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ABSTRACT

PVC nanocomposite (NC) films with cubic CeO, and Ni-doped CeO, (NDC) have been prepared using a conventional solution-
casting technique. The prepared films were characterized with FT-IR spectrometer, X-ray diffraction (XRD), and scanning elec-
tron microscopy (SEM). The optical and thermal properties of the films were evaluated using a UV-visible spectrophotometer
and TGA/DSC. The optical study revealed a decrease in optical band gap energies (4.19 to 4.06eV) whereas the increase in other
optical constraints such as optical conductivity, Urbach energy, dispersion energy, refractive index, and dielectric constant of
PVC NCs than pristine PVC was observed. The XRD patterns showed the presence of cubic crystalline NDC with a relatively
narrower principal diffraction peak in the PVC matrix and the nonexistence of unexpected vibrational peaks in the FTIR spectra
of PVC NCs confirmed the successful incorporation of nanostructured CeO, and NDC into PVC. Thermogravimetric analysis
showed the higher thermal stability of NDC/PVC NC than PVC whereas differential scanning calorimetry declared no signif-
icant change in the glass transition temperature (Tg) of the NCs. Moreover, a good dispersion of Ni-doped CeO, nanofiller was
noticed in scanning electron micrographs.

1 | Introduction Huang et al. 2023). The upsurge performance of these mate-

rials is mostly attributed to the resultant properties that both

Polymer NCs are one of the leading materials due to their sig-
nificant contribution in various modern-day disciplines such
as environment, energy, and health care (Darwish, Mostafa,
and Al-Harbi 2022; Zhang, Khorshidi et al. 2023; Zhang,

© 2024 Wiley Periodicals LLC.

polymer matrix and nanoscale reinforcement produce (Asture
et al. 2023; Mansour et al. 2020). Nanoparticles as nanofillers
have rapidly gained attention because of the versatility they
bring to the materials’ performance, especially by improving
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Summary

Using the solution casting process, PVC nanocompos-
ite films containing CeO, and Ni-doped CeO, were
successfully created.

Additionally, scanning electron micrographs showed
an excellent dispersion of Ni-doped CeO, nanofiller.

The optical study showed that adding NDC to PVC
caused its band gap energy to drop from 4.19 to 4.06 eV.

A further indication that nanofillers had been added
to the PVC matrix was the rise in Urbach energy.

Although there was only a small difference in T,, ther-
mal studies showed that NCs had greater T, and T,
values than pure PVC.

optical, structural, electrical, mechanical, and thermal prop-
erties, once incorporated into the polymer matrix (Romero-
Fierro et al. 2022; Tamayo-Vegas et al. 2022). Al-Dhabi et al.
tuned the dielectric, electrical, and optical properties of the
polyethylene oxide/carboxymethyl cellulose blend by add-
ing ZnO/GO as a nanofiller (Al-Harbi et al. 2023). Rahman
et al. improved the optical, electrical, and mechanical prop-
erties of the polyester matrix by reinforcing with TiO,, Fe,O,,
and NiFe,0, nanoparticles (Rahman et al. 2019). Safdari and
his coworkers investigated the effect of Bi,O, nanofiller on
the sensing response of polycarbonate (Safdari et al. 2022).
Recently, researchers explored the variation in optical, ther-
mal, and structural properties of polyvinyl chloride/polyvinyl
propylene blend with the addition of Er,0, nanofiller for op-
toelectronic applications (Alshammari, Alshammari, Ibrahim
et al. 2023).

PVC matrix NCs have attained substantial consideration in
optoelectronic systems due to superior physical characteris-
tics and tunable optical properties of PVC such as refractive
index, transmittance, bandgap energy, fluorescence, optical
oscillator strength, and optical susceptibility (Alshammari,
Alshammari, Ibrahim et al. 2023; Hu et al. 2020; Taha and
Azab 2019). Literature reveals that the optical properties of
PVC can be tailored by introducing nanofillers in the PVC ma-
trix to extend its scope in optical, electronic, and photonic sys-
tems (Taha and Azab 2019; Hashmi et al. 2022; Ebnalwaled
and Thabet 2016). For example, Abouhaswa et al. reported
an increase in PVC absorption with increasing CuO nano-
filler content whereas the decrease in bandgap energy of PVC
matrix nanocomposite (NC) was noticed (Abouhaswa and
Taha 2020). Deshmukh et al. used different weight percent-
ages of graphene oxide nanofiller to improve the properties
of PVC (Deshmukh, Khatake, and Joshi 2013). El Sayed et al.
explored the optical and dielectric properties of PVC/CdO
NC films. They observed a decrease in bandgap energy from
5.07 to 4.89 eV with increasing nanofiller content whereas an
increasing trend was reported for refractive index (EIl Sayed
et al. 2014). Taha et al. explored the effect of SnO, nanofillers
on the optical, structural, and thermal properties of PVC, and
they concluded that the decrease in bandgap energy is mainly
attributed to the Sn defects within the bands. Moreover, they
also reported an increase in light absorption and refractive
index of PVC NCs as compared to pure PVC (Taha, Ismail, and

Elhawary 2018). Moreover, TiO,, ZnO, ZrO,, CdS, and SiO,
were also used as nanofillers to enhance the optical, struc-
tural, and mechanical properties of PVC (Abdel-Baset, Elzayat,
and Mahrous 2016; Abdel-Gawad et al. 2017; Mallakpour and
Darvishzadeh 2018; Patidar and Saxena 2013; Mallakpour
and Shafiee 2017). Despite all these developments, it is still ex-
tremely desirable to investigate nanofillers about 3d-transition
metal-modified rare-earth oxide to improve the features of
PVC polymer.

In this context, CeO, as a nanofiller for polymers has been
preferred due to its excellent physicochemical properties,
structure compatibility, and higher UV absorption in compar-
ison to conventional nanofillers such as TiO, and ZnO (Hu
et al. 2020; Mishra and Mukhopadhyay 2021). For instance,
James et al. used three different strategies to enhance the re-
fractive index of polystyrene by adding CeO, nanoparticles for
better utilization of polystyrene/CeO, NCs in photonics indus-
tries (James et al. 2019). In situ polymerization was used by
Kumar et al. to create and characterize the polyaniline/Ce0O2
NC. They reported the successful insertion of cubic CeO,
nanoparticles in a polyaniline matrix with improved prop-
erties (Kumar, Selvarajan, and Muthuraj 2012). Hemalatha
et al. investigated the optical properties of PVA by varying the
amount of CeO, nanofiller content from 2.5 to 25wt%, and
they reported homogeneous dispersion of CeO, content in the
polymer which ultimately led to PVA NCs with excellent op-
tical properties (Hemalatha and Rukmani 2016). The above-
mentioned studies revealed that 3d-transition metal-doped
CeO, nanofillers could be excellent alternatives to improve
the various properties of PVC.

In this study, an effort has been made to explore the optical and
physical properties of PVC NC films, prepared with our previ-
ously synthesized nickel-doped CeO, and pristine CeO, nano-
fillers through a solution-casting approach. The prepared films
were further characterized using UV-visible spectrophotome-
ter, XRD, FTIR, SEM, and TGA/DSC for evaluation of the op-
tical, structural, morphological, and thermal properties of PVC
NC films.

2 | Experimental

PVC (K-value 68-65, Macklin, China) was mixed with
nickel-doped CeO, nanofillers to prepare PVC NC films by
a solution-casting method (Taha and Azab 2019). Our previ-
ously reported Ni-doped CeO, (NDC) and pristine CeO, pow-
ders were used as nanofillers in this study (Qamar et al. 2023).
In a typical preparation of PVC matrix NC film, 0.5g PVC
was dissolved completely in 50 mL tetrahydrofuran (THF) at
room temperature to form a clear solution. Then, 5mg NDC
powder was dispersed ultrasonically in above mentioned PVC
solution for 1h to make a homogeneous dispersion. The ob-
tained dispersion was finally poured into a glass petri dish
and dried in an oven at 50°C for 48 h to get a PVC NC film. The
obtained film was peeled off from the petri dish and denoted
as NDC/PVC. A similar procedure was adopted to prepare
PVC film with pristine CeO, powder and the obtained NC
film was marked CeO,/PVC. Moreover, pure PVC film was
also prepared under similar conditions for comparison with
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NC films. The thickness (0.48 mm) of the films was measured
by screw gauge.

XRD patterns of films were recorded from 5° to 80° with 0.02°
step size by X-ray powder diffractometer (Rigaku D-MAX/IIA,
Japan) having Cu Ka radiation. FT-IR spectra were attained on
a Bruker Alpha IT FTIR spectrometer. The SDT Q600 TGA/DSC
analyzer from TA Instruments was used to perform TGA/DSC
studies in a N, atmosphere at a heating rate of 20°C/min from
0°C to 600°C. A scanning electron microscope (SEM, S-3700N,
Hitachi Hi-Technologies Corporation, Japan) was used to assess
the surface morphology of the films. Moreover, a UV-visible
spectrophotometer (UV-1800, Shimadzu, Japan) was used to re-
cord the absorption spectra of the films.

3 | Results and Discussion

The optical absorption and transmittance (%) spectra of PVC and
its composites are presented in Figure 1. In absorption spectra,
an increase in absorption is noticed with the addition of CeO,
and NDC. The enhanced absorbance of NCs may be attributed
to the increase in surface area of the NC due to the addition of
nanofillers in the PVC matrix (Kassem et al. 2023). Moreover,
the incorporation of NDC has yielded a new broad band ranging
from 310 to 412nm which is absent in the absorption response
of CeO,/PVC NC. The appearance of this broadband can be at-
tributed to the formation of the complex between PVC and NDC
(Kassem et al. 2023). Moreover, the absorption band from 254
to 294nm and high absorption peaks below 240nm are due to
m-7* transitions and C-Cl bond in PVC (Taha and Azab 2019).
The Inset figure demonstrates the suppression of the optical
transmittance of PVC upon the incorporation of nanofillers.
For instance, the transmittance of PVC at 500nm is reduced
from ~97% to ~57% due to the addition of CeO, in the PVC ma-
trix which is further reduced to ~34% while adding only NDC
in PVC.

Figure 2 demonstrates the evaluation of optical band gap en-
ergy (E,,) for both direct and indirect allowed transitions,
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FIGURE 1 | The comparison of absorption spectra of PVC and
its composites, whereas inset is the transmittance (%) spectra of the
materials.

respectively in the materials. The following Equations (1) and
(2) are used to estimate the band gap energies (Alshammari,
Alshammari, Alshammari et al. 2023);

5

0.
ahv = k(h—E g o) ®
2
ahv = B(hv = Ejgiree;) @)
Where Bis a constant. The E ;. and E, ... in €V are estimated

while extrapolating the linear portion of curves obtained from
(cthv)? versus hv and (ahv)®> vsersus hv to zero absorption as
shown in Figure 2a,b, respectively. The addition of CeO, and
NDC nanofillers has reduced both direct and indirect band
gap energies of the PVC which are summarized in Table 1.
Furthermore, relatively greater linearity in (ahv)®> versus hv
curve as compared to the curve obtained in («¢hv)? versus hv de-
picts mainly an indirect nature of transitions in PVC NCs from
valance band to the conduction band (CB). This decrease in
band gap energy can be attributed to the possible formation of
new localized electronic states due to NDC between the valence
band (VB) and CB of the PVC. These states can contribute to low
energy transitions which ultimately lead to the lowering of ef-
fective band gap of the NDC/PVC NC (El-Naggar et al. 2023). In
addition, the higher conductivity introduced in PVC matrix due

30000
—pVC a
25000 -
—Ce0,/PVC
20000 -
~
>
< —NDC/PVC
x 15000 -
R
10000 -
5000 -
0 v T T
4.2 4.25 4.3 4.35 4.4
hv (eV)
12 1
—PVC —Ce0,/PVC b
10
—NDC/PVC
n 8 4
o
S
£
X 6 -
s
4
2
4 4.05 4.1 4.15 4.2 4.25 4.3 4.35 4.4
hv (eV)

FIGURE 2 | (a) direct and (b) indirect band gap evaluation of pure
PVC and its NCs.
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TABLE1 | Optical parameters of pure PVC and its NCs with CeO, and Ni-doped CeO, (NDC).

Optical Parameter pPVvC CeO,/PVC NDC/PVC
Ay (M) 290 290 290
Optical bandgap energy “Eopt” Direct (eV) 4.29 4.27 4.25
Indirect (eV) 4.19 4.13 4.06
Urbach energy “E,” (meV) 61 108 173
Average excitation energy “E,” (eV) 4.02 6.67 4.18
Dispersion energy “E,” (€V) 0.94 23.06 22.95
Static refractive index “n,” 1.11 2.11 2.54
Static dielectric constant “c.” 1.23 4.45 6.48
Moments of optical spectrum M_, 0.23 3.46 5.48
M_, (V) 0.01 0.08 0.31
Linear optical susceptibility “y 1~ 0.02 0.28 0.44
Nonlinear optical susceptibility “y @ (e.s.u) 2.05x107Y 9.74Ex 10713 6.16x 10712
Nonlinear refractive index “n,” (e.s.u) 6.96x10716 1.74x 1071 9.12x 1071
High-frequency dielectric constant “c_” 2.07 6.34 22.27
Long-wavelength refractive index “n_” 1.43 2.51 4.72
4 in the PVC matrix due to the addition of nanofillers. These im-
ePVC ©Ce0,/PVC ®NDC/PVC perfections usually occur due to the formation of transition states
3.5 froose =078 froosen between the bandgap of PVC upon the addition of nanofiller in
PVC matrix while distorting the structure of PVC. This distor-
1 e e ¢ tion further broadens the Urbach tail and hence the Urbach en-
Q... . S ergy with increasing density of the states (Taha and Azab 2019;
5 1 & Kassem et al. 2023).
c | ....: '...
= 2 Q.. .
v The effect of nanofillers on the traveling of light in the PVC ma-
15 ~® trix is assessed by calculating the refractive index (n) of films
‘ using Equation (5). Moreover, the change in “n” of the samples
1 - ) with varying wavelengths from 400 to 850nm is presented in
L Figure 4.
0.5 T T v v
4.18 4.22 4.26 4.3 4.34
hv (eV)

FIGURE3 | Inaversus hv for the determination of Urbach energy of
pure PVC and its NCs.

to NDC in comparison to CeO, can also be another reason for
bandgap reduction. To estimate the disorder in films due to the
possible formation of localized states within the forbidden band
gap, the Urbach energy is calculated using Equation (4) (Taha
and Azab 2019; Kassem et al. 2023);

a=a,Xxexp (hv/Ey) 3)
In(a) = In(a,) + EL (hv) @)
U

The Urbach energy (E,)) is estimated by calculating the reciprocal
of slope (Ei) obtained from the curves between In () and hv as

U
shown in Figure 3. The estimated E;; values (meV) are provided
in Table 1, which reveals an increase in imperfections or disorder

0.5
Refractive Index (n) = ( 1 tﬁ ) + < a 4};)2 - k2> )

Where,

Extinction coefficient (k) = Z—A
T

©)

The refractive index of PVC NCs is observed significantly higher
as compared to pure PVC matrix. The refractive index of PVC is
in agreement with the literature however the existence of higher
“n” values due to the addition of nanofiller is also evident in the
literature (Taha and Azab 2019). These high refractive indices
may be attributed to the higher packing density of the NC due
to the incorporation of nanofiller in the PVC matrix which ul-
timately leads to the slowing of light traveling. Moreover, the
strength of optical transitions between the bands (E,) that is,
dispersion energy and the average energy required for these ex-
citations (E,) that is, effective oscillator energy are determined
from the slope and intercept in Figure 5 using Equation (7).
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FIGURE4 | The comparison of refractive index (n) of pure PVC and
its NCs.
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FIGURES5 | (n2-1)7!versus (hv)? plots for pure PVC and its NCs.

Moreover, static refractive index (n), static dielectric constant
(e)), and optical oscillator strengths (f) are calculated using
Equations (8)-(10).

E
@) o
0.5
ny = <1 " %) ®)
g =n, ©
f=E,xE, (10)

The calculated E,, E,;, n, and f values are summarized in
Table 1, which have been increased with the addition of nano-
filler into the PVC matrix as compared to pure PVC matrix. The
dispersion energy describes the energy associated with the in-
teraction of nanofiller with PVC and their distribution within
the PVC matrix. The lower dispersion energy corresponds to an
easy dispersion of nanofillers within the matrix and good com-
patibility of both components. Table 1, shows a relatively greater
compatibility and good dispersion of NDC as compared to pure

FIGURE 6 | The linear portion of real part of dielectric constant (,)
versus A% plots for pure PVC and its NCs.

CeO, in PVC matrix which can be attributed to its lower size
and greater surface area. Moreover, other optical parameters
such as moments of the optical spectrum (M_, and M_,), linear
and nonlinear optical susceptibilities (I and y3), and nonlinear
refractive index (n,) are tabulated in Table 1 which are calcu-
lated using the authentic mathematical equations provided in
the literature (Taha and Azab 2019).

The increase in the real part of the dielectric constant (g,) is
noticed with the addition of nanofillers in the PVC matrix as
shown in Figure 6. Moreover, the high-frequency dielectric con-
stant (¢_) is calculated using the following Equation (11);

51=n2—k2=EW—<L><£>AZ 11

4n2c%e, ) \m*

€4, is estimated from the intercept of ¢, versus A2 plot as shown in
Figure 6. Furthermore, €, is used to estimate long-wavelength
refractive index (n_) while usingn, = /e ..
Another important optical parameter that is, optical conductiv-
ity (aopt) is calculated using Equation (12) as shown in Figure 7.
Optical conductivity helps to understand the movement of
charge carriers while varying the electric field of incident elec-
tromagnetic waves.

nca

Popt = 47

12)

The increase in optical conductivity of the PVC matrix with the
addition of CeO, and NDC confirms the formation of new states
within the bandgap which consequently leads to a reduction in
bandgap energy of the NCs as compared to pure PVC matrix.
Moreover, all calculated optical parameters are summarized in
Table 1.

The comparison of XRD patterns of PVC and its NCs are pre-
sented in Figure 8. The appearance of diffraction planes at (26)
28.17°, 32.70°, 47.03° 55.83°, 58.57°, 67.98°, 76.06°, and 78.42°
in NCs shows the presence of cubic phase (JCPDS 34-0394) of
CeO,. However, the existence of similar diffraction planes with
slightly changed 26 values indicates the presence of NDC in
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the PVC matrix. XRD analysis (Figure 8) also reveals that the
peak broadening in cubic CeO, and NDC nanofillers has been
decreased due to the presence of PVC as compared to their peak
broadening shown in our previous finding (Qamar et al. 2023).
Previously, 9.76 and 8.28 nm average crystallite sizes were no-
ticed for pure CeO, and NDC, respectively (Qamar et al. 2023).
However, these sizes were increased to 42.69nm for CeO,
and 33.16nm for NDC in the presence of PVC. Moreover, it is
also noticed that the cubic crystal structure of the nanofillers
has not been changed inside the PVC matrix which indicates
the successful incorporation of nanofillers in the PVC matrix.
Moreover, the morphology of the PVC and its NCs are compared

—PVC
0.8 1

—CeO,/PVC
0.6 -

—NDC/PVC

0 T v v

1.5 2 2.5 3 3.5 4 4.5 5 5.5
hv (eV)

in Figure 8. The respective micrographs reveal good dispersion
of nanofillers while forming a relative homogenous surface of
PVC NCs than pure PVC. The decrease in circle edges in NCs
as compared to pure PVC shows the successful incorporation
of nanofillers into the PVC matrix. Moreover, greater extent of
NDC dispersion within the PVC matrix is noticed whereas a
relative lower dispersion along with aggregates within the PVC
matrix are observable in the respective micrographs. The CeO,
aggregation formation within PVC matrix has been reduced

CeO,/PVC
S
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2 s
c
©
£
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©
S
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FIGURE 7 | The comparison of the optical conductivity of pure PVC
and its NCs.

FIGURE 9 | The comparison of FTIR spectra of pure PVC and its
NCs.
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FIGURE 8 | The comparison of XRD patterns and scanning electron micrographs of pure PVC and its NCs.
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greatly by incorporating NDC, which represents its greater com-
patibility with the PVC matrix.

Figure 9 represents the FTIR spectra of pure PVC and its
NCs, wherein all the characteristic peaks at 2856-2979cm™,
1428 cm™, and 1334 cm~! about saturated - CH groups of PVC can
be seen in NC samples (Abdel-Baset, Elzayat, and Mahrous 2016;
Ahmad and Mahmood 2022). Moreover, the appearance of a
peak at 693 cm™! confirmed the presence of C-Cl stretching due
to PVC in NCs (Abdel-Baset, Elzayat, and Mahrous 2016). The
display of similar FTIR spectra with slight variation in peak in-
tensities for PVC NCs also reveals the dispersion of nanofillers
in the PVC matrix (Ahmed et al. 2023).

The thermal response of PVC and its NCs was investigated using
TGA and DSC. The representative thermograms and DSC curves

—PVC —Ce0,/PVC —NDC/PVC
100 -
so{ a
S
b= 60 4
=y
(]
)
20 -
0 T T T T T
0 100 200 300 400 500 600
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0 . . . . .
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FIGURE 10 | The comparison of (a) TGA and (b) DSC curves of pure
PVC and its NCs.

are presented in Figure 10a,b, respectively. Figure 10a shows
the three-step degradation of the samples, wherein the 2" step
from 270 C+3°C to 420 C+ 2°C to is declared as the major weight
loss that was occurred due to the dehydrochlorination. This
three-step degradation of PVC and its composites is also con-
sistent with previous studies with different nanofillers (Ahmed
et al. 2023; Elashmawi et al. 2010). In 3" step, beyond 400°C,
the PVC NCs have lost most of the carbonous polymeric part
due to thermal cracking while leaving nanofiller constituents
behind. The dehydrochlorination of PVC chains was observed
relatively later in NCs in comparison to pure PVC (Figure 10a)
which can be attributed to the effective interaction of nanofill-
ers with PVC matrix in order to reduce the release of chlorine
which in turn helped in stabilizing the structure of NCs (Faiza
et al. 2023). Moreover, another reason in enhancing the thermal
stability of the NCs can be the good dispersion of NDC in PVC
matrix which helped in effective distribution of thermal stress
in the structure. Moreover, the relatively high char yield can be
noticed in TGA curve of NDC/PVC in comparison to Pure PVC,
which clearly presents the thermal insulating ability of NDC in
thermal degradation of PVC (Dastpaki and Khonakdar 2019).
Thermal parameters such as T, T,,, and maximum weight loss
were estimated from the TG curves and provided in Table 2.
DSC curves as shown in Figure 10b, are used to estimate the
melting point and glass transition temperature (Tg) of the sam-
ples. The melting temperature of PVC was noticed at ~304°C,
whereas the relatively broad melting peaks for CeO,/PVC and
NDC/PVC were observed at ~304°C-~314°C, respectively. The
melting peak broadening in NC as compared to pure PVC indi-
cates concerned interaction between nanofillers and PVC ma-
trix (Mindivan and Goktas 2020). Moreover, the estimated Tg
values (Table 2) revealed a minor variation in NCs in compari-
son to pure PVC.

4 | Conclusion

NC films of PVC with NDC and CeO, were prepared success-
fully using the solution casting method. The films were char-
acterized by FT-IR, XRD, SEM, TGA/DSC, and UV-visible
spectrophotometer and the obtained results were compared
with pure PVC film. The optical analysis revealed a decrease in
band gap energy of PVC with the addition of NDC from 4.19 to
4.06eV whereas the increase in other optical constraints such as
refractive index, urbach energy, optical conductivity, dispersion
energy, and dielectric constant was observed. The increase in
Urbach energy also confirmed the incorporation of nanofillers
into the PVC matrix. Furthermore, the presence of nanofillers
in PVC was also confirmed due to the existence of their diffrac-
tion peaks in XRD patterns of PVC NC films. Thermal analyses
revealed higher T, and T, values of NCs in comparison to pure

TABLE 2 | Optical parameters of pure PVC and its NCs with CeO, and Ni-doped CeO, (NDC).

Thermal Parameter PVC CeO,/PVC NDC/PVC
T, (°O) 256 253 288

T, (°C) 329 335 338
Maximum weight loss (%) 95 88 81
Glass transition temperature “Tg” (°O) 61 59 62
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PVC whereas minor variation in T, was noticed. A morphology
study unveiled the good dispersion of NDC nanofiller in PVC
matrix while depleting the circle edges observed in micrographs
of pure PVC film.
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