
Page 1/19

Effect of Metal Oxides and Graphene Upon The
Electronic Properties of Polyvinyl Alcohol
Maroof A. Hegazy 

NRIAG
Hend A. Ezzat 

NRIAG
Ibrahim S. Yahia 

King Khaled University
Heba Y. Zahran 

King Khaled University
Hanan Elhaes 

Ain Shams University
Hanan Matar 

BUE: The British University in Egypt
Medhat Ibrahim  (  medahmed6@yahoo.com )

NRC., Egypt https://orcid.org/0000-0002-9698-0837

Research Article

Keywords: PVA, HOMO/LUMO, MESP, GQD and Humidity Sensor

Posted Date: November 8th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-990839/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-990839/v1
mailto:medahmed6@yahoo.com
https://orcid.org/0000-0002-9698-0837
https://doi.org/10.21203/rs.3.rs-990839/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/19

Abstract
Nanomaterials improve the physical and electronic characteristics of polymer matrices, allowing the
matrices to be used as low cost, easy to handle sensors. Nano ZnO oxide is forming nanocomposite with
PVA modi�ed with graphene. Rather than ZnO other metal oxides are assumed to enhance the electronic
properties of PVA modi�ed with graphene (G). Accordingly, Density Function Theory (DFT) was used to
analyze model molecules of Polyvinyl Alcohol (PVA) that improved with various metal oxides and
graphene quantum dots (GQDs). To show the in�uence of nanomaterials on PVA matrix behavior,
HOMO/LUMO molecular orbitals and Molecular Electrostatic Potential (MESP) mapping were calculated.
The B3LYPL/LAN2DZ model was used to calculate the band gap energy ∆E, total dipole moment (TDM),
and Molecular Electrostatic Potential (MESP). The obtained results indicated that PVA interacted with
MgO, led to a signi�cant improvement in the electrical characteristics. The incorporation of GQDs into
PVA/MgO resulted in a novel nanocomposite with good electrical characteristics and a band gap energy
∆E of 0.201 eV, which is intended to be used as a humidity sensor.

1- Introduction:
Synthetic polymers are gaining popularity in a variety of technical applications [1]. PVA is one of the most
signi�cant synthetic polymers that is frequently utilized among a variety of conducting and non-
conducting polymers due to its availability in high molecular mass, good water solubility and low price
[2]. It is also non-toxic, biocompatible, and biodegradable, with strong chemical resistance and
outstanding optical, electrical, and thermal characteristics [3]. PVA's exceptional characteristics make it a
perfect option for a wide range of applications, including biomedical devices, drug delivery, membrane
technology [4], fuel cells, solar cells [5], optical devices [6] and sensors. According to the high surface area
of the nano�llers, such as metal oxides, different nano�llers are typically used to improve the
characteristics of PVA [7]. The elastic modulus of PVA/ZrO2 sample was around 5.5 times greater than
pure PVA after PVA was reinforced with varied ratios of ZrO2 nanoparticles [8]. The �ndings demonstrate
also that the PVA/Fe3O4 �exible magnetic tape is an interesting possibility for applications in
biomedicine and biosensors [9]. PVA–polyethylene oxide (PEO)/SnO2 nanocomposites also improved
PVA's electrical and optical characteristics, indicating that they could be applied in optoelectronics [10]. In
addition, the structural and optical characteristics of PVA/PEO/CuO nanocomposites were studied for
humidity sensor applications [11]. The dielectric constant, dielectric loss, AC electrical conductivity, and
absorbance of the PVA/PEO mix doped with various concentrations of MgO nanoparticles increased with
increasing concentrations of MgO nanoparticles [12]. Molecular modeling is theoretical approach used
for investigating chemical problems such as molecular geometries [13, 14], infrared ray (IR) [15], molecule
energies [16], and structures physical characteristics [17]. There are a variety of molecular modelling
methods for studying physical and chemical characteristics of materials, which are frequently utilized in
organometallic and transition metal chemistry [18, 19]. In recent years, DFT is considered the best
solution for quantum mechanical simulation; which is now widely utilized for molecular structure
simulation models [20, 21]. In certain situations, DFT provides better agreement with experimental results
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than other methods [22, 23]. For the �rst time, both experimental and theoretical �ndings of new
PVA/MgO/SiC nanocomposites on the structural and optical characteristics were investigated for low
cost, high sensitivity, and �exibility humidity sensor [24]. Also, the results of electronic properties (total
energy, cohesive energy, HOMO, LUMO, energy gap, electronegativity, and electrophilicity) and
spectroscopic properties (IR, NMR, and UV) of PVA/PEO/SiC nanocomposite using DFT:B3LYP/LanL2DZ
model showed that PVA/PEO/SiC could be used as optoelectronic material [25]. Furthermore, the
implantation of GQDs in polymer metal oxide matrices, particularly NiO, has outstanding properties that,
provide materials suitable to apply in energy storage and sensing applications [26].

In this work, PVA is interacted with G as well as ZnO forming PVA/ZnO/G nanocomposite. To follow up
the effect of ZnO as well as many other metal oxides on PVA molecular modeling is consulted.
Accordingly, PVA interactions with several metal oxides, including MgO, Al2O3, SiO2, TiO2, Fe3O4, NiO, CuO,
ZnO, and ZrO2 electronic characteristics supposed to study using DFT calculations. HOMO/LUMO orbital
distributions and MESP mapping calculations for all model structures. Also, effect of GQDs on the
PVA/MO composite electronic characteristics were studied using the same theory to be used as humidity
sensor.

2- Material And Methods:
All chemicals were used without any further puri�cation. Zinc (II) acetate dihydrate (Fisher chemical, 99
%), Polyvinyl alcohol (sigma aldrich, Mwt 85000 – 124000, 87-89%), Sodium hydroxide (Fisher chemical,
≥ 97%). The deionized (DI) Milli-Q water was used during this experiment.

2-2 Synthesis of ZnO Nanoparticles:
The ZnO nanoparticles were synthesized using the precipitation method. In a typical method; a solution
of Zinc (II) acetate dihydrate (1 M, 100 ml DI water) was heated to 70°C followed by dropwise addition of
a solution of Sodium hydroxide (2 M, 100 mL DI water) with stirring. After cooling down to room
temperature, the precipitate was separated by centrifugation at 10000 rpm, washed several times with DI
water, then dried in an oven overnight at 80 °C, and �nally calcined at 500 °C for 2 h.

2-3 Preparation of PVA/ZnO/G Membrane:
The as-prepared ZnO (0.01 gm) and G sheets (0.02 gm) were mixed in 100 ml PVA solution (70 %) with
stirring till obtain a homogeneous solution, then added in petri dishes to dry in air.

2-4 Characterization Techniques:
The Attenuated Total Re�ection Fourier Transform Infrared (ATR-FTIR) spectra were determined using a
FTIR spectrometer (Vertex 70, Bruker); the spectra were recorded in a spectral range of 4000–400 cm−1

with a spectral resolution of 4 cm−1.



Page 4/19

The X-ray Diffraction (XRD) of the as-prepared ZnO and G samples were characterized using Malvern
Panalytical Empyrean 3 diffractometer to determine the phase composition and crystal structure.

The morphology of the prepared samples was measured using Field-emission Scanning Electron
Microscopy (FESEM, Quattro S, Thermo Scienti�c).

2-5 Calculation Details:
DFT calculations were performed on a model structure that simulated PVA interactions with several metal
oxides, including MgO, Al2O3, SiO2, TiO2, Fe3O4, NiO, CuO, ZnO, and ZrO2. All models were computed using
the GAUSSIAN09 [27] at Molecular Spectroscopy and Modeling unite, National Research Centre, Egypt.
B3LYP/LANL2DZ model was utilized for structures calculations [28–30]. HOMO/LUMO orbital
distribution, TDM, band gap and MESP mapping were calculated for all model structures for studying
electronic properties.

3- Result And Discussion:

3-1 Experimental Result of PVA/ZnO/G Composite:
Nano ZnO as well as G is assumed to interact with PVA matrix. The interaction is �rst tested by means of
FTIR. Figure1 presented the ATR-FTIR transmittance spectra for the studied PVA, ZnO, G and PVA/ZnO/G
nanocomposite. Actually, the overall aim not to assign each structure but to have a look to PVA/ZnO/G
nanocomposite. The spectra of PVA/ZnO/G nanocomposite con�rm the occurrence of composite
between PVA; ZnO and G. The ATR-FTIR spectra of PVA/ZnO/G nanocomposite illustrate that the
characteristic peak of the utilized metal oxide appears at 500 cm−1 that insures the presence of the ZnO
in the composite. Moreover, the characteristic C=C peak of the G sheets in the composite is still de�ned at
1550 cm −1. The band at 1575 cm−1 present in the composite con�rmed that ZnO interacted through
acetate as stated earlier [31]. The nanocomposites were further investigated with XRD diffraction to study
the nature of crystallinity of the samples. The X-ray diffraction pattern of the PVA/ZnO/G nanocomposite
powder in comparison with the pure PVA; ZnO and Graphene are indicated in �gure 2. A broad intense
peak appeared at the scattering angle of 2θ = 19.7° related to the ‘d’ spacing of 4.48 Å which can be
attributed to the (-101) re�ection plane of the crystalline PVA [32–33]. The crystalline nature of PVA can
be attributed to the strong interaction between the PVA chains through intermolecular hydrogen bonding.
The XRD pattern of ZnO nanoparticles describes the hexagonal wurtzite structure, the crystalline peaks
appeared around 2θ = 31.72°, 34.37°, 36.21°, 47.49°, 56.55°, 62.80°, 66.34°, 67.92° and 69.06° which can
be attributed to (100), (002), (101), (102), (110), (103), (200), (112) and (201), respectively the re�ection
planes pertaining to the hexagonal phase of ZnO as stated earlier [34–35].

Figure 3 presented the surface morphological changes on the PVA surface because of interaction with
both ZnO as well as G.  FESEM of PVA, ZnO, G and PVA/ZnO/G powder samples. It is clear that ZnO
exhibits aggregated and randomly distribution the on top of PVA surface. While G show further enhancing
for the surface of PVA as indicated in the nanocomposite.
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In order to investigate the effect of G as well as ZnO on the electronic properties and possible
applications of their nanocomposite molecular modeling were consulted. The overall aim to follow up the
effect of different metal oxides on the electronic properties of PVA in the existence of G.

3-2 Building Model Molecule:
Polymeric nanocomposite has lately grabbed the attention of scientists due to its wide range of uses. The
nano�llers into the polymer matrix improves the polymer matrix's main features, leading to an
improvement electrical and optical mechanical properties [36]. Accordingly, model structure postulate 4
monomers of PVA interactions with several metal oxides, including MgO, Al2O3, SiO2, TiO2, Fe3O4, NiO,
CuO, ZnO, and ZrO2. The effect of MO composition on the electronic characteristics of PVA was studied
by calculating HOMO/LUMO orbital distributions and MESP mapping calculations for all model
structures. Furthermore, due to the high surface-to-volume ratio of GQDs, the edge atoms have an
excellent contact with the surrounding molecules [37]. Besides, the bandgap tuning characteristic and
electron transport ability of GQDs with a change in size may be applied in sensing [38].

So, GQD four forms ATRI, AHEX, ZTRI, and ZHEX were supposed to interact with the best enhanced
structure of PVA/MO. PVA/MO/GQD postulated structures were studied also by calculating HOMO/LUMO
orbital distributions and MESP mapping to be applied as humidity sensor.

3-1 Interaction of PVA with Different Metal Oxides:

HOMO/LUMO Orbital Distribution
The supposed structures of the PVA 4 monomers interactions with several metal oxides, including MgO,
Al2O3, SiO2, TiO2, Fe3O4, NiO, CuO, ZnO, and ZrO2 and calculating HOMO/LUMO orbital distributions
illustrated in �gure (4). For 4 PVA monomers HOMO/LUMO orbital dispersion is distributed over all chain.
In the presence of MOs interactions HOMO/LUMO orbitals were rearranged and localized around the MO.
Table (1) introduce calculated TDM and band gap energy (∆E) of all structures. TDM of all MOs with PVA
increased from 06.434 Debye to 29.420, 11.506, 15.823, 07.645, 09.481, 07.158, 08.512, 18.691, 12.910,
18.073, 07.977, 25.064 and 13.288 for MgO, OMg, Al2O3, O3Al2, SiO2, TiO2, Fe3O4, NiO, ONi, CuO, OCu, ZnO
and OZn, respectively, except in case of ZrO2 the TDM decreased to 05.607 Debye. At the same time,
band gap energy (∆E) of all MOs with PVA decreased from 6.989 eV to 0.330, 0.358, 1.291, 0.529, 0.788,
0.796, 1.289, 1.194, 0.626, 1.030, 1.076, 0.413, 0.394 and 0.904 for MgO, OMg, Al2O3, O3Al2, SiO2, TiO2,
Fe3O4, NiO, ONi, CuO, OCu, ZnO, OZn and ZrO2, respectively. Because of rising TDM with decreasing band
gap energy (∆E), the electronic characteristics improved, and the structure became more stable. As a
result, PVA/MgO is the most electronic improved and stable structure.
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Table 1
Optimised TDM (Debye) and ΔE (eV) using

B3LYP/LANL2DZ for PVA and PVA
interacted with different metal oxides

Structure TDM (Debye) ∆E (eV)

PVA 06.434 6.989

PVA/MgO 29.420 0.330

PVA/OMg 11.506 0.358

PVA/Al2O3 15.823 1.291

PVA/O3Al2 07.645 0.529

PVA/OSiO 09.481 0.788

PVA/OTiO 07.158 0.796

PVA/Fe3O4 08.512 1.289

PVA/NiO 18.691 1.194

PVA/ONi 12.910 0.626

PVA/CuO 18.073 1.030

PVA/OCu 07.977 1.076

PVA/ZnO 25.064 0.413

PVA/OZn 13.288 0.394

PVA/OZrO 05.607 0.904

Molecular Electrostatic Potential (MESP):
MESP is a signi�cant tool for estimating the electrostatic interaction of a chemical system with other
molecules. MESP was used to investigate the sensitivity of a chemical system to explain its reactivity and
stability. MESP is useful because it's can relate the impacts of the total charge distribution onto
electronegativity, dipole moment, partial charges, and the chemical reactivity location of the structure [39].
Different MESP values appear on the molecule's surface in the form of a colour map, with the colours
ordered as Red > Orange > Yellow > Green > Blue. The colour difference represented as red on the MESP
surface refers to the richest charge area, the colour difference represented as blue refers to the poorest
charge region, and the colour difference described as green represents zero electrostatic potential. The
strongest potential is commonly found in red regions, whereas the weakest potential is found in blue
regions. MESP of PVA and PVA reacted with some metal oxides, including MgO, Al2O3, SiO2, TiO2, Fe3O4,
NiO, CuO, ZnO, and ZrO2 showed in �gure (5). As a result, low potential red areas are used to quantify
activity. The active PVA reactivity was found to be concentrated around the OH group of alcohol. When
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PVA interacted with various metal oxides, the red colour spread on the up and down terminals of the
polymer chain, indicating that PVA's reactivity increased, and metal oxides enhanced PVA's active sides.
When PVA interacted with MgO, Al2O3, SiO2, TiO2, Fe3O4, NiO, CuO, ZnO, and ZrO2, low potential red
regions were localised mainly around the oxygen atom of metal oxide, whereas when PVA interacted with
OMg, O3Al2, ONi, OCu, and OZn, the red regions were spread across the polymer chain and increased on
the other side of the chain. As a result, PVA's electrical characteristics improved, and it may now be
employed in a variety �eld of applications.

3-2 GQDs Interaction with PVA/MgO:
PVA/MgO is the most electrically improved, stable, and active structure chosen to interact with the four
GQD forms ATRI, AHEX, ZTRI, and ZHEX, according to previous studies. HOMO/LUMO orbital
distributions and MESP mapping were studied also for PVA/MgO/GQDs. The TDM of PVA/MgO was
29.420 Debye, and the band gap energy (∆E) was 0.330 eV. TDM, as recorded in table (2), for PVA/MgO
reacted with four GQD forms altered to 59.831, 30.501, 14.879, and 26.963 Debye, while band gap energy
(∆E) dropped to 0.273, 0.318, 0.201, and 0.312 for PVA/MgO/GQD ATRI C60, PVA/MgO/GQD AHEX C42,
PVA/MgO/GQD ZTRI C46 and PVA/MgO/GQD ZHEX C54, respectively. The electrical properties of the
structure improved as TDM increased with decreasing band gap energy (∆E), accordingly, the most
electrically enhanced and stable structure is PVA/MgO/GQD ZTRI C46. Furthermore, as shown in �gure
(6), HOMO/LUMO orbital distributions and MESP mapping were disseminated across the GQDs sheet
surface, indicating that the PVA/MgO/GQDs composition boosted the GQDs surface activity. As a result,
the PVA/MgO/GQDs composite enhanced PVA sensitivity and selectivity, designed to function as a
sensor.

Table 2
Optimised TDM (Debye) and ΔE (eV) using

B3LYP/LANL2DZ for PVA/MgO reinforced with GQDs
Structure TDM (Debye) ∆E (eV)

PVA/MgO/GQD ATRI C60 59.831 0.273

PVA/MgO/GQD AHEX C42 30.501 0.318

PVA/MgO/GQD ZTRI C46 14.879 0.201

PVA/MgO/GQD ZHEX C54 26.963 0.312

3-3 PVA/MgO/GQD as Humidity Sensor:
As a result, the PVA/MgO/GQD ZTRI C46 composite had the greatest change in electrical characteristics.
The PVA/MgO/GQD ZTRI C46 composite was chosen as a sensing material due to its unique electrical
characteristics, as oversight and adjusting humidity is an important issue for many applications [40].
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To study the PVA/MgO/GQD ZTRI C46 composite for humidity detection, 5 water molecules were
subjected to interact with its surface, as shown in Figure (7). The sensing method for humidity detection,
as is widely known, is based on physical characteristic changes, which TDM and HOMO/LUMO band gap
energy shifts being the important sign for responsiveness [41, 42]. TDM for PVA/MgO/GQD ZTRI C46
with 5 water molecules rose from 14.879 to 21.823 Debye while band gap dropped from 0.201 to 0.188
eV, as shown in table (3) and �gure (7). This suggests that the investigated polymer composite with
MO/GQD might function especially MgO nanoparticles as a humidity sensor [43], and that the presence
of the MO/GQD in the composite increased the structure's reactivity and stability.

Table 3
Optimised TDM (Debye) and ΔE (eV) using B3LYP/LANL2DZ for

PVA/ MgO/ GQD ZTRI C46 with 5 water molecules
Structure TDM (Debye) ∆E (eV)

PVA/ MgO/ GQD ZTRI C46+5H2O 21.823 0.188

4- Conclusion:
Experimental result con�rmed that ZnO and G enhanced PVA surface, so the effect of different metal
oxides on PVA electronic properties were studied using molecular modeling. The electronic band gap of
PVA reduced according to the addition of different metal oxides, and the behavior shifts from broadband
gap to small band gap semiconductor. The addition of different metal oxides to PVA results in and
controls a wide range of band gaps, opening the way for biological, solar cell, capacitor, and sensor
applications. When it comes to improving electrical properties of PVA, MgO was the most e�cient MO.
Furthermore, the PVA/MgO/GQDs composite improved PVA sensitivity and selectivity, allowing it to act as
a sensor. PVA/ MgO/ GQD ZTRI C46 composite improves PVA's potential to function as a low-cost, easily
handled humidity sensor, which is critical in space applications.
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Figure 1

ATR-FTIR transmittance spectra for the studied PVA, ZnO, G and PVA/ZnO/G nanocomposite.
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Figure 2

XRD diffraction pattern for PVA, ZnO, G and PVA/ZnO/G nanocomposite.
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Figure 3

FESEM of PVA, ZnO, G and PVA/ZnO/G powder samples
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Figure 4

Optemized structure and DFT:B3LYP/LANL2DZ HOMO/LUMO orbital distrbution calculations of PVA and
PVA interacted with different metal oxides of as (a) PVA (b) PVA/MgO (c) PVA/OMg (d) PVA/Al2O3 (e)
PVA/ O3Al2 (f) PVA/SiO2 (g) PVA/TiO2 (h) PVA/ Fe3O4 (i) PVA/NiO (j) PVA/ONi (k) PVA/CuO (l) PVA/OCu
(m) PVA/ZnO (n) PVA/OZn (o) PVA/ ZrO2
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Figure 5

DFT:B3LYP/LANL2DZ MESP mapping calculations of PVA and PVA interacted with different metal oxides
as (a) PVA (b) PVA/MgO (c) PVA/OMg (d) PVA/Al2O3 (e) PVA/ O3Al2 (f) PVA/SiO2 (g) PVA/TiO2 (h)
PVA/ Fe3O4 (i) PVA/NiO (j) PVA/ONi (k) PVA/CuO (l) PVA/OCu (m) PVA/ZnO (n) PVA/OZn (o) PVA/ ZrO2
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Figure 6

Optemized structure and DFT:B3LYP/LANL2DZ HOMO/LUMO orbital distrbution and MESP mapping
calculations of PVA/MgO reinforced with GQDs as (a) PVA/MgO/GQD ATRI C60 (b) PVA/MgO/GQD
AHEX C42 (c) PVA/MgO/GQD ZTRI C46 (d) PVA/MgO/GQD ZHEX C54
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Figure 7

Optemized structure and DFT:B3LYP/LANL2DZ HOMO/LUMO orbital distrbution and MESP mapping
calculations of PVA/ MgO/ GQD ZTRI C46 with 5 water molecules.


