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A cross-linked silica and polyvinyl alcohol (PVA) hybrid material was prepared via a sol—gel process for use
as a highly transparent, thermostable and mechanically strong coating. The effect of the H,O/TEOS ratio on
the properties of the silica/PVA hybrid films, such as transmittance, thermal stability, mechanical strength,
adhesive strength and hygrothermal resistance, is discussed herein. A strong chemical interaction
between PVA and silica is indicated by the weakening of the C-OH peak and the formation of a Si-O-C
peak in the XPS results. This interaction is further confirmed by the decrease in the PVA crystallinity from
23.29% to 2.56%, and the reduction in the silica/PVA melting point from 204.3 °C to 122.0 °C. This
excellent compatibility between PVA and silica makes silica/PVA disperse well in solution with
a dendritic-like or spherical morphology, and leads to a 97% increase in visible light transmittance.
Therefore, compared with pure PVA, the obtained silica/PVA hybrid films are transparent. Even though
the mass percentage of silica in the material is beyond 50 wt%, its Young's modulus is much improved
from 0.17 + 0.03 GPa to 2.52 £+ 0.10 GPa, its ultimate tensile strength is enhanced from 40.1 + 9.27 MPa
to 80.3 +£ 2.5 MPa, and its adhesive strength is increased from 475 N (1.52 MPa) to 712 + 90 N (2.29
MPa) and it can almost maintain super hygrothermal resistance after 15 hygrothermal aging cycles. It is
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1. Introduction

Silica-based inorganic-organic hybrids obtained via the solu-
tion-gelation (“sol-gel”) inorganic polymerization process have
become remarkable functional materials with various applica-
tions as monoliths, powders, tubes and fibres.' A typical sol-
gel process normally consists of the catalysed hydrolysis and
condensation of an initially small molecule (usually an
alkoxide), accompanied by the transformation of this small
molecule into a highly viscous gel with an intricate polymeric
network structure.® A good example is the hydrolysis-conden-
sation of tetraethyl orthosilicate (TEOS) via a sol-gel process to
obtain nano-SiO, under mild reaction conditions. This nano-
SiO, is normally used to enhance the thermal and mechanical
properties of silica/polymer hybrids by dispersing SiO, into the
polymer matrix.** Actually, a silica oligomer is produced at the
very start, which then aggregates into nano-SiO, particles.®
Dramatic differences in the appearance and physical properties
of various silica gels obtained under acidic or basic conditions
have been reported.” On the other hand, the ratio of H,O/TEOS
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transparency, thermostability and mechanical strength.

greatly contributes not only to the ability to achieve small
particles and a low hydrolysis degree, but also to the strength of
the interaction between silica and the polymer matrix.*™**
Polyvinyl alcohol (PVA) is a highly hydrophilic polymer with
nontoxic, biocompatible and excellent film-forming proper-
ties.'> When PVA is used as the polymer matrix for obtaining
inorganic-organic hybrids,* the chemical cross-linking of SiO,
and PVA under mild synthetic conditions is based on the
interaction between abundant hydroxyl groups in PVA and
silanol groups on the SiO, surface, leading to good compati-
bility and good dispersion of SiO, in the PVA matrix.** It has
been proven that silica/PVA hybrid materials have great poten-
tial in applications such as coatings, medicine transfer, inor-
ganic adhesives and other silica-based materials with enhanced
thermal stability, mechanical and tensile strength.” This
encourages many researchers to understand the interaction of
SiO, and PVA and to develop novel methods to prepare silica/
PVA hybrid materials using various techniques. Examples
include the synthesis of porous silica/PVA hybrid materials with
an aligned two/three-dimensional structure by slowly lowering
an aqueous solution of PVA into liquid nitrogen to obtain pore
size distributions of 3 and 10 um," or the preparation of novel
silica/PVA cation exchange membranes with high tensile
strength (17.4-44.4 MPa) using PVA and multi-alkoxy silicon
copolymer poly(AA-co-MPS)."* However, the polymorphisms of

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra25579e&domain=pdf&date_stamp=2016-12-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25579e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007005

Open Access Article. Published on 12 January 2017. Downloaded on 3/21/2026 3:51:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

silica are deeply dependent on the phase separation of PVA and
silica to generate distinct microscopic morphologies and
molecular structures of silica.*® Therefore, it is still a challenge
to understand the effect of silica morphology at different
degrees of hydrolysis on the properties of silica/PVA hybrids,
which is the key aim of this paper.

When a silica/PVA hybrid is used as an adhesive material,
a strong adhesive strength and high thermostability are desired,
and this can be achieved by controlling the silica content. The
polymer matrix is usually certain to have enough contact
surface area due to being covered with asperities, and this helps
to retard the fracture of adhesive joints by dissipating energy
under stress. However, using silica/PVA to obtain an adhesive
interfacial surface may be difficult, due to the requirements of
chemical reactions and heating.'” In order to obtain strong
adhesion at room temperature by spreading a droplet of silica/
PVA nanoparticle adhesive onto a surface under stress, a good
dispersion of SiO, at an appropriate concentration in PVA is
required. Obtaining the correct balance is still a key issue,'®
because an excessive content of silica particles will lead to
drawbacks such as opaqueness, cracking, deformation, phase
separation and easy breakage following heating.'® On the other
hand, since silica is thermally stable and comparatively inert,
incorporation of silica with PVA could produce hybrids with
enhanced thermal and chemical stability without relinquishing
the biocompatibility of PVA. Silanol groups on the silica surface
are capable of reducing the water solubility of PVA by devel-
oping stronger intermolecular interactions, which may result in
the improved stability of the hybrids in humid/aqueous envi-
ronments. To our best knowledge, although there is some work
already reported on the synthesis of PVA-templated silica,****
there is no report of highly silica-contained silica/PVA hybrids.
In order to improve the practical application of silica/PVA
hybrids as transparent, thermostable and mechanically strong
coatings, but without sacrificing their hybrid properties, one
way to produce them might be by using an inorganic filler of
SiO, as a major component of the preparation method under
mild conditions. Therefore, improving the dispersion of high
content silica in PVA matrix using a traditional sol-gel route
might be very challenging.

Herein, we report the sol-gel preparation of silica/PVA
hybrids to produce highly transparent, thermostable and
mechanically strong coatings by adjusting the H,O/TEOS ratio
to promote a strong interaction between silica and PVA. The
interaction between PVA and SiO,, and the silica morphology in
the PVA matrix are investigated using transmission electron
microscopy (TEM), X-ray diffraction measurements (XRD), X-ray
photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM). The transmittance, thermal stability, adhe-
sive strength and resistance to hygrothermal aging are
comparatively analyzed using UV-vis spectroscopy, thermogra-
vimetric analysis (TGA), differential scanning calorimetry (DSC),
dynamic thermomechanical analysis (DMA) and tensile strength
testing. The results demonstrate that a cross-linked silica/PVA
hybrid high-performance coating containing 56 wt% silica is
produced, with high transmittance, Young's modulus, adhesive
strength, and super humidity resistance.
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2. Experimental section
2.1 Materials

Tetraethoxysilane (TEOS, >98%) and polyvinyl alcohol (PVA)
(alcoholysis degree: 98-99 mol%, viscosity: 54.0-66.0 mPa s ')
were supplied by Sigma-Aldrich and were purified before use.
Hydrochloric acid (HCI, AR grade, 36 wt%), deionized water
(Milli-Q, 18.2 MQ cm ') and ethyl alcohol were used as received.

2.2 Preparation of PVA solution

5 wt% PVA water solution in 28.5 g deionized water was placed
in a sealed tube for 0.5 h at room temperature (to promote
complete swelling), and then was raised to 95 °C for 2 h under
vigorous stirring to achieve a transparent solution. After
complete dissolution, the PVA solution was cooled to room
temperature for use.

2.3 Preparation of silica/PVA hybrids

A silica sol was prepared by mixing TEOS, ethanol and water in
a molar ratio of H,O/TEOS = r (Table 1), maintaining the same
pH for all solutions by the addition of hydrochloric acid. The
water content was controlled at values of 0.025 mol, 0.1 mol and
0.3 mol, and the corresponding sols were named A, B and C,
respectively, as shown in Table 1. Then, the mixture was stirred
at 60 °C for 1 h before pouring the prepared PVA solution into
the above silica sol, and stirring was maintained at the same
temperature for another 5 h. In addition, 10 ml EtOH as a co-
solvent was added into sol A when mixing with PVA solution
in order to avoid phase separation of non-hydrolyzed TEOS.

2.4 Characterization

The morphology of the silica dispersed in the PVA matrix was
observed using transmission electron microscopy (TEM) on
a JEM-100SX instrument operating with an acceleration voltage
of 80 kv. Samples were diluted and dripped onto carbon-coated
grids, and then were taken out into the air for drying before the
measurements.

Before measuring the interaction between PVA and silica, the
hybrid solution was permitted to form a film on a glass
substrate under ambient conditions by drying naturally for 12 h
and storing under vacuum for another 24 h at 50 °C. Then, X-ray
diffraction measurements were performed to evaluate the
crystallinity of the silica/PVA film using a PANalytical X'pert pro
XRD unit with Cu Ka radiation in the scanning range of 26
located at 10-50°. X-ray photoelectron spectroscopy (XPS) was
used on an AXIS Ultrabld with non-monochromatized Al Ko
X-rays to analyze the content ratio of chemical bonds. Scanning
electron microscopy (SEM) measurements were performed on
a FEI Quanta 200 instrument at 20.0 kV to characterize the film
surface after coating with a thin gold film using a vacuum
sputtering tool to improve electrical conductivity.

The visible light transmittance of the hybrid solution
without dilution was obtained using a Shimadzu UV-vis spec-
trometer in the wavelength range from 400 nm to 800 nm, and
deionized water was used as the reference solution.

RSC Adlv., 2017, 7, 2450-2459 | 2451
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Table 1 Preparation of silica/PVA hybrid solution

Solution
Sample TEOS (mol) EtOH (mol) H,0 (mol) H,O/TEOS mol ratio (r) PVA (g) Silica (g) pH
A 0.025 0.10 0.025 1 1.5 1.5 1.76
B 0.025 0.10 0.10 4 1.5 1.5 1.71
C 0.025 0.10 0.30 12 1.5 1.5 1.62

The thermal stability of the silica/PVA hybrid was measured
using differential scanning calorimetry (DSC), and thermogra-
vimetric analysis (TGA) at the same heating rate of 10 °C min !
using nitrogen at a flow rate of 20 ml min™".

The mechanical strength of the silica/PVA hybrid films was
tested using stress-strain curves for obtaining Young's modulus
and the tensile strength at break, the data for which were
collected under room temperature using a DMA Q800 instru-
ment, and the tensile strength was increased from 0 to 18 N in
3 min. The final result was the average of at least three data
points and each film was tested at least five times.

Hygrothermal aging cycles of the adhesive strength for the
silica/PVA hybrid films were performed in the programmable
temperature and humidity chamber. One hygrothermal aging
cycle was 24 h (at a relative humidity maintained at RH = 93%)
and the procedure was as follows (ESI Fig. S1t): firstly, the
sample was heated from 25 °C to 65 °C over 2.5 h and was
maintained at 65 °C for 3 h, followed by cooling to 25 °C over
2.5 h. Secondly, the above process was repeated and the sample
was kept at 25 °C for 1.5 h. Thirdly, the sample was cooled from
25 °C to —20 °C over 0.5 h and was then kept at —20 °C for 3 h,
followed by heating up to 25 °C over 1.5 h and holding at 25 °C
for 1.5 h. After the specified hygrothermal aging cycles, the
adhesive strength of the silica/PVA hybrid films was investi-
gated using the lap shear test at a speed of 2 mm min~". A
sample solution of silica/PVA hybrid was applied as the sand-
wich between two glass sheets (covered 12.5 mm x 25 mm) and
then was put on a horizontal desk for two days and then placed
under vacuum at 50 °C for another two days. The maximum
adhesive strength was recorded after the sudden drop and the
final result for each sample was taken as the average of 5 data
points.

3. Results and discussion
3.1 Formation of silica/PVA hybrids

For the three silica/PVA hybrids obtained using different H,O/
TEOS ratios (r = 1, 4, 12), the TEM images indicate that the
silica particles in Sample A (Fig. 1a, r = 1), Sample B (Fig. 1b, r =
4) and Sample C (Fig. 1c, r = 12) have been produced and are
well dispersed in the PVA matrix, as marked by the black arrow
in Fig. 1a. The dark aggregates are un-hydrolyzed TEOS, as
marked by the red arrows in Fig. 1a. It is believed that the
diameter of the silica particles is dependent on the r values
when the temperature and pH are kept constant (Table 2). The
silica particles obtained in Sample A have diameters of less than

2452 | RSC Adv., 2017, 7, 2450-2459

50 nm (Fig. 1a), while the diameters of the silica particles are in
the range of 50-100 nm in Sample B (Fig. 1b) and C (Fig. 1c).
Furthermore, the TEM observations reveal that the morphology
of the silica particles in Sample A (r = 1) contains dendrite-like
aggregates (Fig. 1a) without individual particles. However, clear
outlines of spherical particles are found in Sample B (Fig. 1b)
and C (Fig. 1c). This significant difference in morphology can be
explained by the different H,O/TEOS (r) values used for the
preparation of Sample A, B and C.

According to the normal hydrolysis reaction formula, a H,O/
TEOS ratio of r = 4 is the stoichiometric ratio for gaining solid
spherical nanoparticles,* but for complete hydrolysis at least r
= 2 is required, if taking practical hydroxyl groups into
consideration. Since r = 1 in Sample A is below the stoichio-
metric ratio, it is not possible for it to be completely hydrolyzed,
and only a few orthosilicic acid groups (Si(OH),) continue to
form silica nanoparticles covered with dark aggregates in the
subsequent condensation process, as observed in Fig. 1a.
However, there is enough water in both Sample B and C (r =4
and 12, respectively) to ensure the sufficient hydrolysis of TEOS
and to form solid silica particles, which apparently leads to an
increase in nanoparticles, as shown in Fig. 1b and c.

Furthermore, the obtained film surface can further confirm
the increased distribution of silica particles from Sample A (r =
1) to Sample C (r = 12), as shown in Fig. S2.T For Sample A, there
are almost no silica particles on the smooth surface of the film.
Meanwhile, a significant increase in silica particles is clearly
found in Sample B and C (especially on their magnified
surfaces). Furthermore, silica particles on the film surface of
Sample C are much rougher than those on the surface in
Sample A and Sample B, which agrees well with the TEM
observation. Actually, the silica particles are very well dispersed
in the TEM and SEM observations, and this is also closely
related to the acidic conditions (pH = 1.7) used in this study.
Owing to the existence of silanol groups on the surface of the
silica nanoparticles, the hydroxyl groups in PVA can easily form
hydrogen bonds under acidic conditions. Because the number
of silanol groups on the silica surface is increased at lower pH,
the hydroxyl groups in PVA can be adsorbed easily on the silanol
groups of the silica particles.'® Based on this consideration, this
study maintained the hybrid solution under acidic conditions
(pH = 1.7), and decreased the ratio of H,O/TEOS to gain small
particles and oligomers, so as to improve the interaction areas
for obtaining a strong interaction between silica and PVA.

From above results, the hydrolysis-condensation mecha-
nism of TEOS at different H,O/TEOS ratios is suggested in

This journal is © The Royal Society of Chemistry 2017
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Fig.1 TEM images of the silica/PVA hybrids obtained using different H,O/TEOS ratios (r): Sample A (a, r = 1), Sample B (b, r = 4) and Sample C (c, r

=12).

Table 2 Morphology, content ratio of CH,/CH-OH and crystallinity of silica/PVA hybrids

Particle size

Particle morphology

Content ratio Crystallinity

Samples (nm) by TEM of CH,/CH-OH by XPS by XRD (%)
PVA — — 1:1.04 23.29
Sample A 50 Dendrite-like 1:0.54 2.56
Sample B 50-100 Sphere 1:0.80 3.78
Sample C 50-100 Sphere 1:0.94 3.92

Scheme 1, where (a) and (d) present the hydrolysis process, (b)
and (e) show the condensation process, and (c) and (f) give the
formation of silica particles. During the hydrolysis, because
high water content (high r value) contributes to complete
hydrolysis to generate four silanol groups, an aligned net-like
structure is formed in sufficient water due to an abundance of
hydroxyl groups (Scheme 1a-c). Meanwhile, insufficient water

Si(OCH,CHs)g + tH,O0 —— Si(OCH,CHz)q.p (OH), + nCH;CH,0OH  (n<4)
(a) / \ OH (@)
OH (I)H HO—Si—OC,Hs
HO—Si—OH HO—Sli—OH OH Tcsz
OC,H,
(b) OH OH; T8 R HO—Sli—OC2H5
CyH50—Si—OH
‘ L @
OH OH OH Si
HOL, |./O\ l,/o\ | _~OH
g Si §i OC,Hs OC,Hg  OH
o 0 ) | |
& & 4 C;H50—Si—O0—Si—0—Si—OH
HO™T ™0 o™  oH Ac Hs OH (l)c H
OH OH OH 4 g
© | | ®)
OH
HO. OH c|>H <|)czH5 (l)CzH5
HO oH Sll—O—Si—O—Si—OH
OC,Hs OC,Hs OH
HO' OH 2715 2715
OH
Net or large bulk aggregation Smaller particles and oligomers

Scheme 1 Schematic illustration of hydrolysis—condensation for
different H,O/TEOS ratios, where (a) and (d) present the progress of
hydrolysis, (b) and (e) show the progress of condensation, and (c) and
(f) give the formation of silica particles.

This journal is © The Royal Society of Chemistry 2017

(low r value) will lead to a significant amount of un-hydrolyzed
ethyoxyl, so as to form oligomers and disorderly small mole-
cules (Scheme 1d-f), and finally form dendrite-like aggregates
to cover the silica particles, as shown in Scheme 1f, due to short-
chain polymers (or oligomers) connecting with silica particles
instead of hydroxyl groups. This morphology is also confirmed
in the TEM observations (Fig. 1a). On the other hand, silica
particles are able to destroy the intramolecular and intermo-
lecular hydrogen bonds in PVA to form new hydrogen bonds
with hydroxyl groups of PVA via silanol groups. In this case,
the aggregation of silica particles becomes a dendrite-like
morphology, owing to enough PVA around the silica particles
and the unhydrolyzed TEOS. Therefore, by controlling the H,0/
TEOS ratio, it is possible to adjust the hydrolysis mechanism in
the sol-gel approach and to regulate the distribution
morphology of silica particles in the PVA matrix, and finally
control the interaction between silica and PVA.

3.2 Interaction between silica and PVA

The chemical interaction between silica and PVA was confirmed
using XPS and XRD analysis. In the XPS plots (Fig. S3t), Si 2s
(149 eV) and Si 2p (100 eV) are observed in Sample A-C, and are
accompanied by strong peaks for C 1s (284 eV) and O 1s (532 eV)
for PVA polymer chains. Furthermore, high-resolution
elemental scans of C 1s are used to obtain the content ratio of
CH, to CHOH groups in the PVA chains (Fig. 2). Because PVA
shows two carbon features at BE = 283.7 eV (red curve for CH,)
and BE = 286.5 eV (blue curve for CH-OH), the intensity of the

RSC Adv., 2017, 7, 2450-2459 | 2453
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Fig. 2 XPS high-resolution elemental scans of C 1s: the red curve and the blue curve are different carbon atoms, and the black curve indicates

the raw background.

CH-OH group is dramatically decreased upon adding silica sol
into the PVA solution (Fig. 2). If hydroxyl groups in PVA chem-
ically and irreversibly react with silica, there must be an inten-
sity decrease in CH-OH.>**° In this study, the calculated ratio of
CH,/CH-OH in PVA is 1: 1.04 (Table 2), which is close to the
theoretical ratio of 1 : 1 for PVA. However, the ratio of CH,/CH-
OH is 1 : 0.54 for Sample A, 1 : 0.80 for Sample Band 1 : 0.94 for
Sample C (Table 2), illustrating the stronger chemical interac-
tion between PVA and silica sol. The results also prove that the
lower H,O/TEOS ratio (r) contributes to forming a strong
interaction between silica and PVA. Therefore, Table 2 reveals
that the deviation behavior of the bonding intensity is perfectly
consistent with the adjustments to the H,O/TEOS ratio.

If there is a crystalline region, a sharp and high intensity
peak will appear in WAXD; otherwise, there will be a broad and
low-intensity peak for an amorphous region.”” The degree of
interaction between PVA and silica will impact the crystallinity
of the final silica/PVA hybrids because PVA is a semi-crystalline
polymer. Fig. 3 shows the XRD plots of PVA and the silica/PVA
hybrids. A strong peak at around 26 = 20° for pure PVA is the
characteristic peak for the orthorhombic lattice (101) with unit
cell parameters of a = 7.81 A b=252A ¢c=5514 8=
91.78°.***° Normally, PVA should have two peaks at (101) and
(200), but if the crystal is not strong enough, the two peaks will
merge into one. The broad peak that appears between 20° and

2454 | RSC Adv., 2017, 7, 2450-2459

25° in all silica/PVA hybrid samples (Fig. 3) is attributed to
amorphous silica, and can be seen in the pure silica sample in
Fig. 3. Furthermore, a slight shift to the left is found among all
the hybrid samples when compared with the pure silica sample,
and this shift becomes much clearer from Sample A to Sample
C, due to the increasing crystallinity of PVA in the silica/PVA
hybrid samples.

12000
101 Samples Crystallinity
{ Sample A 2.56%
10000 Sample B 3.78%
Sample C 3.92%
Pure PVA 23.29%
8000 - Pure Silica
)
=
z
3 6000 1
=
L]
4000+
2000
10

Fig. 3 XRD plots of all silica/PVA samples, pure PVA and pure silica.

This journal is © The Royal Society of Chemistry 2017
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Q silica Oligomer PVA chain

i PVA crystallinity

Scheme 2 Schematic diagram of the interaction between silica and
PVA, showing silica in the PVA matrix at different H,O/TEOS ratios: (a) r
= 12 for Sample C, and (b) r = 1 for Sample A.

On the other hand, the crystallinity values calculated by
X'pert Highscore Plus software, shown in Table 2, reveal that the
degree of crystallinity of PVA in the three silica/PVA hybrids of
Sample A, B and C (2.56%, 3.78%, and 3.92%, respectively)
increases with increasing H,O/TEOS ratio, although the crys-
tallinity of pure PVA (23.29%) is lower than the theoretical value
for a semi-crystalline polymer (~50%). This result also proves
the formation of the silica/PVA hybrids through the chemical
interaction between silica and PVA. It is worth noting that much
different values for the crystallinity are obtained for Sample A, B
and C, although a similar percentage of inorganic filler
(~50 wt%) was used in the preparation of the silica/PVA hybrids
(Table 1). The crystallinity degree of a polymer is dependent on
the content of small molecules, because smaller particles
increase the surface area between the filler and polymer matrix.
Generally, smaller molecules prefer to combine strongly with
the polymer and hinder the orderly arrangement required to
form crystalline regions.*® Therefore, the small silica particles
and silica oligomer molecules in Sample A allowed for a much
stronger interaction with PVA than in Sample B and C, thereby
leading to lower crystallinity than Sample B and C.

Based on the above discussion and the SEM observations,
a brief schematic diagram of the interaction between silica and
PVA is given in Scheme 2. When the silica sol is added into the
PVA solution, C-OH groups in PVA and Si-OH groups in silica will
interact with each other. As it is known, there are aligned PVA
chains in the crystalline zones in pure PVA. When PVA chains are
absorbed and connected on the surface of silica particles, some
crystals form near the gaps between the silica particles, as shown
in Scheme 2a, which represents the preparation of Sample C in an
abundance of H,0O as H,O/TEOS ratio (r = 12). This is shown in
the SEM images of the film in Scheme 2, which indicate obvious
silica nanoparticles. However, due to the low H,O/TEOS ratio of r
= 1 for Sample A (Scheme 2b), small particles and oligomers
overlap in the silica sol, where the PVA chains are bonded with the
silica surface, and therefore, crystalline regions become relatively

This journal is © The Royal Society of Chemistry 2017
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fewer. In the SEM images, there are almost no obvious silica
particles distributed on the film surface where a lower H,O/TEOS
ratio was used. Although the inorganic filler of silica breaks the
orderly arrangement of the PVA polymer chains and decreases the
crystallization degree of the silica/PVA hybrids,’ silica and silica
oligomers are tied together by PVA chains to form a uniform and
transparent hybrid film that overcomes crack, deformation and
opaque defaults, even when more than 50 wt% of silica is used,
because PVA exerts a structure orienting effect.”

3.3 Thermal stability of the silica/PVA hybrids

It has been reported that the addition of an inorganic filler into
the polymer matrix produces a shift in the melting point,
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attributed to the decrease in crystallization and crystallite size.*®
Therefore, the thermal stability of a hybrid material often
depends on the interaction between the inorganic and polymer
components. The endothermic peak for the melting tempera-
ture (T,,) in the DSC profiles (Fig. 4a) indicates that pure PVA
has a Ty, of 204.3 °C (200-210 °C as usual), but the T, of the
silica/PVA hybrids is close to 150 °C, except for Sample A that
has a value of 120 °C (Table 3). The broader peak in Fig. 4a is
attributed to a high content of a uniformly distributed inorganic
phase that stiffens the hybrid materials.**

Meanwhile, T;, decreases with an increase in the content of
silica particles, even though the mass percentage is below
10 wt% in the silica/PVA hybrids.*® Here, the T;, values of the
three silica/PVA hybrids have also been shown to decrease, even
when more than 50 wt% inorganic particles were introduced.
Actually, diminishing crystallinity is the major reason for the
lower Ty, of Sample A compared with Sample B and C (Table 3).
In Sample A, both the small particles and overlapping oligomers
are the main factors that lead to a lower T, compared with the
clear outline of silica in Sample B and C (Fig. 1). In the TGA
curves (Fig. 4b), all samples exhibit a slight shake at 100 °C due
to the self-condensation of silanol groups or the vaporization of
water. Compared with the dehydration of PVA chains at 254-
256 °C,"* the first degradation of Sample A-C clearly occurs at
204 °C, 181 °C and 170 °C (Table 3), respectively. However, the
highest mass loss rate and the major decomposition appear at
the second decomposition temperature of 450 °C for Sample A-
C, which is higher than that for pure PVA, as shown in Fig. 4b.

The residue of the silica/PVA hybrids was analyzed at 350 °C
(at the end of the first degradation) (Fig. 4b). As shown in Table
3, the weight losses of the silica/PVA hybrids are calculated as
40.7 wt%, 48.4 wt% and 46.8 wt% for Sample A, B and C,
respectively, and 77.8 wt% for pure PVA (Fig. 4b). This can
further prove the enhanced thermal stability of the silica/PVA
hybrids by evolving silica. The weight of the residue remained
almost constant beyond 600 °C for Sample A-C, with values of
56.15 wt%, 55.84 wt% and 56.97 wt% respectively, but for pure
PVA, only 5 wt% remained in the ash (Fig. 4b). Therefore, all
these TGA curves have confirmed that the amount of the silica
in the hybrids is in good agreement with the expectation in this
paper.

Furthermore, the DTGA curves of the silica/PVA hybrids
(derived from TGA) in Fig. 4c exhibit a great difference
compared with the curve of pure PVA. The weight loss rates of
the three silica/PVA hybrids are maintained at a low level at the
first degradation temperature of 220 °C, but then increase at the
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second degradation temperature of 400-450 °C. However, the
weight loss rate of PVA is extremely fast, and the second
degradation temperature is overlapping. These results indicate
that the major degradations of the hybrids happen at higher
temperatures than pure PVA, suggesting the higher thermal
stability of the silica/PVA hybrids compared with PVA.

3.4 Transmittance of the silica/PVA hybrids

If the particle size is very small so that it does not lead to
a significant amount of scattering loss, the addition of silica or
TEOS will improve the transmittance according to effective-
medium theory.>® This is ascribed to the difference in the
refractive index (n) between PVA (V%) and silica/TEOS, depen-
dent on the dielectric constants for different compositions and
geometries of the hybrid solution.*® The calculated value of n for
three samples is as follow:

2 2 2
Nhybrids. = MpvA~ X Vo + Ngjlica™ X (1 — V%)

when 7 is decreased, the transmittance of the hybrid solution is
improved. Because the refractive index () of TEOS/silica (n =
1.38 for TEOS and n = 1.46 for silica) is lower than PVA (n =
1.49-1.52), the addition of TEOS/silica into PVA solution is ex-
pected to improve the transmittance of the solution.
According to this suggestion, a small particle diameter will
decrease the scattering loss and thereby increase the solution
transparency (Fig. 5). Therefore, Sample B exhibits unsatisfac-
tory transmittance compared with Sample A and C. Also, the
transparency of the films is further proved by covering the
surface of the badge of Xian Jiaotong University with PVA and
Sample A. As shown in the photo in Fig. 5, the Chinese char-
acters under the film of Sample A do not show any variation in
color, revealing the transparency of the film formed by Sample
A. The UV-vis absorption spectra in the range of 400-800 nm for
the silica/PVA hybrids and pure PVA in a diluted water-ethanol
solution are compared in Fig. 5. The transparence of Sample A
(97-99%) and Sample C (92-94%) is much higher than pure PVA
(88-94%), but the transparence of Sample B (87-94%) is a little
lower than that of pure PVA (Table 3), revealing that the addi-
tion of silica particles in the hybrid solution might not be the
main factor behind the transmittance, even though there is 56
wt% silica in all of the hybrids. Actually, the transmittance of
the hybrid solution is controlled by its morphology;* therefore,
the transmittance of the three hybrids is in accordance with
their particle size distribution, as shown in Fig. 1. Large silica
particles with large scattering areas are likely to cause

Table 3 Melting temperature, transparence and adhesive strength of silica/PVA“

Samples Tm (°C) T4 (°C) Transparence (%) Tensile strength (MPa) Young's modulus (GPa) Adhesive strength (N)
PVA 204.3 256.9 88-94 40.1 £ 9.3 0.17 £+ 0.03 475
Sample A 122.0 203.5 97-99 80.3 £ 2.5 2.52 + 0.10 715
Sample B 154.5 181.4 87-94 42.5 £ 2.5 3.87 £ 0.06 356
Sample C 149.2 170.3 92-94 31.9 £ 5.7 4.07 £ 0.15 590

“ Ty and Ty refer to the melting temperature and decomposition temperature.
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opaqueness in solution;** therefore, the large diameters of the
silica particles in Sample B lead to increased scattering loss and
low transparence, due to the large scattering cross-section.

3.5 Mechanical strength of the silica/PVA hybrids

The mechanical strength of silica/PVA hybrid films were tested,
as shown in the stress-strain curves in Fig. 6a. For the pure PVA
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film, the stress increases immediately with the increase in
strain at the beginning, and then the film slowly reaches 200%
elongation. Meanwhile, the silica/PVA hybrid films break under
much lower strain (less than 5%), and finally reach a very high
tensile stress, as shown in the inset of Fig. 6a. This indicates
that the stiffness of the silica/PVA hybrid films is far beyond that
of the pure PVA, owing to the addition of silica. The tensile
strength at the break for each sample is shown in Fig. 6b and
Table 3. Sample A has an ultimate tensile strength at 80.3 +
2.5 MPa, which is much higher than that of pure PVA (40.1 + 9.3
MPa) and Sample B and C (42.5 + 2.5 MPa and 31.9 & 5.7 MPa,
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Fig. 6 The mechanical properties of the silica/PVA hybrid films (a),
ultimate tensile strength and Young's modulus (b).
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respectively). This suggests that the good distribution and
interaction of the inorganic particles with the PVA polymer is
favorable for improving the mechanical properties, as has been
previously reported for a cellulose nanocrystals/PVA film
(52 MPa tensile strength)* and an MNT/PVA film (150 MPa
tensile strength).** Sample A has quite a good performance
compared with the other samples, indicating that the incom-
plete hydrolysis of TEOS enables the silica sol to produce
enough hydroxyl groups and surface area to facilitate the
interaction with the PVA polymer, such as in Sample A. Mean-
while, the large nanoparticles in the polymer matrix of Sample B
and C fail to improve the ultimate tensile strength.

The comparison of Young's moduli in Fig. 6b indicates that
pure PVA has a Young's modulus of only 0.17 + 0.03 GPa due to
its easy-deformation during elongation. However, an obvious
jump in the Young's modulus for Sample A (2.52 + 0.10 GPa),
Sample B (3.87 £ 0.06 GPa) and Sample C (4.07 £ 0.15 GPa) is
obtained, due to the stiffness of the films contributed by the
nanoparticles of silica (Table 3). Inorganic particles are often
hoped to reinforce the stiffness of a material, leading to an
increase in the Young's moduli of the three hybrids. The solid
particles in Sample B and C play a important role in this
property, while the amorphous silica in Sample A does not lead
to much improvement. However, the cross-linking morphology
in Sample A helps to achieve a strong interaction between the
silica and PVA matrix, and this is also the reason that Sample A
reaches a strain of 3.5% at breaking (Fig. 7a), while the films of
Sample B and C break at a much lower strain. Therefore, Sample
A is much more flexible than Sample B and C, even though they
have the same silica content.

3.6 Adhesive strength of the silica/PVA hybrids

It is hoped that silica/PVA hybrids can maintain the adhesive
strength of PVA for common applications. However, it has been
found that phase separation occurs when the silica concentra-
tion is beyond 36.5 wt% during the preparation of 59 nm silica
nanoparticles using the traditional Stober's method for hybrid
compounds.®*® Although some studies have reported improved
adhesive strength by blending nanoparticles with polymer,**=*7%*
they all used a very small inorganic content.’” In order to
understand the effect of silica particles on the adhesive
strength, the lap sheer strength of the overlap joint for all the
silica/PVA hybrid samples was measured, as shown in Fig. 7a.
Compared with the adhesive strength of pure PVA (475 N, 1.52
MPa), an excellent adhesive strength is obtained for Sample A
(715 N, 2.29 MPa) and Sample C (590 N, 1.89 MPa), as shown in
Fig. 7b and Table 3. Since silica sol in a low H,O/TEOS ratio has
a positive effect on adhesive strength, Sample A achieves the
highest adhesive strength (715 N), but Sample B shows a lower
adhesive strength (356 N) caused by the larger diameter of the
silica particles in the PVA matrix. Sample B is unsatisfactory
both in transmittance and adhesive strength. The obtained
results have proven that a lower H,O/TEOS ratio can contribute
to smaller aggregates, and therefore improve the adhesive
strength, due to well-dispersed silica particles in the PVA
matrix. In addition, the strong adhesion strength of Sample A is
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also confirmed by the breakage of a glass sheet instead of the
separation of the lap area, as shown in Fig. 7a, indicating that
the adhesive strength in Sample A is actually higher than 715 N.

Furthermore, in order to evaluate the durability of the
adhesive strength, hygrothermal aging cycles were applied to
simulate the humidity and hot/cold environments (Fig. S1t).
After different hygrothermal aging cycles, the adhesive strength
of Sample A and pure PVA were measured, as shown in Fig. 7c.
For Sample A, the adhesive strength in the first two cycles
decreases from the initial adhesive strength of 715 £ 90 N to 619
+ 55N (24 h of first cycle) and 598 + 68 N (48 h of second cycle).
This may be caused by the partial dissolution of PVA, due to
hydrophilic properties. However, the adhesive strength in the
third cycle (688 + 56 N) and fourth cycle (742 + 99 N) is
increased to be close to or even beyond the initial value (715 +
90 N) and exhibits the highest adhesive strength after 15 cycles
(958 + 116 N). From 10-15 cycles, the adhesive strength of
Sample A remains constant (958 + 116 N), due to the good
compatibility of the silica/PVA hybrid with silicate glass.
Unfortunately, the adhesive strength of pure PVA in Fig. 7c is
attenuated heavily from the initial value of 475 N to 72 N after 15
cycles (about 85% attenuation). Therefore, silica/PVA hybrid of
Sample A almost maintains super hygrothermal resistance after
15 hygrothermal aging cycles.

4. Conclusion

This paper reports silica/PVA hybrid materials for application as
transparent/adhesive coatings. The effect of the H,O/TEOS ratio
on the formation of the silica/PVA hybrids, interaction between
silica and PVA, silica morphology, transmittance of the film,
thermal stability and adhesive strength resistance to hygro-
thermal aging is comparatively studied. The interaction
between silica and PVA to form cross-linked silica/PVA hybrids
is confirmed by the cross-linking of -OH groups, the formation
of Si-O-C bonds, a decrease in the crystallinity of PVA from
23.29% to 2.56%, and a decrease in the melting point of the
silica/PVA hybrid from 204.3 °C to 122 °C. The chemically
interacting silica/PVA hybrids are obtained using a silica sol
(obtained at a low H,O/TEOS ratio) well-dispersed in a PVA
matrix, to form strong hydrogen bonding between PVA and
smaller silica particles or oligomers. This strong interaction
provides the silica/PVA hybrids with transparence, enhanced
thermal stability, strong mechanical and adhesive strength,
even with more than 50 wt% silica in the hybrid. The silica/PVA
hybrids exhibit a much higher tensile strength (80.3 £ 2.5 MPa)
than pure PVA (40.1 £ 9.3 MPa), much higher Young's modulus
(2.52 £ 0.10 GPa) than pure PVA (0.17 & 0.03 GPa), and excellent
adhesive strength (715 N, 2.29 MPa) compared with PVA (475 N,
1.52 MPa). Even after undergoing 15 hygrothermal aging cycles,
this adhesive strength is still effective (958 N, 3.07 MPa). The
discovered formation mechanism between silica and PVA could
offer new insight into the formation of silica/PVA hybrid
materials. The results prove that the obtained silica/PVA
hybrids offer great potential for future applications as trans-
parent and adhesive coatings.

This journal is © The Royal Society of Chemistry 2017
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