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CNCs were produced by the electrospinning tech-
nique. The material characterization of neat PVDF 
and the PVDF–CNC nanofibers were investigated 
with XRD, TGA, FT-IR, and morphological proper-
ties with SEM. The morphological results showed 
that CNCs were observed as needle-shaped rods 
and lengths for CNCs were generally in the range 
of 25–50 nm and 150–300 nm. The crystallinity and 
crystal size of CNCs were calculated as 75% and 
4.8  nm, respectively. CNCs showed the decomposi-
tion stages at 100–250  °C and 300–375  °C for the 
evaporation of the water and decomposition reac-
tions of cellulose, respectively. CNCs exhibited a 
weak absorbance at 265 nm according to the UV–Vis. 
As seen in the results of the nanofibers, it was found 
that CNCs generally decreased the diameters of the 
nanofibers obtained with the electrospinning when 
the loading rates of CNCs were raised. The presence 
of CNCs generally improved the thermal stability of 
the nanofibers. XRD results showed that crystallin-
ity generally increased with adding CNCs. In FT-IR 
spectra, any difference was not detected among the 
PVDF–CNC nanofiber spectra.

Keywords  Electrospun nanofibers · Renewable 
nanomaterials · Polyvinylidene fluoride (PVDF) · 
Cellulose nanocrystals

Abstract  Polyvinylidene fluoride (PVDF) nanofib-
ers with cellulose nanocrystals (CNCs) were pro-
duced with the electrospinning technique at the 
CNC loading rates of 0.25, 0.50, 0.75, and 1  wt%. 
CNCs were obtained with acid hydrolysis of micro-
crystalline cellulose with 64  wt% sulfuric acid. The 
material properties of CNCs have been studied with 
scanning electron microscopy (SEM), transmission 
electron microscopy, atomic force microscopy, X-ray 
diffraction (XRD), thermal analysis (TGA), ultra-
violet (UV–Vis) spectroscopy, and fourier transform 
infrared spectroscopy. The PVDF nanofibers with 
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Introduction

PVDF has been commonly used in many applica-
tions because of its numerous advantages including 
piezoelectric, pyroelectric, and ferroelectric proper-
ties. PVDF, which is a thermoplastic polymer, has 
the desired properties such as low cost, flexibility, 
easy processing, and biocompatibility. These advan-
tages make PVDF a good raw material for fiber pro-
duction in the textile industry (Dodds et  al. 2012; 
Mokhtari et  al. 2016). Although there are several 
fiber production methods e.g. solution spinning, melt 
spinning, and gel spinning is an easy method for 
obtaining micro and nano-sized fibers (Huang et  al. 
2003; Damaraju et  al. 2013; Lolla et  al. 2018). The 
electrical forces drive the electrospinning process on 
the inside or surface of the solution. The free ions in 
the solution move in response to the electrical field 
and provide a force to the solution (Reneker et  al. 
2000). When the electrically charged forces exceed 
the surface tension force, a liquid jet is ejected from 
the surface of the solution (Katta et  al. 2004). The 
electrospinning technique has been used for different 
polymers (e.g. polyvinyl alcohol, polymethyl meth-
acrylate, polyethylene) in fiber production and is an 
effective method to produce textile fiber from PVDF 
and industrial fiber including cellulose, cotton, linen, 
etc. (Yarin et al. 2005). With this mechanism, the fib-
ers were dispersed into the nanofibers via the elec-
trospinning process (Reneker et  al. 2000; Yee et  al. 
2007; Xin et  al. 2018) and the cellulosic fillers to 
PVDF can provide enhanced mechanical properties 
and small-fiber dimension (Sanders et al. 2019).

Cellulose, which is a biopolymer obtained from 
renewable materials is a value-added material and has 
major advantages including environmental-friendly, 
abundant, easy processing, low cost, lightweight, etc. 
New types of cellulose, such as microfibril cellulose 
(MFC), cellulose nanofibrils (CNFs), and cellulose 
nanocrystals (CNCs), can be prepared with the diver-
sification of nano-sized materials. The obtained nano-
sized cellulose is a high-performance additive, which 
is commonly used as a reinforcing agent, rheological 
modifier, and additive in various high-performance 
products and applications (Kalia et al. 2011; Aydemir 
and Gardner 2020a, b; Lee et al. 2021).

PVDF can be influenced by the presence of cel-
lulosic nanoparticles, which affect the crystalli-
zation behavior (Mago et  al. 2008) and the status 

can improve the dimension and properties of the 
obtained fibers. Some scientific studies showed 
that the reinforcing of PVDF with several bio-
fillers improved the properties of the obtained fib-
ers (Alhasssan et  al. 2018). As a typical bio-filler, 
cellulose is a well-known fiber to be utilized in the 
textile industry for reinforcing purposes (Akdu-
man 2021). Zhang et  al. (2015) added the CNCs 
to PVDF with dimethylformamide (DMF) solution 
and PVDF–CNC nanocomposites were prepared. 
The obtained results showed that the incorpora-
tion of CNCs improved the thermal and mechani-
cal properties of neat PVDF. In a study, Sheikh 
et al. (2019) added cellulose acetate (CA) to PVDF, 
and PVDF–CNC nanofibers were prepared with 
an electrospinning technique. According to the 
obtained results, the presence of CA in neat PVDF 
was found to improve the nanofiber structure. For 
the same purpose, Wang et  al. (2019) studied the 
CNC effects on the properties of the PVDF nanofib-
ers via an electrospinning process and the obtained 
results demonstrated that the adding CNCs to 
PVDF improved the microstructure of the obtained 
nanofibers. Akduman (2021) studied CA–PVDF 
nanofiber mats for N95 respirators, and the results 
showed that the addition of CA to PVDF decreased 
the dimension of PVDF–CA nanofibers. Vari-
ous studies were conducted on the electrospinning 
PVDF nanofibers with CNC (Fashandi et  al. 2016; 
Fu et  al. 2017; Rincón-Iglesias et  al. 2020; Lee 
et al. 2021), titanium nanotube (Victor et al. 2021), 
nickel nanoparticle (Sheikh et  al. 2011) and silver 
nanoparticle (Swamidoss et  al. 2019; Martin et  al. 
2019; Zeng et al. 2021).

To the best of the authors’ knowledge, most 
studies were conducted on the fiber properties of 
PVDF–CNCs at high loading rates including 1, 3, 4 
and 5% with the electrospinning method (Fashandi 
et al. 2016; Fu et al. 2017; Wang et al. 2019) and the 
obtained results showed that when the loading rate 
of CNCs used above 1%, many agglomerations may 
generally appear because of the clumping tendency 
of free hydroxyl groups in CNCs and therefore, if 
the high loading rate of CNCs used, the reinforcing 
effect of CNCs may not appear. As a result, there is 
a lack of information related to electrospinning fibers 
of PVDF and CNCs at low loading rates in the litera-
ture. In this study, the effects of the low loading rate 
including 0.25, 0.50, 0.75, and 1% on the properties 
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of CNC–PVDF nanofibers produced with the elec-
trospinning technique were investigated, and material 
characterization of the nanofiber mats was conducted.

Materials and methods

Materials

PVDF granules (NSB Polymers Co., Ltd., Turkey, 
Average Mw ~ 1,000,000) were dried in an oven 
at 50  °C for a day. Microcrystalline cellulose (CAS 
Number: 9004-34-6, Sigma Aldrich, Germany) was 
used as the raw material in the production of CNCs 
with hydrolyzing reaction [sulfuric acid (98  wt%)] 
(Istanbul, Turkiye). The other chemicals including 
dimethylformamide (DMF) and ethanol were pur-
chased from Merck (Istanbul, Turkey). In all experi-
mental analyses, deionized water was used.

Preparation of cellulose nanocrystals

MCC was treated using a 64  wt% aqueous solu-
tion of sulfuric acid in a magnetic mixer at 45  °C 
for 90 min. Ten folds of deionized water were added 
to the mixture to stop hydrolysis and then keep in 
the refrigerator for a day. The suspension was cen-
trifuged at 8000  rpm for 20  min (NF 800/800R 

centrifuge, Nuve Co., Istanbul, Turkiye) and the 
supernatant was removed. The centrifuge process 
was repeated many times until CNCs were tur-
bid in water, and then the CNC solution was taken 
and placed into dialysis bags for a week until the 
pH of the water had neutral (Bondeson et al. 2006; 
Li et al. 2018). Finally, the CNCs were lyophilized 
with a freeze-dryer (VaCo 2, RotaLab Co., Istanbul, 
Türkiye) for 2  days. Figure  1 shows procedures to 
prepare CNC nanomaterials with MCC particles.

Electrospinning of nanofibers

CNCs were first dispersed in DMF in an ultrasonic 
bath for 15  min, afterwards 15% (weight ratio) 
PVDF was added into CNC/DMF solution and 
stirred overnight to dissolve properly. CNC–PVDF 
solution was filled into a syringe and then loaded 
in the NanoYarn Spinner (Inovenso Co. Ltd.), and 
high voltage (15  kV) was applied to the tip of a 
needle that connected to the syringe. The syringe 
was pumped with a constant rate of 1  mL/h and 
the polymer was collected as a nanofibers mat on 
an aluminum foil placed on the grounded collector. 
The distance between the needle and collector was 
15 cm. The Electrospun device and its elements are 
shown in Fig. 2.

Fig. 1   The process to 
obtain CNC nanomaterials 
with MCC
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Characterization

Scanning electron microscopy

Morphological investigations of the samples were 
conducted with Tescan MAIA3 XMU scanning elec-
tron microscopy (Brno, Czech Republic). The sam-
ples were coated with a mixture of Palladium/Gold 
particles to enhance flowing of the electron.

Transmission electron microscopy

TEM investigations of the PCVDF nanofibers were 
conducted with transmission electron microscopy 
(Hitachi HighTech HT7700, Chiyoda, Tokyo, Japan). 
CNC solution was dropped onto a grid and dried in 
an oven prior to imaging at an accelerating voltage of 
100 kV and all the investigations were carried out at 
× 4000– × 600,000 HR mode.

Atomic force microscopy

The AFM investigations were conducted with Hitachi 
5100 N from 150 to 5 μm. CNC suspension drop was 
put onto a mica surface, and the mica surface was 
dried in an oven. The images of CNCs were taken 
with AFM at 24 °C in the dynamic mode with a scan 

rate of 1 Hz and using Si tips with a curvature radius 
of less than 10 nm.

X‑ray diffraction analysis

XRD was conducted with an X-ray diffractometer 
(Model XPert PRO, Philips PANalytical, Nether-
lands) with Ni-filtered Cu Kα (1.540562  Å) radia-
tion source at a range from 5° to 40° 2θ range. A 
silicon zero-background plate was used to make 
sure there was no peak associated with the sample 
holder. The crystallinity index (CI) and crystalline 
size of neat PVDF and the CNC–PVDF nanofib-
ers were calculated by using the formulation given 
below:

where Ac is the integrated area underneath the respec-
tive crystalline peaks, and Aa is the integrated area of 
the amorphous halo.

where D is the mean length of the crystallite perpen-
dicular to the planes (nm), K is a Scherrer parameter, 
λ is the wavelength of radiation (0.15406  nm), β is 
either the integral breadth or the breadth at half maxi-
mum intensity in radians and θ is the Bragg angle for 
the reflection concerned.

CI(%) =

∑

A
c

∑
�

A
c
+ A

a

�

D =
K ⋅ �

� ⋅ cos (�)

Fig. 2   Electrospinning 
procedures to prepare the 
PVDF/CNC nanofibers 
obtained from PVDF–CNC 
solution
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Thermogravimetric analysis

Thermal analysis of neat PVDF and the CNC–PVDF 
nanofibers was carried out with Hitachi STA 7300 
TG–DTA analyzer (Chiyoda, Tokyo) on samples of 
about 5–10 mg samples under the flow of nitrogen 
at 20 mL/min. The samples were heated from room 
temperature to 700 °C at 20 °C/min of heating rate. 
Derivative thermal gravimetry (DTG), weight loss 
(WL), and temperatures for WL at 10% (T10%), 50% 
(T50%), and 85% (T85%) were measured according to 
the TG curves. Derivative thermal analysis (DTA) 
is a thermoanalytical technique that is similar to dif-
ferential scanning calorimetry (DSC) and the tem-
peratures including melting (Tm) and degradation 
(Td) were calculated from DTA curves.

Ultraviolet spectroscopy

To determine the photocatalytic effect of the CNC 
in the distilled water, UV analysis was performed 
with Shimadzu UV 3600 Plus (Shimadzu, Kyoto, 
Japan) UV–Vis spectrometer in transmission mode 
at a wavelength range of 200–800 nm under 340 nm 
wavelength and 0.95 Wm2/nm light source accord-
ing to ASTM D5208-14 (2020) standard. The 
UV–Vis spectrometer was set in absorbance mode 
at the wavelength between 200 and 800  nm range 
and measurements were conducted on glass plates. 
Three replicates were made for all specimens and 
the average of the obtained data was used in the 
study.

Fourier transform infrared spectroscopy

The FTIR-ATR analysis was carried out with a Shi-
madzu IRAffinity-1 spectrometer equipped with a 
single reflection ATR pike MIRacle sampling acces-
sory. Four accumulated spectra with a resolution of 
4  cm−1 were obtained for wavenumbers from 800 to 
4000 cm−1 with 32 scans for each sample.

Physical properties of obtained mats

Grammage (G) is defined as the mass per unit area of 
each test specimen. M is the mass and A is the area of 

the test specimen, and the Grammage unit is grams 
per square meter (g/m2) as shown below;

The thickness of each specimen was measured 
with a caliper and it was shown as µm. The burst 
index (TAPPI T 403) and air permeability (ISO 5636-
3) of each specimen were measured according to rel-
evant standard methods.

Results and discussion

The SEM, TEM, and AFM images of CNCs were 
shown in Fig. 3. In Fig. 3a and b, CNC was observed 
as needle-shaped rods with smooth surfaces, and the 
dispersion of CNCs generally was to be uniform. The 
morphology of CNCs depends on the source of raw 
material and the conditions of acid hydrolysis. Reddy 
and Rhim (2014) have observed similar types of 
spherical forms of CNCs obtained from garlic skin. In 
another study, it was found that CNCs prepared from 
wood dust with acid hydrolysis generally were stiff 
and rode-like shapes (Shaheen and Emam 2018). The 
nano-scaled crystals are hard to easily detect by SEM 
analysis. Therefore, TEM was used to detect the size 
of the CNC as given in Fig. 3c and d.

It was determined that the diameter and length for 
CNCs generally were in the range of 25–50 nm and 
150–300  nm according to TEM results. To confirm 
the results, the surface topography of CNCs on a 
3D scale was investigated with an AFM probe using 
non-contact mode. The surface images of CNCs 
were given in Fig. 3e and f. AFM results showed that 
CNCs had a rough surface due to the crystal diam-
eters with different heights of the CNCs. The needle-
like shaped CNCs were observed. Figure  4 shows 
the XRD, TGA/DTG, UV–Vis, and FTIR graphs of 
CNCs.

The XRD pattern of CNCs exhibited three 
peaks at 16.5°, 22.6°, and 34.5° as given in Fig. 4a. 
According to the crystallinity calculations, the crys-
tallinity and crystal size of CNCs were calculated as 
75% and 4.8 nm. The thermal behavior of the CNCs 
was given in Fig. 3b. CNCs exhibited at the decom-
position stage at 100–250  °C and 300–375  °C for 
the evaporation of the water and decomposition 
reactions of cellulose. The temperature at 10, 50, 

G =
K ⋅M

A
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Fig. 3   SEM (a, b), TEM (c, d) and AFM (e, f) images of the CNCs
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and 80% mass loss was found as 88 °C, 243 °C, and 
618 °C, respectively. DTG curves showed a decom-
position peak at 150–200  °C and the temperature 
occurred the maximum mass loss per unit time 
(DTGmax) was detected at 152  °C. After TG anal-
ysis, the weight loss of CNCs were calculated as 
84.5%. In Fig.  4c, CNCs exhibited a weak absorb-
ance at 265  nm. The previous studies determined 
an absorption at 260–290  nm (Sirviö et  al. 2016), 
however; Yu et  al. (2015) found that there were 
no obvious peaks in the UV–Vis spectrum of the 
CNCs. FTIR analysis from 800 to 4000  cm−1 was 
conducted to investigate the chemical structure of 
CNCs as given in Fig.  4d. The broad peaks in the 
range of 3700–3000 cm−1 can be related to stretch-
ing and bending vibrations of hydrogen bonding 
(Man et  al. 2011; Azizi et  al. 2013). C–H stretch-
ing vibration and CH2 bending vibration appear 
around 2900 and 1430 cm−1 (Man et al. 2011). The 

peaks at around 1640 and 1060 cm−1 can be attrib-
uted to the O–H bending of absorbed water (Lu and 
Hsieh 2010) and the C–O–C stretching of glucose 
ring skeletal vibration (Cherian et  al. 2008; Yu 
et al. 2015). The peak at 1163 cm−1 in the spectrum 
exhibit the presence of a sulfated group probably 
due to sulfonation of cellulose occurring during the 
acid hydrolysis process with sulphuric acid (Chieng 
et  al. 2017). The peaks in the FTIR spectrum in 
Fig.  4d are seen at 1315, 1035, and 896  cm−1, 
representing typical cellulose absorption peaks. 
These peaks can be defined as CH2 rocking, C–O 
stretching, and C–H or CH2 bending. The CNCs 
were mixed with PVDF–DMF solution and the 
nano-fibers at CNC loading rates from 0.25 to 1% 
were obtained with the electrospinning technique. 
Smooth-surfaced fibers were obtained for all solu-
tions and all fibers were seed generally individually 
and homogenously dispersed as seen in Fig. 5. The 

Fig. 4   XRD pattern (a), TG–DTA curves (b), UV–Vis curve (c), and FTIR spectra (d) of the cellulose nanocrystals
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average diameters of the nanofibers were calculated 
from SEM images, using the Paint software (15–20 
diameters per specimen). The fiber’s diameters 
obtained from neat PVDF were found to generally 
range from 200 to 460 nm. While CNC loading rate 
ranged from 0.25 to 1%, the fiber’s diameters gen-
erally decreased. These results revealed that neat 
PVDF nanofibers prepared without any loadings 
of CNCs were having an average fiber diameter of 
(350 ± 100  nm), while as, the average diameter of 
fibers prepared by the different loadings of 0.25%, 

0.50%, 0.75%, and 1% of CNCs generally were hav-
ing decreased average diameters of (400 ± 150 nm, 
250 ± 100  nm, 150 ± 80  nm, and 150 ± 100  nm), 
respectively. The largest and lowest fiber diameter 
was determined for the PVDF–0.25CNCs and the 
PVDF–0.75CNCs. In previous studies, the diam-
eters of PVDF nanofibers with various loading rates 
of CNCs were seen to generally change from 50 to 
900 nm in Table 1.

234.5 nm

421.7 nm

358.1 nm

451.4 nm

526.3 nm

505.8 nm

349.3 nm

475.9 nm

160.1 nm 309.8 nm

176.5 nm
176.5 nm

82.4 nm

132.5 nm
110.9 nm

107.1 nm

220.8 nm

177.1 nm

201.9 nm

173.1 nm

Fig. 5   SEM images of the PVDF nanofibers with CNCs obtained with the electrospinning technique (All images in the same line are 
the same magnitudes)

Table 1   The diameters 
of PVDF nanofibers with 
various loading rates of 
CNCs with electrospinning 
technique

CNCs in solution 
(%)

Solvent systems Diameters (nm) Sources

0.25–1 DMF 150–400 This study
0.5–1 DMAc 100–900 Gopi et al. (2018)
1 DMF 150–300 Mousa et al. (2022)
1 CHCl3: DMF (4:1) 300–650 Leonés et al. (2021)
1–5 DMF 718–559 Fashandi et al. (2016)
1–5 DMF 50–200 Ram et al. (2020)
2–6 DMF 400–900 Wang et al. (2019)
4 Acetone/DMF 370–870 Issa et al. (2016)
4–10 Acetone/DMF 150–300 Yan et al. (2022)
5–20 Acetone/DMF 250–750 Huan et al. (2018)
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Table  2 shows a physical characterization of 
PVDF–CNC nanofiber mats obtained with the elec-
trospinning technique.

The nanofibers’ grammage and thickness were 
calculated to range from 40 to 11 g/m2 and from 150 
to 85 µm, respectively as seen in Table 2. The burst 
strength for all samples was similar to each other. The 

Table 2   Physical characterization of PVDF–CNC nanofiber mats

Samples Grammage (g/m2) Thickness (µm) Burst strength 
(kg/cm2)

Air permeability 
(mL/min)

Fiber diameter (nm)

Neat PVDF 40 (± 5) 150 (± 13) 1.2 (± 0.1)  > 5000 350 (± 100)
PVDF–0.25CNCs 12 (± 1) 88 (± 7) 1.0 (± 0.1) 3635 (± 126) 400 (± 150)
PVDF–0.50CNCs 11 (± 2) 110 (± 12) 1.1 (± 0.1) 4790 (± 120) 250 (± 100)
PVDF–0.75CNCs 16 (± 1) 105 (± 5) 1.1 (± 0.1) 2380 (± 150) 150 (± 80)
PVDF–1CNCs 15 (± 3) 85 (± 5) 0,9 (± 0.1) 3150 (± 105) 150 (± 100)

Fig. 6   Thermogravimetric analysis of neat PVDF and the PVDF with CNC nanofibers
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air permeability of the nano-fibers with CNCs was 
found to change between 2380 and 4790  mL/min, 
however, the air permeability for neat PVDF nano-
fibers could not be detected and the obtained results 
were generally above 5000 mL/min.

The thermal analysis of neat PVDF and PVDF 
with CNC nanofibers was conducted from 30 to 
700  °C and the obtained TG curves are given in 
Fig. 6. Table 3 shows the summary of TG curves of 
CNCs. The thermal decomposition of neat PVDF 
and PVDF with CNC nanofibers consists of degrada-
tion peaks at different areas occurring between 200 
and 700 °C. The DTG curves showed decomposition 
peaks of all samples at 450–500 °C as given in Fig. 6 
due to hydrolysis, decomposition (at temperatures 
between 200 and 500  °C), and oxidative chain scis-
sion (at temperatures above 500  °C) of neat PVDF 
and PVDF with CNC nanofibers as exhibited from 
the DTG curves. DTA curves can provide the melting 
temperature (Tm) and degradation temperature (Td) 
of the polymeric materials. According to the DTA 
results in Fig. 6, all Tm and Td were similar to each 
other, and the Tm and Td values of the samples ranged 
from 164.7 and 457.8  °C to 168.3 and 470.7  °C, 
respectively.

As seen in Table 3, T10% and T50% of neat PVDF 
increased with adding the CNCs. When CNC load-
ing rates increased, T10% and T50% generally raised. 
T10% and T50% of the samples were found to change 
from 455.9 to 477.4 °C and from 487.9 to 498.7 °C, 
respectively. DTGmax of the PVDF with CNC 
nanofibers was found to be higher than neat PVDF 
nanofibers, and the highest and lowest DTGmax 
was found at 495.9  °C for the PVDF nanofibers 
with 0.25% CNCs and 473.3  °C for the neat PVDF 
nanofibers, respectively. Tm and Td of the samples 
were determined to range from 164.7 to 168.3 °C and 
from 457.8 to 470.7 °C, respectively. The weight loss 
ranged from 70.4% (PVDF–0.25CNCs) to 74.8  °C 
(PVDF–0.50CNCs). As a result, it can be concluded 

that the addition of CNCs generally improved the 
thermal stability of neat PVDF.

Figure 7 shows the XRD pattern graphs of neat 
PVDF and the PVDF nanofibers with CNCs. Neat 
PVDF and its nanofibers with CNCs were exhibited 
at three main peaks at around 20°, 22°, and 29° in 
the XRD graph. Although the addition of CNCs 
slightly decreased the 2θ degree of neat PVDF, 
all XRD patterns were generally similar to each 
other. According to the XRD, the crystallinity of 
the neat PVDF and its nanofibers with CNCs were 

Table 3   Summary results 
of thermal analysis of neat 
PVDF and the PVDF with 
CNC nanofibers

Samples T10% (°C) T50% (°C) DTGmax (°C) WL (%) Tm (°C) Td (°C)

PVDF 455.9 487.9 473.3 71.2 165.1 457.8
PVDF–0.25CNCs 467.7 498.6 495.9 70.4 164.7 469.5
PVDF–0.50CNCs 467.9 494.7 492.5 74.8 166.7 470.7
PVDF–0.75CNCs 477.4 498.7 495.3 73.1 168.3 469.6
PVDF–1CNCs 461.9 495.1 492.2 72.3 166.2 468.4

Fig. 7   XRD analysis of neat PVDF and PVDF with CNC 
nanofibers

Table 4   Summary results of XRD analysis of neat PVDF and 
the PVDF with CNC nanofibers

Samples 2Theta (°) Crystallin-
ity index 
(%)

Crystal 
size (nm)

PVDF 20.8, 22.9, 29.6 64.0 20.2
PVDF–0.25CNCs 20.4, 22.4, 29.2 64.5 5.6
PVDF–0.50CNCs 20.2, 22.3, 29.1 65.0 5.1
PVDF–0.75CNCs 20.7, 22.9, 29.6 66.0 4.8
PVDF–1CNCs 20.4, 22.4, 29.2 65.5 4.9
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calculated as seen in Table 4. The crystallinity was 
found to range from 64 to 66%.

FTIR analysis of the neat PVDF and the PVDF 
with CNC nanofibers was conducted from 800 to 
4000 cm−1 as given in Fig. 8.

The FTIR spectra of PVDF were detected at 
seven characteristic peaks including 840  cm−1, 
873  cm−1, 1070  cm−1, 1172  cm−1, 1234  cm−1, 
1275  cm−1, 1401  cm−1, 1431  cm−1 (Zeng et  al. 
2016; Tao et  al. 2012; Medeiros et  al. 2018) 
because of three crystalline phases including three 
phases γ, α, and β according to the literature. The 
FTIR spectra were at 1233 cm−1 due to the γ-phase, 
at 838, 1072, and 1170  cm−1 due to the β-phase, 
and at 876 cm−1 and 1402 cm−1 due to the α-phase. 
The obtained FTIR spectra in this study were gen-
erally similar to previous studies (Zeng et al. 2016; 
Tao et al. 2012; Medeiros et al. 2018), and also the 
wavenumbers belonging to the CNCs were detected 
at 1340  cm−1, 1510  cm−1, 1534  cm−1, 1542  cm−1, 
and 1560 cm−1. As a result, it can be said that there 
is no difference in FTIR spectra of PVDF–CNC 
nanofibers.

Conclusions

CNCs were obtained from MCC with acid hydroly-
sis and the PVDF with CNCs nanofibers at low load-
ing rates of 0.25, 0.5, 0.75, and 1% were successfully 
prepared with the electrospinning technique. The 
results showed that when the loading rates of CNCs 
were raised from 0.25 to 1%, adding CNCs to PVDF 
generally decreased the obtained fiber diameters. The 
presence of CNCs in PVDF improved the thermal sta-
bility of the PVDF nanofibers and thermal degrada-
tion temperature including T10%, T50%, and DTGmax 
increased with the addition of CNCs, however weight 
loss increased with the presence of CNCs. XRD 
results showed that crystallinity generally increased 
with adding CNCs and when the loading rate of 
CNCs was raised, the crystallinity of the nanofib-
ers generally was higher than neat PVDF nanofibers. 
In FTIR spectra, the chemical structure of the sam-
ples exhibited the seven characteristic peaks belong-
ing to PVDF and CNCs, and any difference was not 
detected among the FTIR spectra of the PVDF–CNC 
nanofibers. As a result, it can be concluded that the 

Fig. 8   FTIR analysis of neat PVDF and the PVDF with CNC nanofibers
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addition of CNCs generally improved the properties 
of neat PVDF nanofibers.
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