
Citation: Khowdiary, M.M.; Alsnani,

H.; Darwish, M.S.A. Hyperthermia

and Photocatalytic Performance of

Magnetic Polyvinyl Alcohol under

External Magnetic Field. Inorganics

2024, 12, 47. https://doi.org/

10.3390/inorganics12020047

Academic Editor: Li Wang

Received: 2 January 2024

Revised: 28 January 2024

Accepted: 29 January 2024

Published: 30 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

inorganics

Article

Hyperthermia and Photocatalytic Performance of Magnetic
Polyvinyl Alcohol under External Magnetic Field
Manal M. Khowdiary 1 , Hind Alsnani 2 and Mohamed S. A. Darwish 3,*

1 Department of Chemistry, Al-Leith University College, Umm Al Qura University, Makkah 2207, Saudi Arabia;
mmkhowdiary@uqu.edu.sa

2 Department of Physics, Al-Leith University College, Umm Al Qura University, Makkah 220, Saudi Arabia;
hasnani@uqu.edu.sa

3 Egyptian Petroleum Research Institute, 1 Ahmed El-Zomor Street, El Zohour Region, Nasr City,
Cairo 11727, Egypt

* Correspondence: msa.darwish@gmail.com

Abstract: The promising physical and chemical properties of components of magnetic polymers
could enable extending their intelligent behaviors to material applications. Indeed, investigation
into magnetic nanofillers to ensure their uniform dispersion within the polymer matrix remains
a great challenge at present. In this work, polyvinyl alcohol-stabilized iron oxide nanoparticles
(PVA@IONPs) were prepared using ultrasonic-assisted coprecipitation at room temperature. It is
possible to produce PVA@IONPs with desirable shapes and sizes, which would enable the control of
their hyperthermia and photocatalytic performance under an external magnetic field. The saturation
magnetization of PVA@IONPs (45.08 emu g−1) was enhanced to the level of IONPs (41.93 emu g−1).
The PVA@IONPs showed good photocatalytic and outstanding self-heating behavior. The hydrogen
yield was 60 mmole min−1 g−1 for photocatalyst PVA@IONPs under visible light with magnetic force.
In addition, the PVA@IONPs exhibited a higher specific absorption rate (SAR) than IONPs under the
same magnetic field conditions. The PVA@IONPs displayed superior self-heating and photocatalytic
performances, rendering them appropriate materials for biomedical and environmental applications.

Keywords: hyperthermia; PVA@IONPs; specific absorption rate; photocatalytic properties

1. Introduction

Magnetic polymers have excellent prospects for different applications as the incor-
poration of the matrix displays behavior that none of its ingredient structures separately
have [1–3]. It can be synthesized in the form of stimuli-responsive polymeric nanoparticles
with desirable shapes and sizes, which enables the control of their magnetic and optical
properties [4–6]. Naked magnetic nanoparticles show a high surface area and magnetic
dipole–dipole force, which leads to agglomerated particle formulation [7,8]. The aggrega-
tion of particles tends towards a magnetic property due to the lack of the size-dependent
behavior in the particles. Magnetic material has been utilized in several applications, such
as biomedical, environmental, and industrial applications [9–16]. Magnetic nanoparticles
with modified/functionalized surfaces could result in an improved dispersion of nanopar-
ticles into the polymer matrix. The surface modification/functionalization of magnetic
nanoparticles improves the interfacial reaction and compatibility between both nanofillers
and the polymer matrix. The functionalization of magnetic nanoparticles depends on
introducing an organic or polymer coating via chemical/physical reactions to enhance their
compatibility, leading to improved dispersion and the ability to fabricate stimuli-responsive
polymeric nanoparticles for advanced applications. The introduction of a polyvinyl alcohol
(PVA) layer on the surface of iron oxide nanoparticles (IONPs) can shield the magnetic
iron oxide core from oxidation by the harsh chemical environment or physiological body
fluid, enhancing the colloidal stability of the nanoparticles via electrostatic repulsions

Inorganics 2024, 12, 47. https://doi.org/10.3390/inorganics12020047 https://www.mdpi.com/journal/inorganics

https://doi.org/10.3390/inorganics12020047
https://doi.org/10.3390/inorganics12020047
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-5294-2193
https://orcid.org/0000-0002-4598-8847
https://doi.org/10.3390/inorganics12020047
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics12020047?type=check_update&version=1


Inorganics 2024, 12, 47 2 of 13

and steric influences and their compatibility in a physiological environment. PVA with
emulsifying and adhesive properties enables the preparation of hydrogel structures and
can bind to antibodies, proteins, enzymes, or drugs. PVA with dense electrons of free lone
pairs can strongly affect the photo behavior by absorbing light irradiation and instantly
being excited by the influence of irradiation. Several techniques have been applied for
the preparation of polymeric PVA@IONPs, such as the electrospinning method and ex
situ, in situ, and solution-mixing techniques [17–27]. Hence, this work aimed to prepare
polyvinyl alcohol-stabilized iron oxide nanoparticles (PVA@IONPs) via ultrasonic-assisted
coprecipitation at room temperature. The nanoparticles were prepared via an environmen-
tally friendly process (without surfactant or organic solvent) and a simple technique (at
room temperature with non-expensive materials). The prepared nanoparticles displayed
superior self-heating and photocatalytic performances. Iron oxide nanoparticles show
magnetic stimulation heating, which could be used in the biomedical field and catalytic
applications. The stimulation efficiency depends on the IONPs’ behavior and the magnetic
field conditions. The nanoparticles’ size affects their magnetic domains and magneto-static
energy. The nanoparticle’s size affects its magnetic domains and magneto-static energy.
The transformation of magnetic power into thermal power in IONPs has shown notable
potential as a hyperthermia cancer treatment in biomedical applications [13,14]. The pho-
tocatalytic activity is mainly dependent on the electronic structure of the catalyst and its
magnetic properties. Magnetic field-enhanced photocatalysis fundamentally operates via
three mechanisms: spin polarization, the Lorentz force, and the magneto-resistance effect.
A spin polarization increase in photocatalysis is attributed to a magnetic field acting on
the spin–orbit coupling in the photocatalyst, in this way regulating the spin polarization
to set the photo-generated charge carrier and surface reaction performance. Improving
photocatalysis via the Lorentz force and magneto-resistance effect is related to the promo-
tion of the separation and transfer of photo-generated charge carriers [9]. In this work,
the photocatalytic and self-heating performances of polymeric PVA@IONPs were evalu-
ated. The polymeric PVA@IONPs were fabricated via an ultrasonic-assisted coprecipitation
technique at room temperature. The properties of the prepared magnetic materials were
investigated with XRD, VSM, TEM, zeta potential, ICP-OES, and UV–vis spectroscopy. In
addition, the hyperthermia performance and photocatalytic activity were evaluated.

2. Results and Discussion
2.1. Characterization of Nanoparticles

The influence of coating IONPs with a PVA layer via an ultrasonic-assisted coprecip-
itation technique on the nanoparticle’s behaviors was studied. The particle sizes of the
fabricated nanoparticles were investigated by TEM (Figure 1). IONPs and PVA@IONPs
exhibited an almost spherical morphology with a wide size distribution of 13 ± 3 and
16 ± 4 nm, respectively. The corresponding selected area electron diffraction (SAED) image
of nanoparticles displays ring characteristics consistent with a structure composed of small
domains, with their crystallographic axes randomly oriented from another. The SAED
pattern shows diffuse rings with less intensity that can be indexed to the nanoparticle’s
plane reflections. The detected aggregated IONPs are due to the high surface energy and
the dipole–dipole effect [28]. The absence of a covering shell and aerobic surroundings
supported the interaction. The nanoparticles become agglomerated into large groups
and increase the size distribution. The aggregation is minimized by inserting a covering
polymer shell. The shell acts as a protecting layer to set and control the particle size [29].
The PVA@IONPs showed a lower aggregation attitude than the IONPs. The PVA layer on
the surface of the IONPs led to improved dispersion properties. The PVA shell enhanced
the advantage of increasing the repulsion to balance the magnetic and Van der Waals
forces. The improved dispersion of the PVA@IONPs is expected to affect the nanoparticles’
magneto-photo-efficiency. The elemental content for the PVA@IONPs was recorded using
TEM-EDAX (Figure 1). We observed distinctive bands at 6.5 and 0.6 keV related to the
presence of iron, which proves IONP fabrication. PVA existence was detected by the band
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for C at 0.2 keV and for O and 0.5 keV. The presence of PVA and Fe in the PVA@IONPs
was confirmed by TEM-EDAX. The mass percentage of iron in the IONPs was measured at
50.8 using ICP-OES. The mass percentage of iron in the PVA@IONPs was 66.6%, which is
expected to impact their heating and photocatalytic performance.
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Figure 1. (a–c) TEM-SAED of IONPs and (d–f) TEM-EDAX of PVA@IONPs.

The phase of iron oxide was studied using XRD. The peaks (220), (311), (400), (422),
(511), and (440) confirm the standard pattern (reference code: 98-015-8742) for the dominant
Fe3O4. However, the peaks (024), (116), (113), and (104) confirm α-Fe2O3 (Figure 2) [30].
Under an atmospheric state with a shortage of encapsulated oxygen, the Fe3O4 phase could
oxidize, i.e., Fe3O4 → Fe2O3. The indexed peaks (220), (311), (400), (511), and (440) for
PVA@IONPs are low and wide, maybe due to the effect of disorder and a small crystallite.
The peak extent depends on varied factors such as the strain effect and finite crystallite size.
The Debye–Scherrer equation was used to calculate the size (Equation (1)). The calculated
sizes for the PVA@IONPs and IONPs were 9.5 and 11.5 nm, respectively.

Dp =
Kλ

βcosθ
(1)

where Dp is the grain size, β is the FWHM, λ is 1.5406 Å, K is the Scherrer constant, and θ

is the Bragg angle.
The charges of the particles were investigated by zeta potential (ZP) measurements,

which are an indicator of colloidal solution stability (Figure 3). The stability of the nanopar-
ticle solution is significant for various applications so that expectable and proportionate
outcomes can be obtained [31–37]. The IONPs (−2.49 mV) showed a lower ZP value than
the PVA@IONPs (−10.59 mV). This reveals that IONPs may show low stability, where
the lower ZP values will enhance Van der Waals attractions and allow highly aggregated
particles. On the contrary, the higher ZP value of PVA@IONPs reveals that the particles
may show high stability with a high electrostatic repulsive force [31]. A negative value
of ZP was confirmed on the surface of magnetic PVA nanoparticles by Demerlis et al.
The values showed that the nanoparticles displayed feasible colloidal stability concerning
electrostatic repulsion [32]. In another report, a ZP value of −10.9 ± 3.5 mV was detected
for PVA-layered Fe3O4 by Vilos et al. [33].
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2.2. Magnetic Behavior of the Particles

A VSM was used to study the magnetic properties of the IONPs and PVA@IONPs
at room temperature (RT) (Figure 4). The prepared magnetic nanoparticles showed soft
magnetic properties with low remanence (Mr) and coercivity (Hc). The PVA@IONPs
showed softening magnetic properties with a low coercivity of 7.8 G and remanence of
4.2 emu g−1. When the size of magnetic nanoparticles is below the critical size within
a nanoparticle fabrication, the magnetic nanoparticles like to act as a single magnetic
domain structure. The smallest size shows super-paramagnetic properties under standard
conditions. The magnetization (Ms) increases with the increase in the magnetic nanoparticle
size to an extreme value near bulk magnetization. As the magnetic nanoparticles’ size
increases, they have pseudo-single domains and multi-domains, in which the moment
of each domain is not aligned in the same direction. It was reported that a polyaniline
shell/Fe3O4 showed a slight increase in Ms by 2 emu g−1 compared to naked Fe3O4
particles. This suggests that the small increase in the value of Ms may be due to the direct
contact potential at the Fe3O4–polyaniline interface [34]. In another report, the same finding
that the Ms of bare magnetite is less than for polymer-coated magnetite was detected by
Mol et al. The Ms values of PANI-coated and polypyrrole-coated magnetite nanoparticles
were 55 and 52 emu g−1. The Ms value for magnetite was 51 emu g−1 less than for polymer-
coated magnetite [35]. In our study, the values of Ms were 45.08 and 41.98 emu g−1 for
the PVA@IONPs and IONPs (Figure 4). The small increase in the Ms value may be due to
surface/interfacial magnetism. This noticed behavior agrees with the detection of a rise in
the value of the Ms of polymer-coated magnetite [34,35].
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2.3. Photoactivity of the Prepared Nanoparticles

The optical behaviors of the IONPs and PVA@IONPs were investigated via UV–Vis
spectroscopy (Figure 5). The characteristic peaks for iron oxides are mostly within the
wavelength range (nm) of 300–600 nm. The IONPs showed thermally promoted electronic
transitions due to intervalence charge carriage. Absorbance of the magnetite phases in
the fabricated magnetic material was observed. The magnetic nanoparticles exhibited
absorption in the visible and near-IR regions [38]. Our magnetic nanoparticles showed
a wide absorption spectrum in visible wavelengths ranging from 300 to 600 nm. The
IONPs’ peaks are located at 490 nm. On the other hand, the PVA@IONPs exhibit a shift in
the absorption band and are located close together, with 494 nm corresponding to the d
transition for Fe3+ [30].
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2.4. Hyperthermia Performance

Magnetic nanoparticles act as a thermal source and can produce localized heat energy
under a magnetic field [39–46]. In Figure 6, the temperature increases with time almost in a
linear path. Further, the rise in temperature slows down gradually to reach a saturation area
where there is no change in the temperature, obtaining thermal equilibrium. Comparing
the heating performance of the IONPs to the PVA@IONPs, the PVA@IONPs displayed the
highest performance. Under the condition of a low magnetic field strength of 40 kA/m,
it was obvious that the highest heating efficiency (10.9 ◦C) at 200 s was obtained for
the PVA@IONPs. For the PVA@IONPs, the heating rate increased, and the temperature
elevation was 13.5 ◦C at 200 s with the high magnetic field = 50 kA m−1. For the IONPs,
the temperature elevation was 7.2 ◦C at 200 s under the same magnetic field condition.
Magnetic field energy can be converted into heat energy by magnetic nanoparticles via
two relaxations, which are Neel and Brownian relaxations. In Brownian relaxation, heat is
gained from the physical rotation of particles inside a medium, while in Neel relaxation,
there is opposition from the particle’s crystalline structure, resulting in heat generation.
The improved stability, good dispersion, and rise in the value of Ms for PVA@IONPs
enhance the self-heating effectively. The efficiency of induction heating depends on the
nanoparticles’ properties and magnetic field condition. IONPs have self-heating behavior,
allowing their use in various applications including biomedical fields (hyperthermia and
targeted drug delivery) as well as industrial fields (elastomer preparation) [47–58]. A
magnetite poly(dimethylsiloxane) (PDMS) composite with improved thermal stability
was fabricated under a magnetic field in a shorter time, making it a thermally stable
elastomer [37]. In biomedical applications, magnetic iron oxide/polyvinyl alcohol/PMMA
nanocomposites have been applied for ciprofloxacin delivery. The release of ciprofloxacin
is increased under a magnetic field [52]. For effective self-heating performance, magnetic
nanoparticles should have a small particle size with elevated magnetization saturation [53].

Table 1 shows a comparison between magnetic particles observed in the literature and
the current study. The recorded values for the specific absorption rate (SAR) in the literature
were 10–100 W g−1 for magnetic field conditions of H = 10 kA m−1 and f ≈ 400 kHz [43].
Magnetic nanoparticles with a size near 22 nm were the perfect size to improve the self-
heating performance with super-paramagnetic properties [50]. The shape and particle
size distribution were also remarkable factors associated with heating performance [51].
For biosafety, the AMF should be under a threshold safety value (5 × 109 A m−1 s−1). So,
our experimental conditions (3.8 × 109 and 4.8 × 109 Am−1s−1) for 40 and 50 kA/m,
respectively, did not exceed the safety limit. The PVA@IONPs exhibited the highest spe-
cific absorption rate (SAR) with enhanced hyperthermic response. It was found that the
PVA@IONPs (65.9 W g−1) had a higher SAR value than the IONPs (55.6 W g−1) under a
frequency = 97 kHz and magnetic field = 50 kA m−1. Tuning the shape, structure, and
particle size of magnetic nanoparticles can switch their magnetic behavior, tune the Ms,
and further improve self-heating efficiency.

Table 1. Comparison between magnetic particles observed in the literature and the current study.

Magnetic
Particles

Coating
Layer Size (nm) Ms

(emu g−1)
SAR
(W g−1) Ref.

Fe3O4 PEG 19 80 2452 [43]

Fe3O4 Silica 10 3 20 [54]

Fe3O4 Silica 14.8 2.5 20 [55]

Fe3O4 - 7.5 10 15.5 [40]

Fe3O4 Chitosan 15.1 ± 5.0 49.96 118.85 [46]

Fe3O4 Citrate 10 76 171 [56]

Fe3O4 Dextran 5–15 49 36 [57]
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Table 1. Cont.

Magnetic
Particles

Coating
Layer Size (nm) Ms

(emu g−1)
SAR
(W g−1) Ref.

Fe3O4 - 10–12 41.98 55.6 Our study

Fe3O4 PVA 10–12 45.08 65.9 Our study
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2.5. Hydrogen Production Performance

The photocatalytic performances of the fabricated materials were studied for hydrogen
production via water-splitting reactions. The performance was evaluated in terms of the
shell structure, where the reaction was performed under the same conditions. Electrons
were moved from the valence bands to the conduction bands after the fabricated photo-
catalysts adsorbed the energy. If the band gap is large enough and more than needed for
the splitting reaction (1.23 eV), its band edge fits the thermodynamics required for the
charge transfer. Then, the excited electron can reduce the hydrogen ions, and the holes can
oxidize oxygen anions. Under visible light with magnetic force, the hydrogen performances
were 60 and 127 mmole min−1 g−1 of photocatalysts for the IONPs and PVA@IONPs, re-
spectively (Figure 7). The efficiency of IONPs as a photocatalyst in the water-splitting
reaction could enhance the process. Hence, the presence of a shell layer could offer a key
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part of the photocatalytic potential in the tuning of the produced gas’s composition. In a
hydrogen production system, a mixture solution of water and methanol is used. Through
the photocatalytic reaction, the absorption of photons by the photocatalyst leads to the
upgrading of an electron to conducting bands, thus creating e−–h+ pairs. In such a reaction,
a proton is generated due to water or methanol oxidation within the radiation-produced
holes. Protons were then engaged in the reduction system, by electrons, at the surface of
the photocatalyst to produce hydrogen, as illustrated in Equations [59–70].

hv → e− + hole+

4hole+ + 2H2O → 2O + 4H+

2H+ + 2e− → H2
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Figure 7. Hydrogen yields of IONPs and PVA@IONPs.

Methanol is used to prohibit the revealing of oxygen gas that may occur due to water
adsorption on the surface of the catalyst. Methanol has been employed to hinder the
reaction of the regrouping hole–electron pairs. Also, methanol acts as a hole scavenger.
Methanol could take part in hydrogen production, as illustrated in Equations [60].

MeOH ↔ H2 + H2CO

O2 + H2CO ↔ H2CO2

H2CO2 ↔ CO2 + H2

PVA with dense electrons of free lone pairs could strongly affect the photobehavior by
absorbing light irradiation and instantly being excited by the influence of irradiation. The
excited electron could, on the one hand, interfere with the metal oxide electrons and reduce
the band gap. Higher-magnetization PVA@IONPs could also enhance the photocatalytic
performance by decreasing light irradiation scattering during the process. The hydrogen
performance for the PVA@IONPs was more than twofold that of the core IONPs. The
production of hydrogen using water, a catalyst, and solar energy is one of the extreme
potential outlets for clean energy generation. PVA@IONPs display superior photocatalytic
activity for hydrogen production against IONPs, with promising performance in a water-
splitting system.
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Table 2 shows a comparison between hydrogen yields observed in the literature and
the current study. An enhancement in hydrogen yield could be achieved by the magnetic
property through splitting via magnetic force. Therefore, scattered radiation could be
reduced during the splitting process. So, the magnetic property could result in the spin
polarization of electronic systems of photocatalysts due to the presence of the magnetic
force [61]. The existence of an external magnetic field can improve the photocatalytic
reaction by increasing carrier transport and decreasing recombination [59,60]. It was found
that a magnetic field could hinder the photo-induced charge recombination of zinc fer-
rite (ZnFe2O4), as the polarization could be controlled via magnetic fields, enhancing the
photoelectron chemical performance [55]. A magnetic field was believed to assist the
photocatalytic reaction by creating the separation of photo-generated charges [64,65]. The
electron’s spin polarization could enhance the movement of the photocatalyst particles
through the reaction. Hence, improved interactions between the particles and the water
molecules occurred. Spin polarization, magneto-resistance, and Lorentz force can hinder
photo-generated electron–hole recombination and increase carrier transfer performance.
Although using an external magnetic field gives outstanding improved results in photo-
catalytic systems, the enhancement mechanism of the magnetic field on the photocatalytic
system still needs to be further investigated. The presence of a magnetic field can improve
the photocatalytic performance, but the mechanism of magnetic field-promoted photo-
generated electron transfer in catalysts is still relatively ambiguous, and a clear quantitative
relationship between them cannot not be determined. Therefore, it is necessary to explore
more techniques, especially time-resolved techniques, superconducting quantum interfer-
ence devices, and electron paramagnetic resonance, all of which can provide a clearer and
more precise understanding of the mechanisms behind magnetic field enhancement [9].

Table 2. Comparison between hydrogen yields observed in the literature and the current study.

Materials Hydrogen Yield (µmol h−1g−1) Ref.

PEI-Ag@Fe2O3 540,000 [61]

(CdS + ZnS)/Fe2O3 4129 [66]

TiO2/Fe2O3 2700 [67]

Zn0.8Cd0.2S@g-C3N4 2351.18 [68]

Fe3O4@ZnS 3900 [69]

Fe3O4 1000 Our study

PVA@Fe3O4 2116 Our study

3. Materials and Methods
3.1. Materials

Iron (III) chloride hexahydrate, iron (II) chloride tetrahydrate, polyvinyl alcohol (Mw
30–70 kDa), and ammonium hydroxide (30% NH3 in H2O) were ordered from Sigma
Aldrich (St. Louis, MO, USA).

3.2. Preparation of Magnetic Materials
3.2.1. Synthesis of Iron Oxide Nanoparticles (IONPs)

Ferric chloride hexahydrate (5.4 g, 0.009 mole) and ferrous chloride tetrahydrate (1.9 g,
0.019 mole) were dissolved in distilled water (DW, 150 mL). The solution was mixed well
with a stirrer for 30 min, and then the temperature was raised to 70 ◦C. The calculated
amount of ammonium hydroxide (6 mL, 6.6 mole) was added to produce a precipitate of
iron oxide nanoparticles (IONPs). The IONPs were separated using a magnetic bar and
washed many times with DW, then finally dried until a powder was obtained.
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3.2.2. Synthesis of Polymeric Polyvinyl Alcohol–Stabilized Iron Oxide Nanoparticles
(PVA@IONPs)

The calculated amount of polyvinyl alcohol (0.5 g, 0.0071 mmole) was dissolved in
50 mL of DW. Sonication of the mixture was performed at room temperature using a US
bath (28 kHz) for 30 min to obtain a homogenous solution. Then, the prepared iron oxide
nanoparticles (1.5 g) were solubilized in the solution and sonicated (28 kHz) for an addi-
tional 60 min at room temperature. Separation of the polymeric polyvinyl alcohol–stabilized
iron oxide nanoparticles (PVA@IONPs) using a magnetic bar was performed; then, they
were washed many times with DW and finally dried until a powder was obtained.

3.3. Hyperthermia Performance of the Fabricated Magnetic Nanoparticles

The self-heating performance of the fabricated nanoparticles was evaluated based on
the value of specific absorption rate (SAR) (Equation (2)). The SAR value was estimated
under a magnetic field (H = 40 and 50 kA m−1) and frequency (f = 97 kHz).

SAR = (Cp/m) × (dT/dt) (2)

where dT/dt (temperature with time), Cp (4.184 J/g ◦C), and m (Fe weight).

3.4. Photocatalytic Performance of the Fabricated Nanoparticles

As described in our previous research, the catalysts (0.5 g) were added to a methanol/
water solution. The system was degassed and subjected to the vis. light spectrum (intensity
of 0.13 W/mL) at ambient temperature and under magnetic force for 45 min. The obtained
gas was investigated via gas chromatography (GC). Hydrogen production experiments
were conducted in triplicate to confirm the uniformity of the obtained results.

3.5. Characterizations

XRD was investigated via an X-ray diffractometer (Rigaku, Tokyo, Japan). Zeta potential
measurements were obtained using a zeta potential and particle size analyzer (ELSZ-2000;
Photal Otsuka Electronics, Osaka, Japan). UV spectroscopic analysis was performed via a
UV spectrophotometer (V-570, JASCO, Tokyo, Japan). The magnetic property was studied
via a VSM (Lake Shore 7400 series; Lake Shore Cryotronics, Westerville, OH, USA). The
metal contents were calculated via an ICP-OES (Optima 8300, PerkinElmer, Waltham, MA,
USA). The morphology was studied using TEM (JEM-2100 LaB6, JEOL, Akishima, Tokyo,
Japan) at 200 keV.

4. Conclusions

Polymeric PVA@IONPs were produced successfully via an ultrasonic-assisted copre-
cipitation process by the solution-mixing technique at room temperature. The zeta potential
value for the PVA@IONPs was −10.59 mV, implying that the prepared particles may dis-
play good stability in water. The presence of a PVA shell on the surface of the IONPs led
to an improved mono-dispersion property. The PVA layer enhanced the advantage of
increasing the repulsion to balance the magnetic and Van der Waals forces. The prepared
PVA@IONPs had an almost spherical shape with a mean size of 16 nm. They showed
high saturation magnetization with low coercivity at 45 emu g−1 and 7.8 G, respectively.
The hydrogen yield was 127 mmole min−1 g−1 for the PVA@IONPs under visible light
with magnetic force. The PVA@IONPs (65.9 W g−1) exhibited a higher specific absorption
rate than the IONPs (55.6 W g−1) with good self-heating performance. The PVA@IONPs
showed outstanding self-heating and photocatalytic performances when used as promising
magnetic tuning stimuli-responsive polymeric nanoparticles for varied applications.
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