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Abstract: Because of some of their diverse benefits, intelligent textiles have attracted a great deal of interest among
specialists over the past decade. This paper describes a novel approach to the manufacture of intelligent
piezoelectric polymer-based textiles with enhanced piezoelectric responses for applications that extract
biomechanical energy. Here we report a highly scalable and ultrafast production of smart textile piezoelectric
containing graphene oxide nanosheets (GONS) dispersed in polyvinylidene fluoride (PVDF). In this work, Cotton
textiles (CT) were functionalized and by graphene oxide (GO), using PVDF as a binder to obtain a CT-PVDF-GO
material. Tetraethyl orthosilicate (TEOS) was further grafted as a coating layer to improve the surface compatibility,
resulting in the CT-PVDF-GO-TEOS composite. The research results show that the addition of GONS significantly
improves PVDF's overall crystallization rate on CT. More specifically, the piezoelectric 3-phase content (100 %
higher F[B]) and crystallinity degree on the piezoelectric properties of composite cotton fiber has been improved
effectively. Consequently, this fabricated piezo-smart textile has a glorious piezoelectricity even with
comparatively low coating content of PVDF-GONS-TEOS. Based on it, the as-fabricated piezoelectric textile device
has resulted in the output voltage of up to 13 mV for a given frequency (fm = 8 Hz) at fixed strain amplitude value
(0.5 %). It is believed that this research may further reveal the field of energy harvesting for possible applications
in the future.. In addition, the set of experimental results that illustrate the smart textile was carried out and
discussed, and how it can be used as a wearable device source for this smart textile. Finally, the approach described
in this study can also be used to construct other desirable designs, for a wearable low-consumption sensor, etc.

Keywords: Smart textile piezoelectric, Graphene oxide, Polyvinylidene fluoride, energy harvesting, self-powered
Sensors.

1. Introduction

Textiles are ubiquitous for us and cover all areas of human activity. They have not only a protective
shield or a comforting cocoon, but also an esthetic appeal and a cultural meaning and values. The
conventional versatility of textiles has been expanded by recent technologies. Piezo-smart texties for
energy recovery are currently attracting great interest. Several conversion modes and energy sources
are investigated (electro-mechanical conversion (due to movements and / or vibrations, photoelectric
effect or thermoelectric effect, etc.). Different technologies integrate these smart materials into the textile

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


mailto:Cherkaoui@esith.ac.ma
mailto:rida.farhan@usherbrooke.ca
mailto:nabil.chakhchaoui@usherbrooke.ca
mailto:chuyuming@zjhu.edu.cn
mailto:adil.eddia@uh2c.ma
mailto:bophysiq@gmail.com
mailto:meddadmounir@gmail.com
mailto:yboughaleb@yahoo.fr
mailto:lieva.vanlangenhove@ugent.be
mailto:chuyuming@zjhu.edu.cn
mailto:nabil.chakhchaoui@usherbrooke.ca
https://doi.org/10.20944/preprints202103.0786.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2021 d0i:10.20944/preprints202103.0786.v1

structure [1,2]. Non-woven textiles, knitting, embroidery [3,4], braiding, weaving [5,6], coating /
laminating [7], printing [8], spinning [9] and chemical treatments [10] are among those that provide
unique characteristics, such as regulated hydrophobic actions. PVDF and polymers from the same
family have received significant attention in recent decades in terms of intelligent uses, mainly because
of their excellent ferroelectric and piezoelectric properties as well as excellent chemical resistance and
favorable formability. PVDF has the most common polymorphs of four crystalline phases: o, 3, A, and
7t [11] that make it a semi-crystalline material. The a phase with TGTGO (trans-gauche) conformation is
the most dominant form due to its highly crystalline nature, while the  phase with TTTT (all trans)
conformation is the most technically appropriate polymorph due to its electroactive features. In
addition, the integration into the PVDF matrix of functional nanofillers such as barium titanate,
zirconium titanate (PZT), carbon nano fillers, graphene oxide (GO), titanium (TiO2) is an effective and
cost-effective method for the induction of B-polymorph. [12-14]

The integration of intelligent materials in textile systems provides the opportunity to create textiles
with a new type of behaviour and function; Power generation or storage [15], human interface elements
[16], radio frequency (RF) functionality, or assistive technology [17] could be the active functionality.
Wearable sensors provide a sustainable solution through leg movements for energy harvesting
technologies, and other research teams are exploiting body heat.

Tide has been created by a structure-based piezoelectric polymer fiber capable of harvesting natural

energy, including sun, rain, wind, wave, and research teams from the University of Bolton [18]. The
textile will also be ready to execute energy generation operations in addition to behaviors such as
sensing [19-21], actuating and conducting electricity [22-24]. Energy harvesting devices using bio
materials and ceramic materials were also reported recently [25-29].
Particular attention is paid to the definition of materials and the methodology for the creation of smart
electroactive textiles in this work. Intelligent textiles can be divided into two classes: active smart textiles
and passive smart textiles. The laters could be employed in a textile structure hence providing an
additional function in the passive type, that is, regardless of the changing environment. For instance,
they can detect and turn signals into electric ones and they can be used as sensors. However, Active
smart textiles are materials capable of adapting their functionality to changes in the environment; in
other words, they can automatically sense and respond to environmental conditions or such
stimulation. This makes them promising candidates for actuator and sensor devices. In addition, these
materials are classified into two categories: (I) the first includes those which modify one or more of their
properties in direct reaction to a stimulus and (ii) the second class includes those which reversibly
convert the energy of 'a source of energy in other forms of output energy. For example, active smart
textiles with shape memory, chameleonic ..., etc [30-32].

In the REMTEX laboratory at ESITH, a pretreatment of cotton-based textiles (CT) was carried out after
having treated these textiles in several stages. The choice of cotton fiber was in accordance with the
objective of the research. This article proposes a methodology aiming to transform textiles from passive
gender to dynamic textiles, ie static functional textiles with dynamic characteristic elements. The
example is the CT will be transformed from a passive textile (without function) into a piezoelectric
(dynamic) textile. on the basis of Polyvinylidene fluoride (PVDF) - Graphene Oxide Nanosheets (GONS)
- Tetraethyl Orthosilicate (TEOS), Si(OCH2CH3)4. An association between a solvent casting process and
the solvent N, N-dimethylformamide (DMF) was performed, and a coating system followed by
evaporation was involved in this novel economic and ecologic process.

CT coated with PVDF-GONS-TEOS nanocomposites is prepared in this article, where approximately
100 % of the electroactive phase is achieved, which is useful for efficient mechanical energy harvesting
and performance-enhanced sensing. A piezoelectric nanogenerator (PNG) was being tested to have an
output voltage of 13 mV at a fixed strain amplitude value (1.5 %) on account of the superior electroactive
properties of the smart textile. These findings have opened up exciting opportunities for the use of
textile fiber-based nanocomposites in different technological applications. It is hypothesized based on
a literature survey, that this novel piezoelectric smart textile would help build a flexible, self-powered,
multifunctional e-skin for the detection of human motion and a wearable low-consumption sensor
source.
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It also addresses various implantable devices that do not need external energy input for applications
for in vivo biomechanical energy harvesting or bone defect repair, as well as human activity sensors or
detectors, monitoring devices, independent temperature surveillance and pressure management that
can be prepared using piezoelectric intelligent textiles.

2. Materials and Methods
2.1 Materials

Graphite used in this paper was purchased from (LOBA Chemie, ref. “7782-42-5") with a purity of
99.99 %, particles size < 20 um. Poly (vinylidene fluoride) or PVDF, in powder form, (Alfa Aesar, ref.
"24937-79-9"), N, N-dimethylformamide (DMF) (Carlo Erba).. The precursor usually used in the
production of composite polymers is tetraethyl orthosilicate (TEOS), [Si(OCH2CH3)4] (LOBA Chemie).

2.2 Characterizations

Using Fourier transform Infra-Red (FTIR) spectroscopy (Nicolet iS10 FTIR-ATR
spectrophotometer), the neat PVDF and nanocomposite films were first characterized by recording
transmittance (%) scans in the range of 4000 to 800 cm-1. Scanning Electron Microscopy (SEM SH-5000P-
EDS) leads to examine the nanocomposite morphology and chemical composition. Polarized optical
microscopy (POM) images were acquired by 3012 SERIES ACCU-SCOPE microscope to visualize the
distribution and dispersion of nanofillers inside the polymer matrix.

2.3 Synthesis of Graphene Oxide Nanosheets (GONS)

Briefly, Graphite oxide is fabricated by a modified Hummer process from graphite powder [33,34]
(Fig.1). Three key steps have been included in a standard protocol for the preparation of GO.

A quantity of 2 g of graphite powder with 2 g of sodium nitrate (NaNO3) dissolved in 90 ml of
H2504 (98 %) in a 1000 ml volumetric flask kept under an ice bath (0-5 °C) with continuous stirring.
After stirring for 4 hours, 12 g of potassium permanganate (KMnO4) was added to the suspension very
slowly. To maintain the reaction temperature below 15 °C, the addition rate is precisely regulated.

The solution was diluted with a large amount of double-distilled water and stirred for 2 hours.
Then, the solution was poured into an ice bath kept for 2 hours at 35 °C. The resulting mixture is
maintained at 98 °C for 15 minutes in a reflux process. After 10 minutes, the temperature was reduced
to around 30 °C, which made the solution a brown color. After 10 min the temperature was lowered to
25 °C and kept constant for 2 hours. The solution is finally treated with 40 ml of H202 to reduce the
residual permanganate ions to soluble manganese ions until the evolution of gas ceases, giving a yellow
color. In the prepared solution, 200 ml of water was added and stirred for 1 hour. It then settles for 3-4
hours without stirring. The latter was washed several times with HCI (10%) then with deionized water
(DI) several times until neutralization (pH = 7).

The gel-like material is vacuum-dried at 60 °C overnight after centrifugation to obtain GONS (See
Fig.1).

d0i:10.20944/preprints202103.0786.v1
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Step 1: Graphite oxide preparation process
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Figure 1. Diagram of the preparation of graphene oxide.

2.4 Characterization of Graphene Oxide

The graphene oxide synthesis was carried out by introducing the natural graphite in the presence of
an oxidizing agent in a concentrated acid.

The approach of The Hummer has proven that it is a less risky and more reliable technique for
graphite oxidation. The most widely used methods for the oxidation of graphite are actually this version
and its updated variants [35-37]. Indeed, the preparation of graphene oxide nanosheets was performed
through the updated hummer method in this present work. During this process, the surfaces and edges
of the graphite structure have been decorated with hydroxyl, carbonyl, epoxide and peroxide groups
[38,39]. GO can be stabilized electrostatically to produce a colloidal suspension in water [40], and some
organic solvents [41,42] without surfactants, namely DMF, due to the ionization of the carboxyl groups
which are mainly present on the edges of the sheet. Ultrasonic agitation and rapid heating facilitated
the exfoliation of graphite oxide into the individual sheets [43,44].

Graphite oxidation creates viscous brown slurry, which contains exfoliated sheets and graphite oxide,
as well as traces of non-oxidized graphite particles and oxidizing agents in the reaction mixture. Salts
and ions from the oxidation phase can be separated from GO suspensions through continuous
centrifugation, sedimentation or dialysis [45]. Unoxidized graphitic particles and dense platelets of
graphite oxide are precipitated by more centrifugation to achieve a monolayer GO suspension. By
density gradient centrifugation, GO flake suspensions that are mono-dispersed depending on their
lateral size can also be obtained [46].

In the following section, exfoliated graphene oxide in DMF was used as a nucleating charge for the
PVDF semi-crystalline thermoplastic polymer.

As previously indicated, by the complete exfoliation of graphite oxide, nanosheets of graphene
oxide were collected through a strong sonification in DMF. The suspension acquired was removed by
high-speed centrifugation to isolate a solid phase of graphene oxide, followed by air-drying. The X-ray
diffraction pattern (XRD) of graphite (G), graphite oxide (GO and exfoliated graphene oxide (GONS)
crystalline structures is shown in Fig.2 (a). To confirm the complete synthesis of GONSs through the
modified Hummer process, the X-ray technique was used. The X-ray spectrum of exfoliated GONS
shows the absence of a diffraction peak in comparison with graphite (20=26.23 °) and graphite oxide
(26=10 °). This indicates that the periodicity of the exfoliated graphene oxide structure has been
removed; the findings reported are in good accordance with the literature [47-50].
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Fig.2(b) shows the infrared spectra of graphite and GONS. On the GONS spectrum, new
characteristic bands such as C-O, C=C, C-H and OH groups have appeared. Using this technique, we
have been able to determine the chemical nature of the oxygen-containing functional groups in the
graphene oxide structure that are formed between the layers and at the edges of each layer of graphite
during oxidation. Chemical, as well as, the effect of ultrasonic waves generated during exfoliation on
oxygen functional groups was well examined.
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Figure 2. (a) FTIR spectra (b) and XRD patterns of graphene oxide.

The vibration bands at 981 and 1036 cm™ are assigned to the epoxide group (> O), the band at 1612
cm! is assigned to the C=C bond. The intense band at 1713 cm! is attributed to the carbonyl elongation
vibration (=O). Vibration bands around 2000-3340 cm! are attributed to the C-H bond. In addition, the
bands are disbursed to the hydroxyl groups O-H at 3680 cm™ and 1410-1280 cm-'. Water molecules are
attributed to the band at 3650 cm. The existence of various transmission bands demonstrates the
appearance on the edges and surfaces of each graphene oxide plane of a number of oxygen groups [47-
50].

The synthesis of exfoliated graphene oxide nanosheets was successfully performed via oxidizing
powdered natural graphite by a modified Hummer process. Indeed, the most significant structural
changes that occurred during these chemical processes were confirmed by the FTIR technique and
reflected in their spectra (Fig.2(b)). The research findings are important and in satisfactory correlation
with those mentioned in the literature [51,52].

3. Processes of Manufacture of Polymer Composite & Textile Coating

In this study, Cotton-based knitted configurations have been perfected using a mixing task
performed via a solvent coating-evaporation step. This modern approach (economic and
environmental) requires the integration of a specific technique for a good mixing of the solutions and a
coating approach to manufacture smart textiles from a PVDF matrix and a well-chosen type of
nanoparticles., such as graphene oxide nanosheets (GONS) with a TEOS solution.

The deposit formation from a solution containing TEOS on textile surfaces has been extensivly
reported in literature [53-56]. However, the presence of silica can aid in coatings to improve the final
appearance of the textile, as well as its operating efficiency. Indeed, the addition of TEOS enhanced the
solution's grafting onto the cotton textile (CT). As described earlier, using various mass fractions of
GONS nanosheets (0.1, 0.5, 0.8 and 1.0 wt.%), the nanocomposite solution was made. For better
solubility of PVDF in the mixture and extreme dispersion of nanofillers during the preparation of PVDE-
GONS, DMF was used as standard solvent (see Table 1).


https://doi.org/10.20944/preprints202103.0786.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2021 d0i:10.20944/preprints202103.0786.v1

Table 1. Nomenclature of nanocomposite PVDF-GONS-TEOS, compositions and mass proportions.

The Series Nomenclature of GONS PVDF TEOS

Nomenclature Nanocomposites Fraction Fraction Fraction

PVDF-CNC-TEOS PVDF 0 wt.% 90 wt.% 10 wt.%
PVDEF- GONS 0,1 wt.% -TEOS 0.1 wt.% 89.9 wt.% 10 wt.%
PVDE- GONS 0,5 wt.% -TEOS 0.5 wt.% 89.5 wt.% 10 wt.%
PVDE- GONS 0,8 wt.% -TEOS 0.8 wt.% 89.2 wt.% 10 wt.%
PVDEF- GONS 1 wt.% -TEOS 1 wt% 89 wt.% 10 wt.%

3.1 Technique of Solvent Casting

The solvent casting process is a method which aims to incorporate the particles or the particle /

polymer composite into the organic solvent. [57,58]. Thus, after the recuperation of the solvent via
evaporation, the nanocomposite is obtained.
The used techniques of stirring are magnetic and sonication aggitations. However, the sonication
manner is the most repeatedly used for nucleating agent-based nanocomposite elaboration; it consists
of homogenizing and dispersing the constituents. It is well established that the physical and chemical
effects of solution sonication on polymers can be both [57,58]. Indeed, in the existence of nucleating
elements, the sonic stage has a critical role in the development of polymer chains.

In order to disperse the particles, the selection process of solvent is mostly dictated via the goodness
of the polymer that constitut the final matrix, irrespective of these qualities. In other words, for better
polymer solubility, a solvent must be found in which the fillers will disperse and reside stable [59].
Therefore, the employment of an acceptable solvent allows the viscosity of the material to be greatly
reduced and high-grade composites to be prepared. Evaporation conditions and solvent selection have
been shown to have an effect on the uniformity of the final dispersion of fillers in the matrix. [59]. The
slow process evaporation phase will cause the particles to re-agglomerate, which is why other process
as coprecipitation, spin-coating, drop-casting or pad-dry have been used. The polymer chains coat the
fillers during precipitation and thus evade agglomeration.

The solvent casting technique is widely used for the elaboration of polymeric nanocomposites,
namely PVDF and its derivatives. The production protocol presented below is described for the
preparation of a nanocomposite with the aid of PVDF via solvent casting technique. But it can be
generalized to other types of matrices.

Four key steps will summarize this process:
e Dissolution in the solvent of the PVDF powder.
e GONS dispersion in the solvent.
A blend of the two previous alternatives and the inclusion of TEOS.
e Stirring the mixture until the solution becomes viscous and homogeneous.
A graphene oxide nanosheets (GONS) based nanocomposite were prepared under the same
processing conditions as illustrated in figure 3.
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Figure 3. Schematic Representation of PVDF-GONS-TEOS composites synthesis procedure.
3.2 Cotton Textile Impregnation and Padding through the Nanocomposite Solution

The "pad-dry-cure" technique outlined in Schema 1 is used to apply solutions to textiles. This
impregnation technique makes it possible to deposit silica-based nanocomposite solutions on porous
substrates.

The textiles were impregnated in the present work using a bath containing PVDF-GONS-TEOS
(nanocomposite solution). The textile is taken out of the bath and the textile is expressed between two
compression rollers to ensure the correct dispersion of the solution on the surface until it reaches an
80% pick-up and then drying for 2 hours at 65 ° C, and the pressure applied is 4 bar, the scarf speed is
5 m/min.


https://doi.org/10.20944/preprints202103.0786.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2021 d0i:10.20944/preprints202103.0786.v1

2. Squeezing 3. Drying

T“ P=5bar gs T=65°C
\ ® mila O~

Guide roller
Textile (Tco) W@

‘ | Cleanng Air Air Outlet+ Chimney

Compressionrollers

Drylng Unit ‘ Smart Textile

- | Solvent
Nanocomposite solution bath : Electrical h Motor Fan
(PVDF-Nanofillers-TEOS) | Resistance 1
W i , Temperature

Sensor
1. Impregnation

|

|

|

|

i |
£) t=2n l
|

|

|

|

|

Control
Cabinet

Scheme 1. Schematic illustration of the coating process.

4. Results and Discussion

This paper is the subject of the study of the system CT/ PVDF-GONS-TEOS system that is gained by
solution casting preceded by a coating process.. Nanocomposite samples are
cited in this paper by the symbole "CT / YX-TOES" where CT represent cotton textile, Y represents the
PVDF matrix and X has the mass fraction incorporated into the PVDF matrix (X =0.1; 0.5, 0.8, 1.0 wt.%
graphene oxide nanosheets GONS.

The structure of these textile materials was evaluated by FTIR spectroscopy and EDX analysis
coupled with SEM microscopy. The surface morphology of the textile matrices was also studied by
optical microscopy (OM) and by SEM.

4.1 Morphological Properties of Textile Matrices

Two techniques are widely used to visualize the morphology of textile materials: optical OM and SEM.
They include complementary details on the dispersion of nanocomposites within the textile system.

PVDF-GONS-TEOS-based nanocomposites-coated CT was shown in Fig.4 (a-c). Fig. 4 (a-b) shows
that the distribution of GONS on the CT is homogeneous.

In this research, optical microscopy was used in this nanocomposite-based textile matrix to illustrate
the coating of CT nanocomposites and also the relatively homogeneous dispersion of nanofillers. There
is an aggregation of nanofillers at the surface of the textile (non-homogeneous morphological
comportment) as is exposed in Fig.4(c) when the nanofillers proportion reaches 1.0 wt.%. The
rheological elements of the percolation phenomenon are possibly related to this observation. In the
existence of a large number of nanofillers, The nanofillers' aggregation results are expected to be
attributed to the limited sonic time.

Figure 4. Optical microscope pictures of CT, (a) coated with PVDEF-GONS 0.5 wt. %-TEOS, (b) coated with PVDEF-
GONS 0.8 wt. %-TEOS, and (c) coated with PVDF- GONS 1.0 wt. %-TEOS.
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In order to study the morphology of the coatings deposited on the cotton textile indicated previously,
SEM observations have been realized. Scanning electron microscopy is based on electron-matter
interactions. It allows obtaining high-resolution images of the sample surface with field depths greater
than optical microscopy. The typical morphology of cotton textile CT/ PVDF-GONS is described in
Fig.5.

Preliminary SEM results demonstrated a random network of overlapping fibers attached to the
smooth surface of cotton. There were significant changes between the surfaces of the textile. In fact, the
surface of the CT coated with PVDF-GONS 1 wt%-TOES desplays a certain degree of surface irregularity
(Figure 5(c)), which disappears in the CT coated with PVDF-GONS 0.1 wt.% -TOES and 0.05 (Figure
5(a) and 5(b)), due to the compatibility of CT-TEOS and the affinity of the two materials with PVDF.
The existence of GONS has significantly influenced such morphology, leading to a high number of
distributed particles and bulkier clusters composed by too smaller particles on the surface of fiber
(Figures 5(b) and 5(c)), corroborating the results of OM.

Figure 5. SEM pictures of CT after coating: (a) PVDF-TEOS, (b) PVDF-GONS 0.5 wt.%-TEOS, and (c) PVDF-
GONS 1.0 wt.%-TEOS.

4.2 Crystalline Phase Characterization

The crystal structure was evaluated after examination of the morphology and surface structure of
fibers. In the Cotton Textiles (CT) analysis, the the phase transformation and the creation of thepure-
piezoelectric 3-phase are then confirmed by FTIR measurments based on the transmission bands for
both phase a and (3. Results of FTIR spectra for nanocomposite coated smart textiles PVDF-GONS-TEOS
are shown in Fig.6.

The structure of the CT was often spécified by IR bands in the region (TCo) 1150-950 cm™, ascribed
to the stretching vibration of CH, C-O, according to FTIR results (Fig. 6). In addition, the absorption
peaks associated with OH bands have disappeared at 1204, 1236 cm, affected to CH stretching
vibration at 1308 cm™, and the large ones associated with 998-1002 cm™ and 1456 cm! linked to C-O
stretching vibrations [60,61]. A new band at 869 cm™ assigned to <CF2 vibration for amorphous PVDF
was created by PVDF incorporation. In addition, the hybrid material is polymerized on the surface of
textile during the drying process. This contributes to the formation of covalent bonds of the cotton textile
(5i-O-fiber) type, resulting in the emergence of a new characteristic band of Si-O-5i groups at 1063 cm!
[62]. The fiber profile of the cotton was successfully preserved. It is anticipated that treated CT can
interact with PVDF-GONS-TOES functionalized species through sonication via O-bridges. These data
findings allow us to expect that the coated PVDF-GONS-TEOS has been successful deposited on the
textile surface.

In this figure, the textile shows intense bands at 1210, 975 and 855 cm™ which are associated to the
pure a phase formation [63]. For CT/ PVDE-GONS 0.1 wt.%-TEOS, the infrared spectra show additional
peaks to those observed in pure PVDF (Fig.6). These peaks are located at 1279, 1234 and 840 cm! is
associated with the 3 phase [64-67].

d0i:10.20944/preprints202103.0786.v1
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The obtained results corroborate the presence of a phases mixture between the o, p and y in CT/ PVDF-GONS-
TEOS cotton textiles containing small mass fractions of GONS (0.1 wt.%). On the other hand, the textiles
containing mass fractions (PVDF-GONS 0.5 wt.%-TEOS, and PVDF-GONS 0,8 wt.%-TEOS), only the
characteristic peaks of the  phase are present (1279, 1234 and 840 cm™). Also, all specific peaks of the a phase
(1210, 975 and 855 cm') have almost disappeared, which indicates the success of total transformation of the a
phase to the  one by adding only 0.5 wt.% of GONS.

PVDF

.{

0.1%

0.5%

y

0.8 %

IR Ve

Transmittance

T T v T T T
1400 1300 1200 900 800

Wavenumber cm”

Figure 6. Infrared Spectra (FTIR) of cotton textiles (CT) based on PVDF GONS-TEOS at different mass fractions of
GONS.

To confirm the successful preparation of CF/ PVDF-GONS-TEOS, we used EDX-SEM analysis. As
shown in Fig.7, spectra of the elemental fluorine (F) and silica (Si) had been observed. The elemental (F)
and (Si) observed in all spectra of CF-PVDF-GONS-TEOS provides evidence of the presence of PVDF
and TEOS in these materials. Carbon (C) and oxygen (O) atoms were also observed in all EDX-SEM
spectra, demonstrating the presence of various functional groups in the nanocomposite structures. This
provides strong for the role of TEOS which is beneficial for stabilization and dispersion of PVDE-
Graphene oxide nanosheets on the surface of CT.

10004 o

Figure 7. EDX-SEM analysis of cotton textiles (CT): (a) coated with PVDE-TEOS, (b) coated with PVDF-GONS 0.1
wt.% - TEOS, (c) coated with PVDF- GONS 0.5 wt.% - TEOS and (d) coated with PVDF- GONS 1.0 wt.% - TEOS.
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4.3 CT/ PVDF-GONS Interactions

Poly (vinylidene fluoride) (PVDF) is one of the most attractive polymers because of its remarkable
pyroelectric, piezoelectric and ferro-electro-active properties [68-71]. These characteristics result from
its unique polymorphism, which gives rise to exceptional mechanical characteristics, high thermal
properties, chemical stability and biocompatibility [72].

Of the four significant crystalline phases «, 3, Y and 0 [69-73] (Fig.8); the electro-active 3 phase is the
most used for detection, actuation [74,75] and micro-generation applications [71,76,77]. Various
methods of crystallization of the  phase have been studied, in particular melt casting [82], solution
deposition [78,79], spin coating [79,80] and phase inversion [81,82]. Whereas the PVDF films formed by
fusion/crystallization are dominated by the a [83] phase, those obtained by coating by centrifugation
and dried at temperatures between 30 and 60 °C are mainly dominated by the 3 phase [80]. During
phase inversion, PVDF films are formed by rapidly quenching the cast films in a solvent-free bath to
induce liquid-solid and liquid-liquid phase separation events [72,81,82].

The microstructure and the crystalline phase are controlled by adjusting parameters such as
composition [72, 80], type of solvent [84], quenching temperature [85], etc. While the most common
method for inducing the (3 phase is the incorporation of nanosheets into the PVDF matrix at an
appropriate temperature. Currently, the easy preparation of cotton textiles (CT) based on beta-phase ([3)
self-polarized PVDF- GONS -TEOS nanocomposites and with a high coefficient of piezoelectric
resistance for electro-active applications has been well reported.

The formation of the 3 polymorph in CT/ PVDF-GONS textiles is attributed to the presence of strong
and specific interactions between the carbonyl group -C=0 found on the surface of the graphene oxide
nanosheets (GONS) and the segment <CF: found in the PVDF. In cotton fabrics coated with PVDE-
GONS-TEOQS, the total formation of the  polymorph was observed at the mass fraction of GONS (0.5
wt.%).

] v @ v e -

¥ ¥ v A4
-phase (TGTG' configuration)

Figure 8. Chain arrangement diagrams for the o, § and vy crystal phases of PVDF.
4.4 Mechanism of Formation of the f-Phase

The phase composition and morphology of the coated PVDF on CT is strongly affected by the
processing conditions. The introduction of nanofillers into the CT-coated PVDF polymer results in the
alpha phase 3 transformation. The polymer chains are rearranged in the crystals by this transformation,
so that every Trans-plan zigzag conformation (TTT) is caused. This helps the polymer chains' dipoles
to match uniformly and thus to form self-polarized crystals. By adding 0.5 wt.% percent GONS to the
PVDEF polymer via the solution stirring method followed by coating on CT, the p-phase content
maximum value was obtained. The percentage of the 3 phase in textile (CT) coated with nanocomposite
(PVDF-GONS-TEOQOS) can be determined from FTIR analysis using the following equation [86].

F(B) = —2=£— 100 1)

1.26Ag+Ag
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With A, and Ag are the absorbance corresponding to 855 cm and 840 cm! bands, respectively, in the
FTIR spectra.

On textiles (CT) processed in the 4000-800 cm? wavenumber range, FTIR measurements were
reported (See Fig.6). The FTIR spectrum of transmission (T) is shown in Figure 6. The percentage of the
[ phase was assessed from this FTIR spectrum using the formula linked transmittance and absorption:
T+A=1.

Consequently, in cotton fabrics coated with PVDF-NFOG 0.5 wt. % -TEOS the proportion of the
process is equal to 100 %. This percentage, as shown in Fig.6, amounts to the complete disappearance
of the a phase transmission band at 855 cm!. On other side, for the textile CT/ PVDF-GONS 0.1 wt.%-
TEOS, a percentage of 3 phase up to 45 % was determined. Such data analysis reveals the existence of
the 3 phase and the a phase mixture in the textile-based nanocomposites PVDF-GONS-TEOS.

Therefore, from the experimental and the calculations data acheived using the above equation (Eq.
(1)), it is clear that 100% P-phase formation was acquired by adding only 0.5 wt.% GONS to the above
prepared cotton CT. The complete adsorption of the PVDF molecular chains on the GONS surface in
the CT/ PVDF-GONS-TEOS is explained by the creation of pure [ phase in the PVDEF-based
nanocomposite CT. This is achieved using the shock waves produced during the mixture sonification
(see Fig.8) and the use of polar solvents for instance DMF [87].

To maximize the amount of 3 phase produced, the temperature is maintained below 70 °C during
the evaporation, because temperatures above 70 °C yield to a mixture of a and 3 phases [88-92].

Consequently, adsorption in CT is exactly related to the sturdy exchange interaction between the >
CF2 group of PVDF and the -C=0O group exists at the surface of GONS (See Figure 9). As well, the
formation of the pure 3 phase in the CT-based nanocomposites PVDF was due to the adsorption of the
TT conformation on the surface of GONS (see Fig.9 and Fig 10).

The production of a pure 3 phase in CT observed for a mass fraction of GONS (0.5%) is clarified by
the presence of a nanosheet surface appropriate during the crystallization phase for the adsorption of
all PVDF chains [93].

Previous studies have shown that increasing the crystallinity of electroactive materials is one of the
main elements in increasing the content of the piezoelectric -phase. Lund et al. [94] have identified that
PVDF fibers of up to 80% crystallinity, primarily in the (3 phase, under such conditions of melt spinning
and cold drawing. El Achaby et al [95] proposed a new approach to composite graphene oxide
nanosheets (GO)/PVDF preparation techniques. This technique made it possible to get the purely
piezoelectric B-polymorph formation at just 0.1 wt.% GO material. A mixture of  and a-polymorph
was remarked beneath the material.

uoneuLIojuo)) IL

J Fluorine ' Carbon
Cotton fiber &/ Hydrogen . Oxygen

Figure 9. Reaction mechanism described the surface compatibility (a) cotton fibers, (b) PVDF-GONS, and (c)
Cotton fiber /PVDF-GONS-TEQOS.
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Figure 10. Graphical illustration of the proposed  phase transformation mechanism.

5. Piezoelectric effect for energy harvesting
5.1. Working mechanism and device performance

The smart textile samples (Fig.11) were tested through an electromechanical test rig to prove the
structural piezoelectric effects. Fig.12 shows a schematic description of the experimental setup used by
the CT/PVDF-GONS-TEOS smart textile to represent the harvested voltage.

This system was established on a test rig with an immobile part and a second part that could be
driven in 1 direction with the aid of an ironless linear motor XM550 (Newport Cop., Irvine, CA).
Consequently, the textile fiber is stretched at a fixed strain amplitude value (0.5%) for a given frequency
(fm = 8 Hz). It was believed to be strained along the 1 direction. The piezoelectric smart textile was
connected to an electric charge R to determine the harvested voltage (See Fig.12 (b)).

(e)

Au Electrode
Au Electrode

Smart textile

Au Electrode
Au Electrode

K i
Figure 11. (a, e) Description of the composition of piezoelectric smart textile. (b, c) Bending mode of smart textile.
(d) shearing mode of textile.
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(b)

Mors Fixe Mors

Smart Mobile Direction of p;.
Texile ™ isplacement
|

Oscilloscope

Direction of
Displacement

Mors Fixe

Servo Motor

Mors Mobile
Figure 12. (a, b) Setup and Schematic diagram of the electromechanical setup for the voltage harvesting

measurements.
5.2. Energy Harvesting from Textiles from Stretching Force

It is well known that at its origin, the piezoelectric effect of materials can be classified to four
categories: I the intrinsic piezoelectricity because of the internal strain in the crystal; (ii) the intrinsic
piezoelectricity related to the strain-dependence of spontaneous polarization; (iii) the piezoelectricity,
on the other hand, resulted from the polarization charge arising from strain-independent persistence;
and (iv) Piezoelectricity from the charge embedded in the composite material. However, a number of
solutions have been used in the literature to enhance the piezoelectric properties of electroactive
materials for energy harvesting, such as the polishing effect at high temperatures [96] or the uniaxial
stretching amplitude [97], but also the surface modification of the coating process based on the
interfacial contact with the integrated charge. In energy conversion, this last element becomes a critical
parameter.

To examine the relationship between volume fraction of charge incorporated and harvested
performance of the piezoelectric smart textile, the relative electrical measurements were further
performed, and the results of harvested voltage was presented in Fig.11. The output voltage was
performed at 8 Hz for a constant strain of 0.5 % and various external resistive loads (Fig.13 (a)).

From this Figure, the harvested voltage changing with the volume fraction and the variational tendency
correctly agree with the above structural characterization of the smart textile. It is clear that the
mechanical energy harvesting property depends on the effect of GONS on the sample. Among different
volume fractions, the textile gains the best electrical performance when the volume fraction to be 0.5
wt.%. This phenomenon might be ascribed not only to the abundant GONS particle content but also to
the high B-phase lamellar crystal content. Furthermore, the tendency of voltage evolution with the
volume fraction is further analyzed by applying an external strain (1.5 %), as shown in Fig.13. It can be
found that, where the volume fraction is 0.5 wt.%, the maximum output could attain up to 13 mV. This
property exposes the immense measuring potential of mechanical energy harvesting. Furthermore, the
detailed results concerning the output voltage varying with the volume fraction are clearly shown in
Fig.13 (b). Obviously, when the volume fraction reaches 0.1wt, it is too low to cause the sample's phase
transition, the nucleation caused by GONS particles becomes less than the destruction of molecular
chains, and the 3-phase content is decreasing than pure PVDF. While, the 3-phase content decreased,
the voltage would be composed of the synergistic output produced by the graphene oxide nanosheets.
Therefore, there is no distinct decrease in production compared with pure PVDEF. Later, the synergistic
effect and the amount of B-phase lamellar crystal are elevated synchronously with the rise in volume
fraction, which facilitates a sharp increase in harvested voltage. The best harvested voltage is obtained
when the volume fraction exceeds 0.5 wt.%. After that, when the content of GONS nanosheets exceeds
the critical point the harvested voltage starts to decline. The probable explanation is that redundant
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GONS particles inhibit the orderly arrangement of the molecular chain, which avoids the formation of
the B-phase lamellar crystal. This result entirely obeys to the original hypothesis of working theory, and
the smart textile samples prepared by the method presented possess exceptional piezoelectricity level
under the low volume fraction.

(2) (b)
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Figure 13. (a) Piezoelectric output voltage values obtained for piezoelectric smart textiles (b) Illustration of the
voltage varying with the GONS volume fraction.

During one stretching and releasing action, figure 14 shows the complete features of a piezotextile.
The charge centers of the cations and anions correspond with each other at the original and undisturbed
state. The positive and negative charges are equally distributed while there is no applied tension on the
fabric. Inside the piezoelectric material, no polarization can be observed, so there is no potential
difference (Fig. 14(a)). As has been well recognized, piezoelectricity in a non-polar crystal is brought
about by the internal strain in the crystal. The internal strain induces the atoms displacement, which is
not affine to the deformation of the crystal lattice that is slightly changed. In order to form electrical
dipoles, the charge centers are separated and electrical dipole moments change, resulting in the creation
of a piezo potential between the electrodes (Fig. 14(b, c)). Electrons flow back to rebalance the charge
caused by the pressure released in the short-circuit state when the external force is released (Fig. 14(d)).

Piezoelectricity is also caused by the charge incorporated in the structure of the fabric (the creation
of the pure B-phase in the fabric of the nanocomposites was due to the adsorption of the nucleating
agent (GONS) surface TT conformation). The charge imbalance therefore produces a polarization that
creates a possible difference.

This result is related to the piezoelectric property of smart textile strongly, therefore, depends on the
crystalline structure of the polymer, as well as on the electroactive beta polar phase formation in the
textile with the least polar (TC/PVDF-TEOS) demonstrating the lowest harvested voltage and TC/PVDE-
GONS 0.5 wt.% -TEQOS, which is most polar, producing the highest voltage.
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Figure 14. Working mechanisms of piezoelectric textile with schematic illustration of piezoelectric charge
generation process.

6. Conclusions

In this work, we succeeded in fabricating smart piezoelectric textile through the functionalization
of cotton-based textiles (CT). It was carried out using PVDF-GONS-TEOS nanocomposites with filled
polar crystal form. By crystallization without applied field or mechanical deformation, the 100% polar
B-phase was clearly achieved. These textiles have been studied to yield an intrinsic structure, for
instance the smart textiles, hence to promote its consideration in the field of textile applications. DMF
solvent, as a mixing medium, and TEOS were used to facilitate the grafting of the solution on the cotton
textile. These textiles have been functionalized by a novel economic and ecological system, which
involves the combination of both process: solvent casting and coating method.

Graphene oxide nanosheets (GONS) were excluded from exfoliation by graphite oxide via sonication
treatment in DMF. We find that GONS causes all the trans (TT) conformations that lead to the formation
of polar PVDF crystals to be adopted by the PVDEF chains. Due to the unique interactions of the carbonyl
group (-C=0) with >CF2 groups in PVDF chains, the advantages of using this method is that these
nanofillers (GONS) have great compatibility with the PVDF polymer, ensuing in the standard >CF:
alignment on the GONS surface with all zigzag conformations.

SEM and OM images revealed that nanocomposites of PVDF-GNOS-TEOS were well dispersed at the
fiber surface and distributed on the textiles while preserving their appearance and their visual
appearance. EDX-SEM analysis, provides evidence of the presence of all chemical elements and
demonstrating the presence of various functional groups in the composite structures. FTIR spectra
confirmed the phase transformation and the formation of B-phase in the Cotton textiles.

This research provides new insight into the beneficial role of PVDF as electroactive polymer and GONS
as nucleons, i.e. their capability to change CT from a passive textile (without function) to a piezoelectric
(dynamic) textile. Yet, in this paper, a mechanism to attain this transformation has been advised. In the
textile industry, the proposed treatment process could be used to manufacturing functional smart
textiles with high piezoelectric effect. The study provides valuable findings for material production and
structure optimization and contributes to the design of harvesting energy equipment and sensor
mobiles. The piezoelectric electrical output response of the smart textile was thoroughly studied. It
displays an output voltage of 13 mV for a given frequency (fm = 8 Hz) at a fixed strain amplitude value
(1.5 %).

Unambiguously, these results support the applications of smart textiles in piezoelectric energy
conversion as well as in self-powered sensing.
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