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Reusability of Photocatalytic CoFe,0,@Zn0O Core-Shell
Nanoparticles for Dye Degradation

Edi Suharyadi,l’Z Afifah Muzakki,' Nurul Imani Istiqomah,1 Deska
Lismawenning Puspitarum,' Budi Purnama,” and Dede Djuhana’

! Department of Physics, Universitas Gadjah Mada, Yogyakarta, Indonesia
2Department of Physics, Universitas Sebelas Maret, Surakarta, Indonesia
3Department of Physics, Universitas Indonesia, Jakarta, Indonesia

The reusability of CoFe,O,@ZnO core—shell nanoparticles (NPs) for the photocatalytic degradation of methylene blue (MB) under
UV radiation was successfully investigated. CoFe,0,@ZnO NPs with various CoFe,0,~to—ZnO concentration ratios were
synthesized as magnetic photocatalysts. The X-ray diffraction spectra showed that the NPs had a cubic spinel ferrite phase structure
and a hexagonal wurtzite phase of ZnO. Fourier-transform infrared spectra showed the presence of Moc-O, MO, and Zn-O at
593, 347-389, and 410-429 cm™', respectively. The CoFe,0,@ZnO NPs had a saturation magnetization of approximately
30 emu g ' and a coercivity of approximately 280 Oe. The absorbance spectra showed that the absorbance peak of
the CoFe,0,@ZnO NPs broadened and shifted to the right (higher wavelength) with increasing ZnO concentration.
The CoFe,0,@Zn0O NPs with higher ZnO concentrations exhibited higher photocatalytic activities and degradation rates. The
enhancement of MB degradation can be attributed to the formation of an internal structure between CoFe,O4 and ZnO. The
degradation rate of CoFe,0,@ZnO decreased slightly after each successive recycle. The results indicated that the recycled
CoFe,0,@Zn0O NPs could be reused three times for photocatalytic degradation. As there is no significant decrease in the
photocatalytic degradation after four successive recycles, the CoFe,0,@ZnO NPs are suitable for application in dye degradation.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/

2162-8777/ac4c7c]
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Dye pollutants in wastewater discharge from various industries
such as textile, leather, cosmetics, digital printing, and plastics are
harmful to the ecosystem because of their toxicity. Methylene blue
(MB) is an example of an organic dye pollutant. MB is highly toxic
and potentially carcinogenic; it is also an allergen to aquatic life.
Methods for reducing the dye content in wastewater have been
extensively developed. Some well-known methods include adsorp-
tion, flotation, chemical coagulation, oxidation, membrane filtration,
and ion exchange.! These methods have been examined for their
strong pollutant degradation ability; however, they are not effective
for large-scale degradation processes because of their high costs.
Therefore, the development of an effective and affordable remedia-
tion method remains a challenge. Photocatalysis is a promising dye
degradation technique to overcome this challenge.'™ Under photon
irradiation, the photocatalyst materials absorb photon energy and
excite electrons from the valence band (VB) to the conduction band
(CB), thereby reducing the water pollutant concentration via
photodegradation.'”

TiO, and ZnO are two of the most promising photocatalyst
materials owing to their wide band gap.3’4’1 ~!4 The materials doped
with ZnO are also promising photocatalyst materials because of the
unique properties of ZnO, such as its wide bandgap, high UV light
absorption, and high electron mobility.“’g"]’]3’15’17 However, the
separation of the photocatalysts, such as semiconductor-based
photocatalysts, from the treated water after photodegradation is a
challenge. Therefore, photocatalyst materials with both magnetic
and photocatalytic properties is a prospective solution to such
problems.'®'?

Spinel ferrites, such as CoFe,0O,, are magnetic materials that are
promising photocatalysts because of their unique properties, such as
high chemical stability, high Curie temperature, high coercivity, a
narrow band gap, and its low production cost.''**° CoFe,0,
nanoparticles (NPs) used as photocatalyst materials exhibit a high
degradation efficiency of organic contaminants and a broad absorp-
tion band in the visible range; they are also easily magnetically
separable after photodegradation by using external magnetic
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fields.!>'% Moreover, the CoFe,O4 NPs can also be recycled and
reused as photocatalysts several times.

Various synthesis methods have been used to combine magnetic NPs
and semiconductors with core—shell type NPs; the applications of the
combined NPs, such as CoFe,0,@ZnO NPs,'>!7?2* 7nFe,0,@TiO,
NPs,?® and Fe;0,@Zn0O NPs,>"*!'""* have been previously reported.
The photocatalyst applications of CoFe,O,@ZnO core—shell NPs have
also been recently reported.ls*w’23 242829 However, most studies have
not reported on the mechanism of the kinetic model for the photo-
catalytic degradation activity of core—shell MNPs in detail. We
previously developed a photocatalyst material for dye degradation based
on hybrid magnetic/semiconductor NPs. Indrayana et al. reported that
MnZn-Fe,04/Si0, NPs exhibit high photodegradation ability because
of their low optical gap energy and the presence of SiO, ligands that can
attract dye molecules.”® Istiqomah et al. reported that the photodegrada-
tion of MB using NiZn-Fe,04/SiO, NPs was higher than that using
NiZn-Fe,O, NPs' Suharyadi et al. recently reported that
CoFe,0,@Zn0 core—shell NPs feature a high photocatalytic activity
for the purification of MB.*® A kinetic model for enhancing the
photocatalytic degradation activity of CoFe,0,@ZnO core—shell NPs
has also been reported.”” However, the reusability of CoFe,O,@ZnO
NPs for the photocatalytic degradation of MB has not yet been reported.
Therefore, this research aims to elucidate the performance and
reusability of magnetically separable CoFe,O,@ZnO core—shell NPs
for the photocatalytic degradation of MB as an organic dye. The
photocatalytic reusability of CoFe,0,@ZnO core—shell NPs at various
ZnO concentrations was studied. The Langmuir—Hinshelwood kinetic
model of the photocatalytic degradation of MB for each reuse cycle of
the photocatalyst was also studied.

Experimental Methods

In the present study, CoFe,O4 MNPs were synthesized using the
co-precipitation method. Cobalt (II) chloride hexahydrate
(CoCl,.6H,0), iron (III) chloride hexahydrate (FeCl;.6H,0), hy-
drogen chloride (HCI), and sodium hydroxide (NaOH) were used as
precursors for the synthesis. All analytical precursors, purchased
from Merck (Darmstadt, Germany), were of analytical grade, and
were used without further purification. First, FeCl3.6H,O and
CoCl,.6H,O were individually dissolved in 20 ml of distilled water
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Figure 1. XRD spectra of (a) ZnO, (b) CoFe,0,, and (c) CFO@5ZnO.
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Figure 2. XRD pattern of CFO@5ZnO NPs with two diffraction peaks
interference.

Figure 3. TEM image of (a) the CoFe,O4 and (b) CoFe,0,@ZnO NPs
(scale bars: 20 nm).

at room temperature under constant stirring at 500 rpm. The
solutions of FeCl;.6H,0, CoCl,.6H,0O, and HCI were mixed under
constant stirring at 500 rpm for 5 min. The mixture was then added
dropwise to the NaOH solution. The solution was maintained at
60 °C for 2h under constant stirring at 1000 rpm. Further, the
precipitates were washed seven times with distilled water. Finally,

the filtered fine powder was dried at 90 °C in a furnace for 4 h.>? The
CoFe,0,@Zn0 core-shell NPs were synthesized using the Stober
method. CoFe,0,4~to—Zn0O concentration ratios of 1:2, 1:3, 1:4, and
1:5 was indicated as CFO@2Zn0O, CFO@3Zn0O, CFO@4Zn0O, and
CFO@5ZnO0, respectively. Ethanol and the fine powders of zinc
acetate, NaOH, and CoFe,O,4 were used as precursors. Zinc acetate
and CoFe,0, fine powders were individually dissolved in ethanol.
Further, the solution was added dropwise into the NaOH solution.
After stirring for 5 h, the solution was precipitated and washed. The
CoFe,0,@Zn0O core—shell NPs were obtained after drying in a
furnace at 60 °C for 12 h.

The crystal structure and phase analyses of the samples were
performed using X-ray diffraction (XRD; Shimadzu XD-3H). The
microstructures were analyzed using transmission electron micro-
scopy (TEM; Jeol JEM 1400). The magnetic properties of the
samples were analyzed using a vibrating sample magnetometer
(VSM; Riken Denshi Co. Ltd). The functional groups of the samples
were characterized using Fourier transform infrared (FTIR) spectro-
scopy (IR Spectrometer Shimadzu Prestige-21). The optical proper-
ties of the samples were analyzed using a UV-Vis spectrometer. The
photocatalytic activity of the CoFe,0,@ZnO core—shell NPs was
tested on MB, and the results were analyzed. The experiment was
conducted using the following procedure: 0.1 g of the photocatalyst
NPs was added to 100 ml of MB solution (10 ppm) and then stirred
under UV radiation for 180 min. The solution was taken out and
analyzed using a UV-Vis spectrometer after every 30 min interval.
After the first use (1st) for photocatalytic degradation, the NPs were
separated from the solution using a permanent magnet. The NPs
were washed to remove the remnants of MB attached to the surface.
They were then dried in a furnace at 100 °C for 4h. The
photocatalytic reusability of CoFe,0,@ZnO NPs was investigated
by repeating the same method. The recycled NPs were labeled as R1,
R2, and R3 for first, second, and third reuse, respectively.

Results and Discussion

Figure 1 presents the XRD spectra of the samples. The spectra
were fitted using the Rietveld refinement method for the sam})les that
showed distinct diffraction peaks without small noise peaks.”>** The
XRD pattern of the ZnO NPs shows diffraction peaks, indicating a
hexagonal wurtzite crystal structure, according to JCPDS No.
36-1451,"%73% 45 shown in Fig. la. The XRD pattern of the
CoFe,04 NPs shows diffraction peaks, indicating a cubic spinel
crystal structure, according to JCPDS No. 22-1086,'>3-? as shown
in Fig. 1b. The XRD pattern of the CoFe,O,@ZnO NPs shows no
impurity peaks except for those of cubic spinel ferrite, as shown in
Fig. 1c. However, the diffraction peak corresponding to the (311)
plane of cubic spinel ferrite at 26 of 36°-37° broadens; this may be
due to the interference of the diffraction peaks of the (311) plane of
CoFe,0,4 and the (101) plane of ZnO (wurtzite phase),‘s’38 as
illustrated in Fig. 2. The broadening of the diffraction peaks after
coating with ZnO indicates that the crystallite size of
CoFe,0,@Zn0O decreased. The crystallite sizes of CoFe,O, and
CFO@5Zn0O were 17 and 14 nm, respectively. The decrease in the
crystallite size is caused by crystal defects®® Zn>" ions (interstitial
impurity) with small ionic radii occupies the space between the
atoms of CoFe,O,4 NPs.

Figure 3 shows the CoFe,O4 and CoFe,O,@Zn0O microstructure
obtained by TEM. The morphology of CoFe,0y, is not clearly visible
due to inter-grain aggregation or agglomeration,'>'”** as shown in
Fig. 3a, which is likely caused by the large interface strain and high
grain reactivity of the magnetostatic interaction.'>?® However,
typical core—shell like structures with more dispersive morphology
could be observed in the CoFe,0,@Zn0O NPs, as shown in Fig. 3b.
The CoFe,0,@Zn0O NPs has nearly spherical shape formed grains
and the aggregation decreased significantly. The magnetostatic
interaction between the grain of CoFe,O, NPs may decreased
because covered by a ZnO shell."
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Figure 4. FTIR spectra of (a) ZnO, (b) CoFe,0,4, and CoFe,0,@ZnO NPs
with CoFe,O4—to—Zn concentration ratios of (c¢) 1: 2, (d) 1: 3, (e) 1: 4, and
) 1: 5.

Figure 4 demonstrates the FTIR spectra of the ZnO, CoFe,0y,
and CoFe,0,@Zn0O NPs. Table I lists the functional groups and
vibrational modes of the samples. The FTIR spectra of the CoFe,O,4
and CoFe,0,@ZnO NPs show two vibrational bands at 593 and
300450 cm_', respectively, which correspond to the vibrational
stretching modes of the metal-oxygen bond (M—O) at the tetrahedral
and octahedral sites.!> The CoFe,0,@ZnO NPs also show vibra-
tional bands at 432-650cm™, which correspond to Zn-O
bonds.***** The wave number corresponding to the My-O
vibrational bond of the CoFe,O4 NPs shifted to the right (lower
value) after coating with ZnO. This shift indicates that the vibra-
tional energy of the bonds decreased when the CoFe,O, NPs were
coated with ZnO. A significant shift also occurs in the Zn—-O bond
from 462 cm ™! for ZnO to 412 cm ™! for CoFe,0,@ZnO. This shift
may have occurred because of the ZnO molecules binding to the
CoFe,0, NPs 28, The peaks of the vibrations of the M—O and Zn-O
bonds in the CoFe,0,@Zn0O NPs for all concentration ratios indicate
the presence of ferrite and ZnO in the CoFe,0,@Zn0O NPs.

Figure 5 illustrates the saturation magnetization (M) and
coercivity (H.) of CoFe,O4 and CoFe,0,@ZnO at various concen-
trations (1:2, 1:3, 1:4, and 1:5). The M, and H,. of CoFe,0, are 38
emu g~ and 87 Oe, respectively. M, decreases with increasing ZnO

concentration, with the lowest M, being approximately 30 emu g~ ';

s

this is because of the paramagnetic properties of ZnO, however,

Concentration Ratio of CoFe,0, and ZnO

Figure 5. Concentration dependences of H.. and M of CoFe,0,@Zn0O NPs
(with dotted lines as guides to the eye).
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Figure 6. Absorbance spectra of the CoFe,O4 NPs.

CoFe,0,@Zn0 NPs is still the ferromagnetic material. H, increases
with increasing ZnO concentration, with the highest H. being
approximately 300 Oe; this is because of the decrease in crystallite
size.”” The relationship between the crystallite size and magnetic
properties may be due to the interfacial defects and grain agglom-
eration in the sample; the tendency of the grains to agglomerate

Table I. Functional groups of the ZnO, CoFe;04, and CoFe,0,@Zn0O NPs.

Wavenumber (cm ™)

Functional Group ZnO CoFe,04 CoFe,0,@7Zn0O Vibration mode
1:2 1:3 1:4 1:5

H-O-H 3441 3441 3441 3441 3441 3441 Stretching
C-H 2928 — 2928 2928 2928 — Stretching
C-H 2841 — 2841 2841 — — Stretching
H-O-H 1626 1626 1626 1626 1626 1626 Bending
C=0 1568 — — — — — Stretching
C-Cl 1400 1488 1488 1488 1488 1488 Stretching
C-H 1334 1334 1371 1386 1386 1386 Bending
Mtet—O — 593 593 593 593 593 Stretching
Zn-O 462 — 429 412 428 410 Stretching
Moct-O — 404 389 369 385 347 Stretching
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leads to an increase in the anisotropic energy, consequently leading
to higher coercivity.'”

Figure 6 shows the absorbance spectra for obtaining the absorp-
tion edge values of the CoFe,O4 NPs. The broad spectrum of the
CoFe,0,4 can be observed from 250 to 400 nm. The maximum
absorption for the CoFe,O, is displayed in the ultraviolet region at
about 190 nm, which in agreement with previous report.** Ferdosi
et al., reported that the CoFe,O, NPs have an energy bandgap of
1.7eV with an absorption peak in the visible light red region.'
The absorbance spectra of the CoFe,0,@ZnO NPs show that the
absorbance peak shifts to the right (higher wavelength) and the peaks
broaden with increasing ZnO concentration, as shown in Fig. 7. The
shift is due to the absorption spectrum of ZnO having an absorption
edge wavelength of 375-360 nm with a bandgap energy of
3.37eV.*** The maximum absorption peak indicates that the
CoFe,0,@7ZnO NPs have strong absorptions in the UV range at
wavelengths of 190, 193, 202, and 202 nm for the concentration
ratios of 1:2, 1:3, 1:4, and 1:5, respectively. The maximum
absorption peak increases with an increase in the concentration of
ZnO; the ZnO NPs with an energy bandgap of 3.3 eV are active in
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Figure 9. Absorption spectra of MB before and after photocatalytic
degradation using CoFe,O4 NPs.
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Figure 10. Kinetic study of the ZnO and CoFe,0,@Zn0O NPs with various
ZnO concentrations.

the UV region.”*** Therefore, the absorption of UV li§ht increases
with increasing ZnO concentration in CoFe,O,@ZnO. 0

The broadening of the absorption spectrum from the UV to the
visible wavelength range with increasing concentration of ZnO also
occurs in the CoFe,0,@ZnO NPs. The results indicate that the
CoFe,0,@Zn0O NPs can be active under UV and visible light.
Therefore, the photocatalytic activity of the CoFe,0,@ZnO
NPs may be investigated using sunlight because the Sunlight
radiation contains UV-A (3.8%), UV-B (0.2%), and visible light
(96%) wavebands at 290-320, 320400, and 400-750 nm,
respectively.*>*® Ferdosi et al., reported that CoFe,O4@ZnO NPs
have an energy bandgap of 3.0 eV with an absorption peak in the
extended region edge wavelength of 480 nm in the visible light
purple blue region.”” The absorption peak of the CoFe,O4@ZnO
NPs broadened to a higher wavelength (redshift) with increasing
ZnO concentration. The observed redshift in the CoFe,O,@Zn0O
NPs when compared to ZnO may be due to the formation of new
energy levels for the CoFe,O4 nanoparticles loaded ZnO.'® The
redshift was comparable to the band-edge absorption wavelength
(cut off). The shift of the cut-off wavelength to a higher region
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shows that the absorption peak characteristics of CoFe,O, depends
on the quantum confinement effect.*’

Figure 8 shows a Tauc plot of the Kubelka—-Munk function
(direct) for determination of band gap for CoFe,O,@27ZnO NPs. The
band gap energy of CoFe,0,@27Zn0O NPs is about 3.6eV. The
narrow ban gap of CoFe,O4 and wide ban gap of ZnO may forms
the heterojunction of the band structure. The junction might demote
the band-gap energy to form equilibrium band and prevent recom-
bination electron-hole.®8!%23-2%47

Figure 9 shows the absorption spectra of MB before and after
photocatalytic degradation for 3 h using the CoFe,O, NPs. The
results show that the absorption peak declines, which indicates that
MB was successfully decomposed in the wavelength range of visible
light using the CoFe,O, NPs. The maximum degradation of MB
using the photocatalyst of CoFe,O4 NPs is about 45%.

We recently reported the photocatalytic degradation activity of the
CoFe,0,@Zn0O NPs on MB with various CoFe,0,4 and ZnO concen-
tration ratios of 1:2, 1:3, 1:4, and 1:5.%° The degradation increased with
increasing ZnO concentration. In addition, the photocatalytic degrada-
tion rate could be studied using the Langmuir—Hinshelwood kinetic
1.** The Langmuir—Hinshelwood kinetic model parameters of the
CoFe,0,@7Zn0O NPs for the Ist was determined by the slope of In
(C/Cy) vs the radiation time, as shown in Fig. 10. Cy and C, are the MB
concentrations before and after the photocatalytic process for radiation
time (7), respectively. The ZnO NPs shows the highest slope, indicating
that ZnO degraded faster than the CoFe,0,@ZnO NPs. The slope of
the CoFe,0,@Zn0O NPs is lower than that of the ZnO NPs. However,
the slope of the CoFe,0,@ZnO NPs increased with increasing ZnO
concentration. These results indicate that the photocatalytic degradation
of MB using the CoFe,O4 NPs can be enhanced by adding ZnO to it,
because of the photocatalytic properties of ZnO."?° The
CoFe,0,@Zn0O NPs with a concentration ratio of 1:5 exhibited a
higher photocatalytic degradation activity owing to its narrow
bandgap.”’

Figure 11 shows the absorption spectra of MB before and after
photocatalytic degradation for 3 h using the CoFe,0,@5ZnO NPs
for each cycle. The results show that the absorption peak declines,
which indicates that MB was successfully decomposed in the
wavelength range of visible light using the recycled NPs. The
absorption peak does not significantly increase with each successive
cycle. This indicates that the CoFe,0,@Zn0O NPs could be reused as
photocatalysts three times.

Figure 12 shows the photocatalytic degradation activity of
CoFe,0,@Zn0O NPs for 3h with various Zn concentrations for
each cycle. The photocatalytic degradation for each cycle increased
with increasing Zn concentration. The degradation activity for all
samples decreased after each reuse cycle. However, the
CoFe,0,@Zn0O NPs may be used as photocatalysts until R3. The
decrease in degradation was owing to the decrease of the photo-
catalyst dose by approximately 20% (0.02 g) after each reuse, which
conforms with the explanation reported by Siboni et al.** The
degradation efficiency decreased with a decrease in the photocatalyst
dose.* The decrease in the dose of CoFe,0,@Zn0 NPs after each
reuse may be owing to the decrease in the magnetization of the NPs,
which affects the process of recycling and separating photocatalysts
using external magnetic fields. The changes in the magnetic proper-
ties, among other factors, affect the photocatalytic degradation
performance. Moreover, the decrease in the photocatalytic degrada-
tion efficiency of the recycled NPs can be attributed to photocatalytic
contamination and sediment deposition during the photocatalytic
process.>”

The Langmuir-Hinshelwood kinetic model (K,pp) for the photo-
catalytic degradation activity was studied using the equation
In(C/Cy) = (Kypp)t. The Ky, for each cycle after 3 h of degradation
is shown in Fig. 13. An increase in K, indicates an increase in the
degradation rate. The CoFe,0,@ZnO NPs with a concentration of
1:5 had the highest degradation rate for R1, R2, and R3. In general,
the degradation rate increased with an increase in ZnO
concentration. %231 Moreover, kinetic studies can be performed
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Table II. 7/, of the recycled NPs.

ti/2 (min)
Sample R1 R2 R3
CFO@2ZnO 179.6 184.8 208.2
CFO@3ZnO 173.7 181.5 203.3
CFO@4ZnO 166.6 176.8 202.7
CFO@5ZnO 141.5 161.2 183.4

I~ Oxygen vacancy
y

OH™

OOH- MB

Figure 14. Schematic illustration of the photocatalytic activity of the
CoFe,0,@7Zn0O core—shell NPs.

to determine the half-life times (¢,,) of the MB degradation. ¢/, of
the degradation can be calculated using formula (1), as follows:*®

_In2

1
2 Kapp

(1]

Kpp is inversely proportional to t,,; the highest K,;, indicated
the lowest f1/,. The highest t;, of CoFe,0,@ZnO NPs for MB
degradation (1st) was 178 min. Table II lists 1/, for each reuse cycle
of the NPs. 1, of MB degradation did not significantly increase with
each successive reuse cycle for all samples. The results indicate that
the recycled CoFe,0,@ZnO NPs could be reused three times for
photocatalytic degradation. For comparison, there have been re-
cently reported that the TiO, could be reused three times,’” the ZnO/
Zn could be reused five times,>> and the BiFeO; could be reused five
times>* for degradation.

Figure 14 presents a schematic diagram of the photocatalytic
CoFe,0,@Zn0O NPs under UV light. In general, the photocatalytic
enhancement is related to the improved charge carrier separation and
radical generation.>> The electron—hole pair in ZnO is separated
under UV irradiation. The electrons are excited from the VB to the
CB, leaving a positively charged hole in the VB. For the
CoFe,0,@Zn0O NPs, the electrons in the VB of the ZnO NPs
(core) are excited to the CB while the electrons in the CB of the
CoFe,0,4 NPs (shell) are excited to the CB. The electrons in the CB
of both CoFe,O, and ZnO NPs interact with O, to produce
superoxide radicals (-O,7). Meanwhile, the holes in the VB of both
CoFe,0O4 and ZnO NPs will react with hydroxyl ions (-OH™) to
produce hydroxyl radicals (-OH). Both -O, and -OH radicals react
with MB molecules, which are decomposed into simple organic
molecules, and further decomposed into CO, and H,O0.*' The
schematic of the chemical reaction and photocatalytic process of the
CoFe,0,@Zn0O NPs is shown below:

CoFe;0,@Zn0 + hv(UV) — CoFe;04(eds + hify) @ZnO(egy + hip)
hyz + HO - H* + OH~
hyp + OH™ - -OH(oxidation)
ecy + HO + HY - H,0, + O,
ecg + Oy = -O;3 (reduction)
H,0, + :0; - -:OH + OH™ + O,

‘O, + -HO + MB MB+*(MB+: simple organic molecules).

The hybridization of CoFe,O, (as a core) and ZnO (as a shell)
formed a p-n junction with a band-like structure. The junction may
inhibit electron—hole recombination, which can prolong the reaction
time between the free electrons and MB molecules. The electrons in
the CB of CoFe,04 do not directly recombine with the VB; however,
there is a transfer of electrons to the CB of ZnO, which has a lower
energy level.® Moreover, the addition of ZnO to CoFe,Oy is assumed
to cause crystal defects, which may increase the photocatalytic
activity of the NPs.'”*® As reported by Herng et al., when ZnO NPs
are doped with Cu, a crystal defect is observed owing to the oxygen
vacancy.’® Therefore, increasing the concentration of ZnO in the
CoFe,0,@Zn0 core-shell NPs can cause an oxygen vacancy in the
ZnO band structures, as illustrated in Fig. 14, thereby acting as a
trapping state, which may inhibit the rate of electron-hole
recombination.>® Thus, the electrons in the CB of ZnO are trapped
in the oxygen vacancies, avoiding immediate recombination, and
consequently increasing the photocatalytic activity.

Conclusions

The CoFe,0,@Zn0O core—shell NPs with various ZnO concen-
trations were synthesized by co-precipitation following the Stober
method. M, of CoFe,0,@ZnO NPs decreased with increasing ZnO
concentration; however, H, increased with increasing ZnO concen-
tration. The photocatalytic degradation of MB as an organic dye
using CoFe,0,@Zn0O NPs increased with increasing Zn concentra-
tion. The reusability of the photocatalysts and the kinetic model of
the CoFe,0,@ZnO NPs were studied. The degradation rate of
CoFe,0,@ZnO0 decreased after each successive cycle; however, #,,,
did not significantly increase with each successive cycle. Thus, the
CoFe,0,@Zn0 NPs could be reused three times as a photocatalyst.
Regardless of its low degradation stability, CoFe,0,@ZnO can be
reused in four consecutive cycles.
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