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Abstract: One of the main challenges is using an effective photocatalyst that responds to a broad
range of visible light for hydrogen production during water splitting. Series types of photocatalysts
based on magnetic ferrite nanostructure were fabricated via a two-step co-precipitation technique.
Precisely, four types of magnetic structures: magnetite nanoparticles (MNPs), zinc cobalt ferrite
nanoparticles (ZCFNPs), hybrid magnetite/zinc cobalt ferrite nanoparticles (MNPs @ ZCFNPs), and
hybrid zinc cobalt ferrite/magnetite nanoparticles (ZCFNPs @ MNPs) were used to fabricate magnetic
photocatalysts. The characterizations of the fabricated magnetic photocatalysts were investigated via
TEM, zeta potential, XRD, VSM, and UV–VIS spectroscopy. ZCFNPs @ MNPs showed the smallest
particle with size ≈11 nm. The magnetization value of ZCFNPs @ MNPs (59.3 emu/g) was improved
compared to the MNPs (41.93 emu/g). The produced hydrogen levels via photocatalyst were 60,
10, 24, and 1.4 mmole min−1 g−1 for MNPs, ZCFNPs, MNPs @ ZCFNPs, and ZCFNPs @ MNPs,
respectively, under visible light with magnetic force. MNPs displayed outstanding performance as
magnetic photocatalysts for the water-splitting process.

Keywords: magnetic ferrite; zinc cobalt ferrite nanoparticles; nanostructure; photocatalysts

1. Introduction

Ferrites nanostructure with the formula M-Fe2O4 (M = Fe, Zn, Co) has been considered
of interest due to their unparalleled structure, outstanding magnetic behavior, chemical
stability, and lower expense [1–3]. The magnetic nanostructures are used as catalysts and
can be fabricated via varied techniques as hydrothermal, electro-deposition, sol–gel, and
co-precipitation methods [4–11]. The co-precipitation process is a promising technique
for the expansion of a stabilized, inexpensive, reproducible, and attainable path for the
large fabrication of a magnetic ferrites nanostructure as efficient catalysts. The most
challenging and promising outlet in energy production is the generation of clean and
renewable energy [5–9]. The production of hydrogen has received a lot of attention as
a clean energy source with high energy content. Production of hydrogen today uses
a variety of methods [1,2]. Hydrogen production using photocatalytic via the water-
splitting method is more favorable than the other techniques as a simple method with
lower required energy [4,5]. Among spinel ferrites, cobalt ferrite is of great interest for their
outstanding chemical and mechanical constancy, elevated coercivity, and high magneto-
crystalline anisotropy [12,13]. Cobalt ferrite nanostructure has acquired high interest due
to its behavior, such as elevated surface area and quantum yield, with outstanding photo-
stability [14]. As the size of the magnetic particles decreased to the nano-domain, the
magnetic properties of the particles relatively decreased due to the high surface area, size
of the quantum effect, and interaction between the magnetic particles. The presence of
the bi-magnetic nanostructure as a photo-material is proper in the splitting of the water
process. The hydrogen yields could be enhanced with the inner-magnetic behavior of
the photocatalyst. The presence of two types of oxides in the nanostructured matrix is
remarkable due to the presence of oxygen vacancies in the structures [15,16]. The coating
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with cobalt ferrite nanoparticles through the chemical precipitation process could influence
the photocatalytic behavior of the magnetite nanoparticles in the production of hydrogen.
Nanostructures based on cobalt/iron oxide nanoparticles were used as photocatalysts for
the production of hydrogen. Controlling the size of nanoparticles can considerably tune
its magnetic-photo behavior. The cobalt ferrite nanoparticles on the magnetite NPs act
as co-catalysts. This is efficient as electrons trap the electrons outgoing to the magnetite
NPs, thereby preventing the re-grouping of the hole with electrons. It possibly promotes
photocatalytic capacity by extending reaction sites on the magnetite NPs and also increases
the electron’s lifetime [17–20]. The aim of this work was to prepare bi-magnetic hybrid
nanoparticles with high photocatalytic performance using a controlled co-precipitation
process. Various types of magnetic ferrite nanoparticles were used, namely, magnetite
nanoparticles (MNPs), zinc cobalt ferrite nanoparticles (ZCFNPs), hybrid magnetite/zinc
cobalt ferrite nanoparticles (MNPs @ ZCFNPs), and hybrid zinc cobalt ferrite/magnetite
nanoparticles (ZCFNPs @ MNPs), in order to fabricate visible light-effective photocatalyst
in the presence of magnetic force.

2. Materials and Methods
2.1. Materials

Ferric chloride, ferrous chloride, cobalt chloride, zinc chloride, and ammonium hy-
droxide were ordered from Sigma-Aldrich (St. Louis, MO. USA).

2.2. Fabrication of Bi-Magnetic Hybrid Nanoparticles

The hybrid nanoparticles were fabricated via a two-step coprecipitation technique.
Firstly, MNPs and ZCFNPs were prepared (Table 1). Starting materials were dispersed
in distilled water (50 mL) and mixed for 15 min. The temperature was risen to 60 ◦C for
5 min for full homogeneity. Ammonium hydroxide (20 mL) was added with stirring for
30 min at 60 ◦C. The product was then washed several times with distilled water. NPs were
removed from the system via a magnetic field and were dried for 24 h. Secondly, coating
on the prepared NPs with a layer was performed, and the same step mentioned above was
utilized with the coated materials.

Table 1. Fabrication compositions of bi-magnetic hybrid nanoparticles.

Sample Nanoparticle Type NPs

Precursors

Coated Fe3+

(Mole)
Fe2+

(Mole)
DW
(mL)

Co2+

(Mole)
Zn2+

(Mole)
Amm.
(mL)

A Magnetite nanoparticles (MNPs) Fe3O4 - 0.59 0.399 50 - - 20

B Zinc cobalt ferrite nanoparticles
(ZCFNPs) ZnCoFe2O4 - 0.59 0.399 50 0.199 0.199 20

C
Hybrid magnetite/zinc cobalt

ferrite nanoparticles
(MNPs @ ZCFNPs)

ZnCoFe2O4
(0.3 g) Fe3O4 0.149 0.098 25 - - 5

D
Hybrid zinc cobalt

ferrite/magnetite nanoparticles
(ZCFNPs @ MNPs)

Fe3O4
(0.3 g) ZnCoFe2O4 0.149 0.098 50 0.048 0.049 5

2.3. Hydrogen Production Procedures

The fabricated photocatalyst (0.5 g) was added to the mixture of water/methanol
(1:1 by weight). The system was de-gassed via N2 for 15 min. After that, it was exposed
to visible light of power (500 W) with stirring. The intensity of the radiation power was
0.13 W/mL at room temperature under magnetic forces. The obtained gases were collected
and studied using GC analysis. The reaction was repeated and triplicated to sure the
consistency of the obtained yields.
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2.4. Characterization

XRD of the materials was investigated using an X-ray diffractometer (Rigaku, Japan) at
a scan speed (4◦/min) in the range of 20◦ to 70◦. Zeta potential was studied using 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 behavior was investigated using VSM (Lake Shore 7400 series; Lake Shore Cry-
otronics, Westerville, OH, USA). The size of the nanoparticles was investigated using TEM
(JEM-2100 LaB6, JEOL, Akishima, Tokyo, Japan).

3. Results and Discussion
3.1. Nanostructures Preparation

Tuning the structure and particle size of fabricated nanoparticles plays a definite role
in magnetic and optical properties, which is important for improving the photo activity of
the nanostructures. In this work, hybrid nanoparticles, i.e., ZCFNPs @ MNPs and MNPs
@ ZCFNPs, were fabricated using a controlled coprecipitation process. It was remarkable
to note that the fabricated photo-catalysts were recovered from the system via a simple
magnetic separation using a magnet bar.

3.2. The Particle Sizes and Morphologies of the Prepared Nanostructures

The phases and estimated crystallite sizes (nm) of the fabricated nanostructures were
investigated using XRD (Figure 1). The crystalline phases of nanostructures were identified
with (JCPDS data (#221086)) (Figure 1) [21]. The indexed peaks at (220), (311), (222), (400),
(511), and (440) for the ferrite structure were approved for the fabricated nanostructures.
The peaks corresponded to the standard pattern for the dominant magnetite nanoparticles
phase (Fe3O4). The presence of the second phase was detected in XRD patterns (around 31
and 47 of 2theta). However, the peak may correspond to α- Fe2O3, where Fe3O4 is easily
oxidized in open conditions [22]. The spinel structures of magnetite, maghemite, and cobalt
ferrite are ferrimagnetic structures.

The peaks were weak, probably for disorder/small crystallite effect. The crystallite size
(nm) was estimated via the broadening of the most intense and characterized diffraction
maxima (311) (Table 2) by using the Scherrer equation:

Crystallite size = Kλ/(Bcosθ)

Dp (size), B (FWHM), λ (1.5406 Å), K (0.89), and θ (peak position).
MNPs @ ZCFNPs showed the largest crystallite size (≈12 nm), and ZCFNPs @ MNPs

showed the smallest size (≈9 nm). The crystallite size increased with a decrease in the
lattice parameter (8.39 Å) for MNPs @ ZCFNPs, by the formation of an amorphous layer of
iron oxide surrounding NPs/fractional dissolution of the NP surfaces [23].

The sizes and morphologies of the hybrid nanoparticles were studied via TEM
(Figure 2). The particles were aggregated due to the high surface energy and dipole–dipole
interactions [24,25]. The TEM showed hybrid nanoparticles, but it did not provide a good
contrast between zinc-cobalt ferrite and magnetite. So, it is also possible that two different
spinel phases with bimodal distribution in C and D samples may likely be presented. The
error in investigating the size was lowered by considering a large number of particles.
ZCFNPs had the largest particle size (≈25 nm), and they exhibited a polydisperse character
with a tendency to form groups, while MNPs had the smallest size (≈10 nm). The size of
the hybrid nanoparticles can be lower in size than NPs due to the partial dissolution of the
nanoparticle surface or lower in aggregation between particles by the presence of a thin
coated shell [23].
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Zeta potential was investigated, as it was found to be related to the stability of the
colloidal solution and accumulation of the NPs, as shown in Figure 3. Photocatalysts for
hydrogen production via water photolysis should use a stable and inexpensive visible light
absorber able to produce photons with sufficient power for water splitting. The highest
zeta potential (ζ) was detected for MNPs @ ZCFNPs (−26 mV), while MNPs obtained the
lowest one (+0.45 mV) (Table 2). The lower zeta value of MNPs revealed that the particles
may display low stability in an aqueous solution. A low value (lower than 5 mV) will
enhance the Van der Waals inter-particle attraction, and the fast aggregation of particles
occurs. The high zeta value suggests that the NPs were stable with a high repulsive force.
A higher value with nearly±30 mV is the limit value for setting the stability of the colloidal
system [26,27].

1 
 

 

 

Figure 3. Zeta potential of (A) MNPs (B) ZCFNPs, (C) MNPs @ ZCFNPs, and (D) ZCFNPs @ MNPs.

3.3. Magnetic Behavior of the Nanostructures

The magnetic behavior was analyzed using VSM. The M-H plot exhibited hysteresis
loops for the fabricated nanostructures, as shown in Figure 4. The magnetic parameters
including coercivity (Hc), remanence magnetization (Mr), and saturation magnetizations
(Ms) were taken from M-H plots and are listed in Table 3. The fabricated MNPs showed
low coercivity (Hc) of 40.5 Oe, due to the existence of soft magnetic particles. ZCFNPs @
MNPs showed the highest saturation magnetization (Ms) of 59.30 emu/g. The retention of
magnetism is important for the regeneration of the photocatalyst. Hybrid nanoparticles
designed to merge the advantageous behavior of soft and hard phases showed outstanding
magnetic behavior. The coercivity value of hybrid nanoparticles fell between the NPs
and coated nanoparticles values. The magnetization of the nanostructure (ZCFNPs @
MNPs and MNPs @ ZCFNPs) was improved when compared to the nanoparticles (MNPs
and ZCFNPs). The magnetization changed with the morphology and particle size of the
nanoparticle until it reached a critical size, wherein the magnetization value was steady
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and became near to the bulk value. Ms was lowered in the presence of magnetite soft
coated in MNPs @ ZCFNPs when compared to the reversal nanostructure of ZCFNPs @
MNPs. The lower magnetization was due to the defect in the crystalline nanostructure with
a small domain or the high oxidation degree non-magnetic phases [28–30]. The critical size
for the superparamagnetic for CoFe2O4 via the size tuning (≈4 nm) and magnetization
(Ms ≈ 30 emu/g) was reported by Pereira et al. [31]. The coercivity values of nanostructure
(CoFe2O4@MnFe2O4) and their inverse nanostructure with changing volume attribution
were simulated by Song et al. [32]. It was detected that the magnetic behavior of the
nanostructure was able to be controlled with the volume attribution of magnetic type. The
high magnetization is considered significant in photocatalytic hydrogen production. In the
absence of a magnetic field, the photo-catalysts should not possess a residual magnetism
character to avert the collection of recycled photocatalysts for the following test. Photo-
catalysts can be removed using a magnetic bar in a suspended solution. Reduced remanence
(SQ) is Mr/Ms. When SQ is higher than or equal to 0.5, the particles are single-domain
structures, while below 0.5 are multi-domain structures. In this work, the SQ values were
lower than 0.5, suggesting the existence of multi-domain structures [33].
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Table 3. Magnetic properties of the prepared nanoparticles.

Sample MNPs ZCFNPs MNPs @ ZCFNPs ZCFNPs @ MNPs

Ms (emu/g) 41.93 50.71 55.75 59.30

Mr (emu/g) 3.8 10.71 6.8 6.3

Hc (Oe) 40.5 225 180 190

SQ 0.09 0.21 0.12 0.10

3.4. Photo Activity of the Fabricated Nanostructures

The electronic transition that occurs within atoms and molecules was studied using
UV–VIS spectroscopy. The spectrum of the optical absorbance of the particles at ambient
temperature is shown in Figure 5. The absorption property in the visible area originated
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from the electronic charge transformation of Co2+ and Fe3+ to their conduction level in
the conduction band. The spectra indicated a wide absorption range (300–600 nm) within
the visible area, which may have been for the d-orbital transition. The peak was near
490 nm, which is related to the d-d transition of Fe3+ [34]. λmax was observed at 490 nm,
confirming that nano ferrite was active in the visible range. Band gap energy (Eg) was
investigated from the spectra of absorption. In general, the electron transfer had the
minimum required energy for the transitions. The band gap of the particle has the ability to
excite and produce electrons and hole pairs for redox reactions to proceed. It is dependent
on the dimensions, particle sizes, and shapes of the particles. To calculate the band gap,
(αhν)2 was plotted against ‘hν’. The band gap energy is related to the absorption coefficient
‘α’ by the Tauc equation:

(αhν)n = (absorption coefficient × energy)n = (2.303Ahν)n

A (constant), hν (photon energy), n (= 2 for direct transition).

Band gap energy (Eg) = (hc)/λ

h: 6.626 × 10–34 Joules/s, c: 3.0 × 108 m/s, λ: cut off wavelength, Eg = 1240 ev nm/λ
The band gap energies were calculated as 2.2, 2.4, 1.9, and 2.3 eV for MNPs, ZCFNPs,

MNPs @ ZCFNPs, and ZCFNPs @ MNPs, respectively. As shown in Figure 5, for nanopar-
ticles, MNPs and ZCFNPs, as the size increased from 10 to 25 nm, the band gap increased
from 2.2 and 2.4 eV, respectively. In contrast, it was noticed for hybrid nanoparticles, MNPs
@ ZCFNPs and ZCFNPs @ MNPs, that the crystallite size decreased from 9 to 8 nm, and
the band gap increased from 1.9 to 2.3 eV, respectively. The band gap of the particle was
tuned with a reverse relationship with particle size. This was the same as what has been
observed in previous work [35]. The expected activity could be attributed to the possible
changes in the band positions [36].
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The photocatalytic behaviors of the prepared photocatalysts were investigated in the
water-splitting system. The activity was measured in terms of the composition where
the experiment was conducted under similar conditions. The energy was adsorbed by
the magnetic photocatalyst, and then the electrons were migrated from the valence to the
conduction band. If the band gap energy was enough and above that required for water
splitting (1.23 eV), its band edge would fit the thermodynamics needed for the charge
transfer to occur. So, the excited electrons were able to reduce hydrogen ions, and the hole
was able to oxidize oxygen anions.

The hydrogen yield was measured at 60, 10, 24, and 1.4 mmole min−1 g−1 of pho-
tocatalyst for MNPs, ZCFNPs, MNPs @ ZCFNPs, and ZCFNPs @ MNPs, respectively,
under magnetic force with visible light (Figure 6). The ability of iron oxide as a catalyst
during the splitting of the water was able to lead to an enhancement. Hence, the tune
of the layer composition was able to have a key part in the photocatalytic efficiency in
terms of impacting the compositions of produced gases. The production of hydrogen by
the prepared photocatalyst occurred through the following reactions: in the system of
hydrogen production from water, they used a mixture solution of methanol and water.
Through the photocatalytic system, the absorption of photons by the photocatalyst tends
towards the promotion of an electron from the valence to conducting band, thus producing
e−h+ pairs. In such a system, the proton’s appearance occurred due to water/methanol oxi-
dation through the radiation-produced holes. Protons were then involved in the process, by
electrons, at the catalyst surface to produce hydrogen gas, as illustrated in Equation (1) [37].

hv −→ e− + hole+ (1)

4 hole+ + 2 H2O −→ 2O + 4 H+ (1a)

2 H+ + 2 e− −→ H2 (1b)
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This methanol acted as a mediator in the oxidation process to avoid the reverse of
oxygen that occurs due to water adsorption at the photo-catalyst. Methanol has been
used to efficiently inhibit the function of re-grouping hole–electron pairs. In addition,
methanol performed the role of a hole scavenger. Methanol could share in the production,
as illustrated in Equations (2)–(4) [38].

MeOH←→ H2 + H2CO (2)

O2 + H2CO←→ H2CO2 (3)

H2CO2 ←→ CO2 + H2 (4)

The hydrogen yield for MNPs @ ZCFNPs was higher than 2.4-fold that of ZCFNP
nanoparticles. In addition, the hydrogen yield for MNPs @ ZCFNPs was nearly 17-fold
as compared to its reversal nanostructure ZCFNPs @ MNPs. MNPs showed the highest
photocatalytic property among all the fabricated materials by decreasing the scattering of
irradiation within the system. This may have been due to the redox behavior of ferrite
nanoparticles, where the high yield was the result of both photo-catalytic as well as ther-
mochemical water splitting. The hydrogen yield was almost non-existent without light and
the photocatalyst.

The photocatalytic activity was influenced by the morphology and crystalline prop-
erties of the used nanoparticles [39,40]. The photocatalytic activity and magnetization
of a TiO2/SrFe12O19 photocatalyst could be altered by tuning the coated thickness [41].
Comparing the photocatalytic activity of the presented nanostructures with other nanos-
tructures from previous work has been needed in order to investigate the efficiency of the
photocatalysts in this work. Table 4 shows the yield by the prepared nanostructures and
different photo-catalysts, as obtained from the other work.

Table 4. Hydrogen yield of current nanoparticles and previously reported structures.

Materials Hydrogen Yield Ref.

(CdS + ZnS)/Fe2O3 4129 µmol [1]

TiO2/Fe2O3 2700 µmol h−1 [2]

Zn0.8Cd0.2S@g-C3N4 2351.18 µmol h−1g−1 [3]

Fe3O4@ZnS 3900 mmol h−1g−1 [4]

Fe3O4@ ZnCoFe2O4 24 mmole min−1 g−1 This work

ZnCoFe2O4 @ Fe3O4 1.4 mmole min−1 g−1 This work

The presence of an external magnetic field can improve the photo-catalytic system via
enhancing carrier transport and minimizing the re-combination [42–51]. It was reported
that a magnetic field can inhibit the photo-induced charge recombination of ZnFe2O4, as the
polarization can be controlled via magnetic fields, which improves the photoelectron chem-
ical efficiency [44]. The magnetic field is considered to support the photocatalytic system
by inducing the separation of photo-generated charges [44,45]. Lorentz force and micro-
electric potential are the main mechanisms of magnetic-assisted photo catalysis [46–50].
Hydrogen production via water utilizing a catalyst and solar energy is one of the most
promising outlets for the production of clean and renewable energy. Photo catalysts should
be stable, non-toxic, and economical visible light absorbers that are able to collect light
photons with sufficient potential for water splitting. Here, we show that MNPs can meet
these demands. These photocatalysts proved the ability to produce hydrogen efficiently.
MNPs showed superior photocatalytic efficiency for hydrogen production when compared
with other nanoparticles, allowing them to be favorable particles in the process. The high
hydrogen yield by using the fabricated particles could depend on the magnetic behavior of
those particles. The presence of magnetic behavior could acquaint the particles through
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the system via magnetic forces. Consequently, the lowering of scattered radiation amounts
in the system [51]. Also, electron spin polarization could lead to rapid migration of the
particles and increased interactions between them. This confirms the relationship between
the magnetic behavior of the photo-catalysts and their photo activity.

4. Conclusions

Magnetic photocatalysts based on MNPs, ZCFNPs, MNPs @ ZCFNPs, and ZCFNPs @
MNPs were fabricated successfully via a facile coprecipitation process. ZCFNPs @ MNPs
showed the highest saturation magnetization: (Ms) 59.30 emu/g among all fabricated
nanostructures. MNPs showed the highest hydrogen yield with 60 mmole min−1 g−1,
while ZCFNPs @ MNPs showed the lowest yield with 1.4 mmole min−1 g−1. The hydrogen
yield for MNPs @ ZCFNPs was more than 2.4-fold that of ZCFNP nanoparticles. Also,
the hydrogen yield of MNPs @ ZCFNPs was nearly 17-fold, as compared to reversal
nanostructure ZCFNPs @ MNPs. MNPs showed the highest photocatalytic property among
all the fabricated nanostructures.
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