties, the thermal stability is enhanced with the 
addition of fluorine and nitrogen. Fluorine doped nanocomposites pre
sent increased thermal decomposition temperature and reduced poly
mer weight loss. Nitrogen doped nanocomposites present the highest 
decomposition and inflection temperature among all materials. Fluorine 
improves the interface between the nanofiller and matrix, resulting in 
increased crystallinity, whilst nitrogen does not influence the interface 
positively but increases the melting temperature. 

To further enhance the overall performance of the nanocomposites, 
the two dopants can be combined in co-doped formulations and to uti
lize the advantages of fluorine and nitrogen in a synergistic manner. The 
opportunity offered by the differing influence of dopants of different 
electronegativity and size can be used to address the trade-off governing 
material development and selection for dielectric storage. A broader 

Fig. 11. Summary of dielectric constant of polymer-based nanocomposites at 1 kHz and comparison with literature data.  

Fig. 12. Summary of tan δ of polymer-based nanocomposites at 1 kHz and comparison with literature data.  

Fig. 13. Arrhenius plot for crystalline relaxation of neat PVDF and nano
composite with and without adding dopants. 
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investigation including the influence of doping of nanoparticles on 
dielectric breakdown will establish the full potential of this material 
solution. 
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