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Abstract.- In this work, the link between the photocatalytic performance of Co-Zn 

ferrite nanoparticles and the net magnetic moment of the spinel is analyzed. CoxZn1-

xFe2O4 nanoparticles (0 ≤ x ≤ 1) were synthesized by co-precipitation method. The 

physico-chemical properties were characterized by different structural and optical 

techniques (X-ray diffraction, Transmission Electron Microscopy (TEM), BET surface 

area, Diffuse Reflectance Spectroscopy (DRS), Photoluminescence spectroscopy, and Z-

potential).  Enhanced photocatalytic degradation (maximum degradation ratios of two 

emerging pollutants, phenol and toluene) are found for 0.4 ≤ x ≤ 0.6, that cannot be 

explained in terms of the evolution of the analyzed physico-chemical parameters. 

However, the saturation magnetization (net magnetic moment) displays in the same 

compositional range maximum values as a result of the mixed inversion degree (cation 

distribution) of the spinel. Thus, nanoparticle magnetization is shown to be a key factor 

controlling photocatalytic response and supports the current open field linked to the 

magnetic field enhancement of photocatalytic applications.   
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1. Introduction 

Universal access to safe drinking water is currently a major challenge worldwide, 

being a fundamental need and human right. In 2020, three out of four people used safely 

managed drinking water services, however 771 million people still lacked even a basic 

level of service [1].  Despite extensive efforts in developing and implementing water 

reuse procedures, some persistent problems remain unsolved. Among them, the 

persistence of dangerous chemicals, such as highly persistent and toxic compounds 

(pesticides, herbicides, antibiotics, etc.) that cannot be adequately degraded by 

conventional techniques used in wastewater treatment procedures. In recent years, 

Advanced Oxidation Processes (AOPs), particularly photocatalysis have been proposed 

as promising procedures to remove persistent pollutants from the environment [2, 3]. In 

particular, heterogeneous photocatalysts based on semiconductor metal oxides (such as 

TiO2 and ZnO) have demonstrated their efficiency in degrading a broad range of 

pollutants [4, 5]. Photocatalysis basically consists in the acceleration of a chemical 

reaction (decomposition of organic pollutants) as a result of the photogeneration of 

electron-hole pairs in the semiconductor material and the generation of highly reactive 

oxygen species e.g., hydroxyl radical, superoxide radical and singlet oxygen. Although 

this technique displays some advantages compared to conventional water remediation 

procedures (e.g., high efficiency and absence of secondary contamination), it has certain 

limitations that have reduced its implementation on a large scale. Particularly, low 

photoactivity under visible (solar) light and reduced quantum efficiency, which are 

primarily determined, respectively, by the wide band gap of the photocatalysts and a high 

recombination rate of photo-generated charge carriers. As an example, a widely employed 

photocatalyst as TiO2 (band gap ~3.2 eV) is solely active under ultraviolet radiation, 

which only represents about 4% of the total solar radiation on the Earth surface.  
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Different strategies have been addressed to optimize the visible photocatalytic activity 

of semiconductor photocatalysts [6]: semiconductor doping (metal and non-metal) 

heterojunction with other semiconductors, modification with plasmonic structures, 

graphene carbon coatings, metal clusters or surface defects. Particularly, the optimization 

of photocatalytic response by thermal effects or through the application of external agents 

(i.e. electric field, stress or magnetic field) has also been reported in the literature [7]. 

Focussing on the magnetic field, its effect on the photocatalytic response is usually 

ascribed to the contribution of Lorentz and magnetohydrodynamic forces acting on the 

photogenerated charge carriers and chemical radicals [8-10]. Nevertheless, the intrinsic 

magnetic effect of the photocatalytic response of magnetic semiconductors should not be 

disregarded [11, 12]. Recent reports show the contribution of the magnetic state on the 

photocatalytic response of ferro and ferrimagnetic nanocatalysts, where the spin 

contribution in the redox phenomena should be taken into account [13, 14]. Besides, it 

has been shown how the spin polarization of the active catalyst surface controls and 

enhances the photocatalytic response in non ferromagnetic materials (i.e. defective TiO2) 

[15, 16]. Thus, the topic is open to discussion and magnetic field effects on photocatalytic 

degradation is an active research field that requires further in-depth exploration.  

Within the photocatalytic field, spinel ferrite photocatalysts have been extensively 

analyzed for the degradation of organic pollutants present in wastewater [17, 18].  Its 

optimum performance is achieved by the combination of a narrow band gap (within 

visible light range) and their ferrimagnetic nature that enables their reuse under several 

cycles through magnetic separation by the action of an external magnetic field [19, 20]. 

Among them, spinel Zn ferrite (ZnFe2O4) stands out due to the enhanced photochemical 

stability [21]. Visible-light photocatalytic performance has been reported in the 

degradation of different organic pollutants, as dyes [22], benzene [23], or phenol [24]. 
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However, the main limitation regarding magnetic separation and photocatalyst reuse is 

its reduced magnetic moment (low saturation magnetization) in comparison with other 

spinel ferrites. In fact, bulk ZnFe2O4 is antiferromagnetic with Nèel temperature, TN = 10 

K, displaying reduced magnetic susceptibility at 300 K. Generally, the magnetic response 

of spinel ferrites is determined by the cation distribution between octahedral (B) and 

tetrahedral (A) sites of the face-centered cubic oxygen lattice. Bulk ZnFe2O4 is a normal 

spinel, where Fe3+ cations antiferromagnetically coupled occupy B, and Zn2+ cations (non 

magnetic) are preferentially located at the tetrahedral A positions [25]. The occurrence of 

mixed states (i.e., Fe3+ cations in both B and A sites) in Zn ferrite nanoparticles leads to 

ferrimagnetic behavior and the occurrence of characteristic superparamagnetism in the 

nanoscale regime [26]. Regarding, Co-Zn ferrites, maximum values in the saturation 

magnetization as a function of the Zn content are reported [27, 28] and ascribed to the 

redistribution of cation distribution between the octahedral and tetrahedral sites.  

Particularly, CoFe2O4 is an inverse spinel, where Co2+ cations tend to occupy B sites. As 

Co ions are replaced by Zn, a displacement of A-Fe3+ ions to the octahedral B-sites takes 

place. Since the octahedral B sites are twice the tetrahedral A sites and assuming the 

antiferromagnetic superexchange interaction much stronger than the ferromagnetic 

exchange within each A and B sublattices, an increase in the net magnetic moment takes 

place as Zn concentration increases.  The further decay of the net magnetic moment for 

Zn-rich ferrites is ascribed to the null magnetic moment of Zn2+ ions (null value of 

unpaired 3d electrons). Furthermore, the inversion degree (distribution of octahedral and 

tetrahedral cations in the spinel lattice) also determines the semiconductor band structure, 

particularly the band gap energy and thus the irradiation wavelength to activate efficient 

visible photocatalytic activity [29, 30]. However, despite previous studies on Zn-Co 
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spinel nanoparticles, the magnetic contribution of these systems to the photocatalytic 

phenome is hardly analyzed in the literature.   

In this context, the aim of the work is to study the link between the photocatalytic 

performance of Zn-Co ferrite nanoparticles to their magnetic response, specifically the 

net magnetic moment of the spinel lattice. CoxZn1-xFe2O4 nanoparticles (0 ≤ x ≤ 1) were 

synthesized by the co-precipitation method, and their physicochemical properties were 

characterized by different structural and optical techniques (crystal structure, mean 

nanoparticle size, specific surface area, isoelectric point, optical absorption, 

photoluminescence). The results show an improvement of the visible photocatalytic 

performance (maximum degradation ratios) for Co-Zn nanoparticles (0.4 ≤ x ≤ 0.6) with 

optimum magnetic response (room temperature superparamagnetism and high net 

magnetic moment).  

 

2. Experimental Procedure 

2.1 Synthesis of photocatalysts  

Following the procedure described in [28], the synthesis of CoxZn1-xFe2O4 

nanoparticles (0  x  1) was carried out by the co-precipitation method. Briefly, 

Fe(NO3)3·9H2O, Zn(NO3)2·6H2O, and Co(NO2)3·6H2O were mixed stoichiometrically in 

an aqueous solution. Then, NaOH solution (1 M) was added dropwise under constant 

stirring until the pH was 13, allowing the precipitation and complete hydrolyzation of the 

ions. The precipitate was collected by centrifugation, washed, and dried at 50 0C 

overnight. Finally, the samples were calcined at 400 0C for 6 hours. 
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2.2 Characterization of photocatalysts 

X-ray powder diffraction (XRD) patterns of CoxZn1-xFe2O4 nanoparticles were 

recorded at room temperature on a Siemens D-5000 diffractometer with a CuKα radiation 

source and operated at 30 mA and 40 kV. Additionally, X-ray fluorescence (XRF) was 

employed to determine the composition of the samples (THERMO ELECTRON ARL 

mod. ADVANT’XP). The nanoparticle morphology and size distribution were analyzed 

through Scanning Transmission Electron Microscopy (STEM) with a high angle annular 

dark field detector, STEM-HAADF (Tecnai Field Emission Gun operated at 300 kV). 

Adsorption-desorption curves of nitrogen at 77 K were employed (Brunauer–Emmett–

Teller, BET, method) to determine the specific surface areas and pore distribution on a 

Micrometrics Gemini V (model 2365) instrument. The isoelectric point of the 

nanoparticles was characterized through the analysis of the Zeta potential at different pH 

employing HCl 0.1M and NaOH 0.1M to adjust the pH (Malvern Instruments Zetasizer 

3000). Regarding the optical characterization of the samples, Diffuse Reflectance 

Spectroscopy (DRS) were recorded by UV/Vis/NIR Jasco V-670 to evaluate the band gap 

energy calculated using the Kubelka-Munk function. A Perkin Elmer LS55 

spectrophotometer was employed in the characterization of the Photoluminescence (PL) 

emission spectra. The PL emission spectrum was recorded at room temperature in the 

range of 300 – 700 nm with an excitation wavelength of 250 nm. Finally, magnetic 

measurements were performed with a SQUID magnetometer (Quantum Design MPMS 

XL7), enabling the characterization of the temperature dependence (5 – 300 K) of the 

magnetization and the hysteresis loops of the samples. 

2.3 Photocatalytic activity measurements 

To study the photocatalytic activity of the Co-Zn ferrites in an aqueous solution, 

phenol was used as a model organic contaminant in water. The suspension of CoxZn1-
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xFe2O4 nanoparticles (pH = 7) prepared by mixing 24 cm3 of water, 1 cm3 of phenol 

solution (500 mg/dm3), and 50 mg of catalyst was stirred for 30 min and aerated (V = 5 

dm3/h) in the dark to obtained equilibrium. Then the suspension was photoirradiated with 

a 300 W Xenon lamp (Oriel). The optical path included a water filter and glass filter 

GG400 to cut off IR and Vis irradiation. GG glass filter transmitted light of wavelength 

greater than 400 nm. The photoreactor (V = 25 cm3) was equipped with a quartz window, 

and the exposure layer thickness was 3 cm. The temperature of the aqueous phase during 

irradiation was set at 20°C using a water bath. Then, aliquots collected at different times 

of reaction, with and without irradiation, were analyzed by reverse-phase high-

performance liquid chromatograph Shimadzu LC-6A (Kyoto, Japan) with photodiode 

array detector Shimadzu SPD-M20A to determine the phenol concentration. The 

measurements were performed using a C18 column (Phenomenex Gemini 5 μm; 150x4.6 

mm) working at 45 °C under isocratic flow conditions of 0.3 cm3·min-1. During HPLC 

measurements, mobile phase composed of (v/v) 70% acetonitrile, 29.5% water, and 0.5% 

orthophosphoric acid (85% w/w solution) was used at the flow rate of 0.3 cm3∙min-1. 

Toluene was used as a model air contaminant. The gaseous mixture was prepared 

by dropping a certain amount of liquid toluene into the valve of an empty steel gas tank 

and subsequently filling the tank with air until gas pressure reached 20 × 105 Pa. The 

concentration of toluene in the gas mixture was about 200 ppm. The photodegradation 

tests were carried out in a flat stainless steel reactor with a working volume of about 30 

cm3. The reactor was equipped with a quartz window, two valves, and septa. An array of 

25 LEDs ( max= 415 nm, 63 mW per diode) was applied as an irradiation source. In a 

typical photocatalytic activity measurement, a glass plate (25 mm × 25 mm) coated with 

the CoxZn1-xFe2O4 photocatalyst layer was placed at the bottom side of the reactor 

followed by closing the reactor with a quartz window. Prepared suspension of the 
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photocatalyst (0.02 g) in water was applied to the glass plate and dried at room 

temperature. In the first measuring cycle, the gaseous mixture was passed through the 

reaction space for 20 min. After closing the valves, the reactor was kept in the dark until 

toluene concentration remains stable. Then, the sample irradiation starts. The analysis of 

toluene concentration in the gas phase was performed using a gas chromatograph (Clarus 

500, PerkinElmer) equipped with a flame ionization detector (FID) and Elite-5 capillary 

column (30 m × 0.25 mm, 0.25 µm). The samples (200 µl) were dosed by using a gas-

tight syringe. Nitrogen 1 cm3/min was used as the carrier gas. 

 

3. Results and discussion 

3.1 Structural characterization 

Firstly, the crystal structure of synthesized CoxZn1-xFe2O4 nanoparticles was 

analyzed by X-ray diffraction. The structural parameters were calculated by Rietveld 

refinements [31], where patterns were fitted assuming a cubic spinel structure (Fd3തm 

space group. For the refinement, the cation positions were fixed in two crystallographic 

sites, tetrahedral A site (x=y=z=0.125) and octahedral B site (x=y=z=0.5), assuming the 

distribution of Co, Fe, and Zn in these two available crystallographic sites. The cation 

occupancy in A and B sites was refined as well as the background, 2θ zero, scale factor, 

peak profile, oxygen position, and the cell parameter. Figure 1 depicts, as examples, the 

measured and calculated X-ray diffraction patterns for x = 0, 0.3, 0.6 and 1. The samples 

display a single cubic spinel structure with the exception of x = 0 (ZnFe2O4), where a 

fraction of ZnO (P63mc space group) as secondary phase (12 wt%) is also detected. Table 

I summarizes the Rietveld fitted cell parameters of the cubic spinel (Fd3തm) for the 

calcined nanoparticles. As previously reported [28, 32-34] a decreasing trend in the lattice 

constant is found as Co content (x) increases, as a consequence of the larger ionic radius 
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of Zn2+ in comparison with the Co2+ cation. Furthermore, the relative metal composition 

for the Co-Zn mixed ferrites was checked through X-ray florescence (XRF), see Table I. 

No significant differences are detected between the nominal composition of the Co-Zn 

nanoparticles and the final composition after the calcination procedure.  

 

Figure 1. Rietveld adjustments for CoxZn1-xFe2O4 nanoparticles (x = 0, 0.3, 0.6 and 1)  (o) 
experimental and () calculated intensities. The difference between both intensities is shown at 
the bottom of the figures (). The Bragg reflections of ZnO are shown (|). 
 

 

Regarding the mean crystallite size, d, estimated through Scherrer equation, an 

opposite trend is found with x, that is, an increase as the Co content (x) increases [32, 35]. 

As Table I summarizes, d ranges from 5 to 13 nm for x = 0 and 1, respectively, confirming 

the nanometric dimensions of the calcined materials.  
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Table I. Estimated XRF cation composition, lattice parameters obtained from XRD 

Rietveld refinement, crystallite and STEM mean sizes for the CoxZn1-xFe2O4 calcined 
nanoparticles.  

  
Nominal Co 
content (x) 

Composition 
(XRF) 

Cell parameters 
(Å) a=b=c 

Crystallite size 
(nm) 

STEM mean 
size (nm) 

 0  8.428(1) 5.138(0.003) 8.91.3 
0.1 Co0.1Zn0.9Fe1.94O4 8.4105(5) 6.050(0.002) 8.41.3 
 0.3 Co0.36Zn0.64Fe2.05O4 8.408(1) 4.720(0.002) 7.11.2 
0.4 Co0.41Zn0.59Fe1.95O4 8.3594(7) 7.267(0.002) 9.01.3 
0.5 Co0.48Zn0.52Fe1.90O4 8.3781(5) 6.66(0.05) 7.91.3 
0.6 Co0.59Zn0.41Fe1.91O4 8.3879(6) 5.445(0.002) 9.21.3 
0.7 Co0.68Zn0.32Fe1.86O4 8.350(1) 7.331(0.004) 8.21.3 
0.9 Co0.89Zn0.11Fe1.87O4 8.351(1) 9.187(0.004) 13.01.4 
1.0  8.377(1) 13.072(0.008) 19.01.3 
 

 

The surface morphology and the size distribution of the CoxZn1-xFe2O4 

nanoparticles were further analyzed using STEM microscopy. STEM micrographs for 

samples with x = 1 and x = 0.3 are shown in Figure 2a-b, while the corresponding 

histograms of the nanoparticle size distribution (d: diameter) are displayed in Figures 3c-

d. Most of the CoxZn1-xFe2O4 nanoparticles are spherical except CoFe2O4, which are 

faceted (see figure 2a). The STEM analysis confirms the previous X-ray characterization, 

that is, an increasing trend in the mean nanoparticle size as Co content (x) increases. 

A slight increase in the mean d value is obtained from STEM micrographs in 

comparison with those values estimated from the X-ray Rietveld analysis (see Table I). 

These differences can be attributed to the fact that the STEM sizes are measured within 

the visible grain limits, while the X-ray estimations are correlated with the crystalline 

domain. Furthermore, a lognormal distribution properly describes the size distribution of 

the calcined nanoparticles (see solid line in Figures 2c-d). This type of distributions is 
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usually found in nanoparticle co-precipitated systems and interpreted as a consequence 

of the synthesis and the grain growth mechanisms [28, 36].   

 

 

 

 

 

 

 

Figure 2. (a) and (b) TEM images and of CoxZn1-xFe2O4 nanoparticles x = 1, x = 0.3, 
respectively; (c) x = 1 and (d) x = 3 nanoparticle size (d: diameter) distribution. 

 

The surface area (BET) of the nanoparticles represents an important parameter 

controlling the absorption capacity and thus the photocatalytic activity of the 

nanophotocatalysts [37]. Generally, a higher surface area promotes a higher 

photocatalytic efficiency as a consequence of the enhancement of the substrate adsorption 

on the photocatalyst surface prior to the activation of the photocatalytic reactions. 
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Figure 3. Nitrogen adsorption-desorption curves at 77 K for CoxZn1-xFe2O4 nanoparticles. 
 

As examples, the adsorption-desorption curves of nitrogen at 77 K for some 

selected compositions (x = 0, 0.4 and 1) are shown in Figure 3. All the nanoparticles 

display the typical hysteretic curve type V (without initial knee ascribed to the formation 

of adsorption monolayer), according IUPAC classification [38]. Table II summarizes the 

estimated BET surfaces areas and the pore distribution for the analyzed CoxZn1-xFe2O4 

nanoparticles. The samples display BET surfaces areas within 60-120 m2/g and a 

mesoporous pore distribution (values ranging from 5.8 to 15.8 nm). It is important to 

remark that no clear trend with x is detected in either BET surface or pore diameter. 
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Table II: BET surface, pore diameter and optical band-gaps for CoxZn1-xFe2O4 

nanoparticles. 

 

3.2 Optical characterization 

The bandgap of the semiconductors plays a dominant role in the photodegradation 

of organic contaminants due to the generation of electron/hole pairs as a result of the 

absorption of electromagnetic radiation. Thus, the activation of the photocatalyst in the 

visible range (wavelength  > 400 nm) requires a narrow bandgap photocatalyst with 

bandgap energy, Eg, below 3 eV.  

To estimate the bandgap energy of the calcined Co-Zn ferrites, Diffuse 

Reflectance Spectroscopy (DRS) measurements were carried out. The Kubelka-Munk 

function, F(R), was employed to determine the optical absorption of the sample through 

the diffuse reflectance, R, F (R) = 
(ଵିோ)మ

2R
. Figure 4 shows F(R) for the indicated 

nanoparticles. As Co content increases, the optical absorption shifts towards the visible 

range (see inset of Figure 4). Similar results, that is, the reduction of the band gap energy 

in Co-rich Co-Zn ferrites, have been previously reported in Co-Zn ferrites [19, 35, 39, 

40]. 

Sample BET surface 
(m2/g) 

Pore diameter 
(nm) 

Indirect Band 
Gap (eV) 

Direct Band 
Gap (eV) 

x = 0 83.4 10.6 1.75 ± 0.01 2.97 ± 0.03 

x = 0.1 92.5 8.5 1.75 ± 0.01 3.03 ± 0.06 

x = 0.3 103.9 6.1 1.55 ± 0.01 2.91 ± 0.05 

x = 0.4 66.5 6.7 1.41 ± 0.02 3.13 ± 0.05 

x = 0.5 79.8 6.0 1.75 ± 0.01 2.97 ± 0.03 

x = 0.6 82.2 7.8 1.41 ± 0.01 2.96 ± 0.05 

x = 0.7 100.1 5.8 1.43 ± 0.01 2.93 ± 0.06 

x = 0.9 124.1 8.5 1.44 ± 0.01 2.99 ± 0.05 

x = 1 68.1 15.8 1.46 ± 0.02 2.91 ± 0.04 
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Figure 4. UV-Vis absorption curves obtained from the Diffusive Reflectance Spectroscopy 
(DRS) for some selected  CoxZn1-xFe2O4 nanoparticles. 

Since F(R) is proportional to the absorption coefficient, the band gap energy can 

be calculated through the Tauc plot: (F (R)hν)α = (hν - Eg)2, where α = ½ and 2 for direct 

and indirect transitions, respectively.  

Figure 5. Tauc plots of (a) direct and (b) indirect bandgap for some selected CoxZn1-xFe2O4 

nanoparticles. 
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As examples, Figure 5 shows the obtained Tauc plots for x = 0, 0.7 and 1, for (a) 

direct and (b) indirect transitions. The bandgap values are obtained by extrapolating the 

linear regions of these plots (hν  0). The results, both direct and indirect band gaps 

energies, are resumed in Table II. As previously outlined, it can be concluded that all the 

synthesized Co-Zn ferrites present Eg values in the range of the visible light (≤ 3 eV).  

Particularly, a decreasing trend in indirect Eg with x is found. A similar behaviour is found 

in Co-Zn nanoparticles [19, 35, 39, 40], although the reported values (both direct and 

indirect band-gaps) show a wide variability linked, among other factors, to the effect of 

the inversion degree in the band gaps structures [29, 30]. 

Furthermore, photoluminescence spectroscopy, PL, can be used to obtain 

information about the lifetime of the excited and defect states. A decrease in PL intensity 

is usually ascribed to a reduction in the recombination of the photogenerated electron-

hole pairs. Figure 6a shows the PL spectrum of some selected Co-Zn ferrites, recorded at 

the excitation wavelength of 250 nm and room temperature. Three clear emission peaks 

are detected at   400 nm (violet), 490 nm (green) and 600 nm (yellow) (3.1, 2.5 and 2 

eV, respectively). The adscription of these peaks is rather controversial and they are 

correlated to different emission peaks in the literature [41, 42]. These contradictory results 

are again linked to the influence of the inversion degree in the band-gap structures [42] 

and the difficulties to control the cation distribution in the spinel structure through the 

synthesis procedure. Anyway, the PL curves were carefully analyzed through the peak 

deconvolution employing a Gaussian distribution. Figure 6b shows, the deconvolution 

obtained for the PL curve for x = 0.6. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


17 
 

300 400 500 600 700
0

20

40

60

80

100

P
L

 in
te

ns
ity

 (
a.

u.
)

(nm)

x = 0

x = 0.3

x = 1

x = 0.6

x = 0.9

(a)

 

300 400 500 600 700
0

20

40

60

P
L

 in
te

ns
it

y 
(a

.u
.)

(nm)

x = 0.6

(b)

P1

P2

P3

P4 P5

 

Figure 6. Photoluminescence spectra for CoxZn1-xFe2O4: (a) x = 0, 0.3, 0.6, 0.9, 1; (b) 
deconvoluted PL peaks for x = 0.6. Inset: Peak amplitudes as a function of x.  

 

Five peaks (P1-P5) can be detected in all the samples. Firstly, regarding the peak 

positions, P, the following mean values were obtained: P1 = 392.60.4 nm, P2 = 4404 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


18 
 

nm, P3 = 492.10.3 nm, P4 = 5251 nm, P5 = 6021 nm. No remarkable variations in 

P values were found with the Co content (x), except a slight diminution in P5 position, 

varying P5 from 604.6 to 592.1 nm for x = 0 and x = 1, respectively. This decrease is in 

good agreement with the diminution on the indirect band-gap with the Co content (x) of 

the samples. Regarding the PL peak intensity, not conclusive differences are obtained 

with x. Thus, it cannot be concluded form the PL analysis the occurrence of significant 

differences in the radiative recombination of the electron-hole pairs with x that could 

affect the photocatalytic performance of the samples.   

3.3. Magnetic characterization  

As previously outlined, the net magnetic moment in these spinel ferrites is 

determined by the cation distribution (Zn2+, Co2+and Fe3+) between the octahedral and 

tetrahedral sites. The particular inversion degree depends on different experimental 

factors such as synthesis procedure, thermal treatments, and mean grain sizes. A 

maximum value in the net magnetic moment and the saturation magnetization is reported 

in these Co-Zn ferrites for intermediate compositions (i.e., 0.3 ≤ x ≤ 0.7) [27, 28, 43]. 

Such behavior can also be concluded from Figure 7a, where the high field magnetization, 

M6T, (applied field 0H = 6 T) is plotted versus temperature, T, (5 K – 300 K) for some 

selected compositions. Maximum high field magnetization is achieved at 5 K for the 

samples with x = 0.6. However, as previously reported [28], Zn-rich compositions show 

a certain degree of magnetic frustration at low temperatures. In particular, high field M(T) 

curves departure from the characteristic Bloch’s law (continuous decay with T), 

displaying a peak (maximum value) at a certain temperature. In fact, this behavior in M6T 

is clearly visible for x = 0 (Zn ferrite), displaying a peak in the magnetization around 30 
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K. As Zn decreases (increase in x) the maximum shifts towards lower temperatures, 

almost vanishing for x ≤ 0.7 in the analyzed measuring range (T  5 K).  
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Figure 7: (a) Temperature dependence of the high field magnetization (M6T) for the CoxZn1-

xFe2O4 nanoparticles (µ0H = 6 T); (b) () saturation magnetization, M0, obtained from the Bloch’s 
law; () the number of Bohr magnetons, nB, per formula unit and () the experimental high field 
magnetization (µ0H = 6 T) at 300 K. 
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Thus, to estimate the effective saturation magnetization, the high field 

magnetization was fitted in the low temperature range (50 K < T < 150 K) to the Bloch’s 

law: 𝑀଺் = 𝑀଴ (1 − 𝐵𝑇௡), with M0 the magnetization at 0 K, B the Bloch constant and 

n a parameter which value depends on the size of the particles. For x ≤ 0.7 the best fitting 

is obtained for n = 3/2 (bulk value), while a slight increase in n ( 2, typical of nanometric 

systems) should be considered for Co rich samples. Regarding the Bloch constant, an 

almost linear decrease is found with x, ranging B between 1.5×10-4 K-1  to 0.7×10-4 K-1 for 

x = 0 and x = 0.7, respectively. Similar range of values (10-4 - 10-6) are reported in different 

spinel ferrite nanoparticles [42, 44]. A further increase in the Co content (x  0.9) 

promotes a sharp decrease in B ( 10-7) clearly visible through the smoother decrease in 

the magnetization versus T (see Figure 7a). Figure 7b shows the estimated M0 as a 

function of the Co content in the nanoparticles together with the number of Bohr 

magnetons, nB, per formula unit (𝑛஻ =
ெబ ெೢ

ହହ଼ହ
; 𝑀௪: molecular weight). The results confirm 

the previously outlined conclusions, that is, maximum M0 and nB values for x = 0.6. 

Furthermore, the marked decrease in B for Co-rich spinels (x  0.7) leads to maximum 

high field magnetization values at 300 K for x  0.6.  

With respect to the low field magnetization, the samples show for x ≤ 0.5 the 

characteristic curves of an assembly of superparamagnetic nanoparticles with blocking 

temperature, TB, below 300 K (i.e. peak in the Zero-Field-Cooled (ZFC) magnetization 

curves around TB and anhysteretic M-H hysteresis loops for T > TB, see Figures 8a and 

8b, respectively). As Figure 8a shows, where the ZFC-FC magnetization curves (applied 

magnetic field = 50 Oe) are plotted for x ≤ 0.6, a general increase in the effective TB with 

the Co content (x) can be deduced. Despite TB is controlled by different parameters 

(magnetocrystalline anisotropy, nanoparticle interactions or nanoparticle size 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


21 
 

distribution), its increasing trend with x should be ascribed to the increase in the 

nanoparticle volume (increase in d, see Table I).  
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Figure 8: (a) ZFC-FC magnetization curves (50 Oe and (b) Room temperature hysteresis 
loops for the indicated CoxZn1-xFe2O4 nanoparticles. Inset: enlargement of the low field region. 

 
Note that the superparamagnetic behavior at 300 K can be further checked through 

the occurrence of anhysteretic M-H hysteresis loops (see Figure 8b). As the inset of this 
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Figure shows, negligible remanence and coercive field are found for nanoparticles x < 

0.6. The superparamagnetic behavior is of relevance considering the photocatalytic 

applications, enabling a better dispersion of the nanoparticles in the absence of an external 

applied magnetic field. Additionally, the increase in x (increase in Co content) leads to a 

parallel increase in the initial magnetic susceptibility (H  0) at 300 K correlated to the 

increase in the saturation magnetization. Thus, the application of an external magnetic 

field would enable an efficient magnetic separation as a result of the high magnetic 

susceptibility of these superparamagnetic entities. 

3.4 Photocatalytic activity  

Prior to the photocatalytic characterization, the nanoparticles' stability in aqueous 

dispersion was analyzed through the analysis of the electrostatic charge of the 

nanoparticles. Particularly, the nanoparticles' Zeta potential was characterized as a 

function of the pH of the medium. The isoelectric point (IEP) is defined as the pH at 

which the Zeta potential achieves a net value of zero. Thus, higher pH values give rise to 

a negative surface charge, while lower pH values than IEP lead to a positive surface 

charge. The nanoparticles display a similar behavior, with a mean value IEP = 4.2  0.1. 

Therefore, it can be concluded that for acidic conditions, nanoparticles are positively 

charged, while for pH  4 they display a negative electrostatic charge. Since the 

photocatalytic experiments were performed at pH neutral (pH = 7), a negative charge 

should be assumed on the nanoparticle surface. As a weak acid with pKa equal to 10, 

phenol was present in the solution with a pH of 7, mainly in the molecular form, and the 

suspensions of all tested particles were stable and did not agglomerate during the 

photocatalytic reaction. Moreover, due to the similarity between IEP of the nanoparticles, 

no remarkable variations should be expected in the interparticle interactions (dispersion) 
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or substrate adsorption (i.e., phenol) between the different compositions correlated to 

their electrostatic charge. 

Focusing on the photocatalytic response, phenol photodegradation was firstly 

investigated employing the Co-Zn nanoparticles under the same reaction conditions. First, 

the changes in the phenol concentration (% phenol = ቀ
஼బି஼೑

஼బ
ቁ × 100; 𝐶௙ and 𝐶଴ are the 

final and initial phenol concentrations, respectively, measured through HPLC, were 

evaluated under dark for 2 hours.  The results show a decrease in 𝐶௙ that should be 

ascribed to the phenol adsorption on the photocatalysts surface under dark (see solid bars 

in Figure 9a). Particularly, maximum adsorption (around 25 %) is found in the Co ferrite 

(CoFe2O4) that, according to the previous physicochemical characterization, could be 

correlated with its largest pore diameter (see Table II). However, enhanced dark 

adsorption is also found for x = 0.4 and x = 0.5 nanoparticles (20 and 15%, respectively) 

that cannot be ascribed to any of the previously analyzed physicochemical parameters. 

Hereafter, similar experiments were performed under visible light radiation (Xenon lamp 

with 400 nm cut-off filter) for 2 hours (Figure 9a, striped bars). As the content of cobalt 

increases, % phenol raises up to a maximum (% phenol  30% for 0.4 ≤ x ≤ 0.6) with the 

following decay for x ≥ 0.7. Surprisingly, these samples also display maximum values of 

the saturation magnetization and net magnetic moment (see Figure 7b).  

In order to compare the optimization of the photocatalytic performance for these 

intermediate compositions, CoxZn1-xFe2O4 nanoparticles with x = 0.1, 0.4, 0.6 and 0.9 

were tested for gas phase toluene degradation. A similar procedure (comparison under 

dark and under irradiation) was performed. The toluene degradation was analyzed 

through % toluene = ቀ
஼బି஼೑

஼బ
ቁ × 100, with 𝐶௙ and 𝐶଴ the final and initial toluene 

concentrations, respectively, measured through a gas chromatograph. In this case, light 
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irradiation (LEDs) with 415 nm was employed during different times until the toluene 

concentration remained stable. 

 

Figure 9. (a) Phenol photodegradation (% phenol) and (b) iToluene photodegradation (% 
toluene) n the presence of CoxZn1-xFe2O4 nanoparticles under dark (solid bars) and under radiation 
(striped bars). 
 

Figure 9b compares the maximum % toluene in dark conditions (solid bars) versus 

irradiation striped bars). Again, maximum toluene photocatalytic degradation (under 

irradiation) is achieved for 0.4 ≤ x ≤ 0.6 nanoparticles. 

 

5. Discussion 

Firstly, regarding the proposed photocatalytic applications, it can be concluded 

that those compositions with 0.4 ≤ x ≤ 0.6 display optimum magnetic response, that is, 

superparamagnetic behavior at 300 K that reduces nanoparticle aggregation and high net 

magnetic moment to ensure an efficient magnetic separation. Furthermore, these samples 

are characterized by maximum degradation both for phenol and toluene (see Figure 9). 
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Thus, the simultaneous optimization on the magnetic and photocatalytic response 

provides relevant characteristics to these spinel ferrites, not only from an applied 

perspective but also in the analysis of the intrinsic factors that control the photocatalytic 

response. 

 Previous works in Co-Zn nanoparticles also report the occurrence of enhanced 

photocatalytic degradation for intermediate (mixed) compositions, but the main origin is 

ascribed to different physicochemical parameters without a common conclusive 

discussion [32, 33, 35, 45, 46]. In fact, within the present study, none of the analyzed 

physicochemical parameters (with the exception of the net magnetic moment and 

saturation magnetization) could explain the detected enhancement of the photocatalytic 

performance for the particular compositional range (0.4 ≤ x ≤ 0.6). Neither the lattice 

parameter, mean nanoparticle size, BET surface area and pore diameter, energy bandgap, 

photoluminescence (PL) response or IEP display an evolution with the nanoparticle 

composition that could justify the detected enhanced the photocatalytic degradation for 

intermediate values of x. Notice that, even the employ of different substrates (phenol or 

toluene), different irradiation conditions (Xenon lamp with 400 nm cut-off filter or 415 

nm LED) and experimental configuration (aqueous solution or gaseous phase) do not alter 

the above conclusion. Although the reduction of the bandgap energy for Co rich 

nanoparticles would explain the improvement of the photocatalytic performance within 

the visible range, it could not justify the observed optimization for intermediate Co-Zn 

compositions and the decrease of the maximum pollutant degradation for Co rich 

nanoparticles. However, the net magnetic moment of the spinel ferrites clearly shows 

maximum values within this optimum photocatalytic response range. Therefore, the 

crucial point is to analyze whether the net magnetic moment or the saturation 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


26 
 

magnetization of the photocatalyst could have associated an intrinsic enhancement in the 

photocatalytic response. 

 As previously outlined (see Introduction), the application of external magnetic 

fields (B) has been previously reported as an effective strategy to enhance the 

photocatalytic performance [8-16]. When B is applied to paramagnetic or diamagnetic 

photocatalysts, both contributions of the Lorentz forces and the Magnetohydrodynamic 

(MHD) effects should be taken into consideration. In the case of Lorentz forces 

(𝐹௅  𝑞𝑣𝐵, being q and v the charge and velocity of the charged species, respectively), 

magnetic field modifies the dispersion and distribution of chemical radicals (i.e. OH-). 

Additionally, these magnetic forces can also suppress the carrier recombination as a 

consequence of the charge (electron-hole) separation [47, 48]. With respect to the MHD 

effects, the magnetic forces mainly act on paramagnetic species and molecules (i.e. 

dissolved oxygen) due to the occurrence of magnetic field gradients in the media 

(𝐹௅  𝐵𝛻𝐵) [11]. Both Lorentz and MHD forces not only affect the photocatalytic 

reactions but also control the adsorption processes on the catalyst surface. Furthermore, 

the occurrence of spin selectivity effect between the spin of the radicals (i.e. OH) and the 

catalysts is also proposed as a controlling factor on the photocatalytic reactions. In fact, 

spin polarization is proposed as the key factor controlling the magnetic field enhancement 

in defective TiO2 based photocatalysts [15, 16] and spinel Zn ferrite [49]. However, the 

radial-pair mechanism is also invoked as the main origin of the enhancement on the 

photocatalytic performance under moderate magnetic field strengths [11, 50, 51]. These 

models, included within the spin chemistry, are based on the fundamental principle of the 

conservation of the total spin in chemical reactions [52]. Thus, a radical pair, formed due 

to bond breaking by photoexcitation or by charge transfer with donor or acceptors, is a 

short-lived reaction intermediate comprising two radicals formed in tandem that can exist 
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in a singlet (S) or triplet (T) states. Recombination to form the diamagnetic zero spin 

molecule takes place from the reactive S state, while spin changing to the nonreactive 

triplet state would lead to a reduction in the recombination radical pair rate. Different 

factors could modify S  T radical pair conversion (hyperfine coupling, spin-orbit 

interaction, interaction with microwaves, exchange interaction with a third spin carrier).In 

fact, the application of external magnetic fields would modify the singlet-triplet 

conversion, leading to stable triplet pairs able to interacting with the organic pollutants. 

However, photocatalysis is a very complex process involving different factors 

governing the degradation of the organic molecules, where the generation of free active 

radicals can be considered as the last stage of the process. However, irrespectively of the 

actual mechanism responsible of the magnetic field effect, its contribution is 

unquestionable in view of the latest reported results [8-16, 49-51]. The present study 

clearly shows a link between the enhanced photocatalytic degradation and the increase in 

the net magnetic moment of the nanophotocatalysts. In fact, similar enhancements in the 

(photo)catalytic and electrocatalytic response with the catalyst magnetization can be 

found in the literature, although its correlation with the net magnetic moment (saturation 

magnetization) is not directly stated [53-56]. Whether the analyzed photocatalytic 

enhancement in these Co-Zn is related to the “effective” magnetic field associated with 

their intrinsic magnetization, interacting with the chemical species involved in the 

photocatalytic processes, or to the spin polarization state of the photoexcited electron-

holes in the semiconductor photocatalysts, is open for discussion. Anyway, the present 

results supports a new research strategy in developing highly efficient photocatalytic 

materials, where the intrinsic magnetic contribution associated to the ferri or 

ferromagnetic nature of photocatalysts would play an outstanding role.  
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4. Conclusions 

The photocatalytic performance of Co-Zn spinel ferrite nanoparticles has been 

analyzed, focusing on the correlation with their magnetic response. CoxZn1-xFe2O4 

nanoparticles, obtained by the co-precipitation method, show mean grain sizes and lattice 

parameters that inversely evolve with the Co concentration (increase and decrease, 

respectively). The nanometric size gives rise to superparamagnetism at room temperature 

that prevents nanoparticle aggregation and enhances the nanoparticle’s stability in 

aqueous media. Furthermore, due to the mixed inversion character of the spinel ferrites, 

a maximum value of the net magnetic moment (saturation magnetization) is found for 0.4 

≤ x ≤ 0.6. Remarkable maximum degradation efficiencies under visible irradiation for 

both phenol and toluene are found in the same compositional range. This behavior cannot 

be explained, considering the comparative analysis of characteristic physicochemical 

parameters (specific surface area, isoelectric point, bandgap energy, photoluminescence). 

Thus, the effect of the intrinsic magnetic contribution linked to the magnetization of the 

nanoparticles is proposed as the main origin of photocatalytic enhancement.  
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