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A B S T R A C T

NixCo1-xFe2O4 nanoparticles were synthesized by precipitation method and developed as bifunctional nano
particles for photocatalytic and supercapacitor applications. The crystalline structure and gradual changing of 
the cell parameters by substituting Ni2+ ions into the Co-ferrite lattice were confirmed by XRD. Raman analysis 
shows that the Co2+ ions partially substitute Fe3+ ions in tetrahedral sites, and the substitution with Ni2+ ions 
lead to a rearrangement of cations on octahedral sites. The samples have a mixture of spherical and rectangular 
shapes with an average size between 4 and 14 nm for Ni-ferrite and Co-ferrite, respectively. All the samples are 
ferromagnetic at room temperature; both magnetic phases were evidenced by EPR spectroscopy. In substituted 
Co ferrite, 80 % Ni was identified as the optimum amount, ensuring the best photocatalytic activity against RhB 
solution under visible irradiation. The photocatalytic mechanism was explained, considering that the samples 
generate only superoxide radicals under visible light. The sample with the best photocatalytic performance was 
combined with PVDF membrane to enhance its hydrophilicity and self-cleaning properties. Additionally, Ni-Co 
ferrite nanoparticles were studied as electrode materials in symmetrical supercapacitor devices. Electrochemical 
characteristics indicate good performance and cycling stability and confirmed an appreciable increase in specific 
capacitance by substituting Co2+ with Ni2+ ions.

1. Introduction

The rapid development of the economy has led to different envi
ronmental issues, which caused serious threats to the long-term devel
opment of human society [1]. Releasing toxic compounds like dyes, 
rubber, plastic, aromatic materials, and paper in water leads to health 
risks for humans [2]. Due to the concern related to the increase in 
pollution, environmental standards are becoming stricter [3]. Therefore, 
finding environmentally friendly technologies for environmental reme
diation and good actions for sustainable clean energy development is 
crucial. Photocatalysis, an advanced oxidation process that occur on the 
semiconductor surface, show great application potential in the field of 
energy and environmental such as generation of hydrogen (H2) by water 
splitting (H2O) [4], producing electric energy using solar energy by 
means of photoelectrochemical cell [5], photodegradation of organic 
pollutants [6], reducing the carbon dioxide (CO2) to fuels [7]. The 
photocatalysis process can be explained using energy band theory [8]. 

At absolute zero, the valence band (VB) is completely occupied with 
electrons; when the semiconductor is excited with energy higher or 
equal with the band gap energy (Eg), the photogenerated electrons jump 
from the VB of the semiconductor to the conduction band (CB), leaving 
holes in the VB [9]. Therefore, photogenerated holes and electrons 
participate in the redox reaction at the semiconductor surface [10]. For 
degradation of organic pollutants, holes can oxidize pollutants directly 
or react with H2O/OH− generating hydroxyl radicals (•OH− ), while the 
electrons interact with the adsorbed oxygen (O2) from the photocatalyst 
surface, generating superoxide radicals (• O−

2 ), which can contribute to 
the degradation of pollutants.

Spinel ferrite nanoparticles are promising materials in photocatalysis 
due to their narrow band gap energy (1.1–2.3 eV), which can utilize 
visible light [11]. Ferrite nanoparticles with superparamagnetic 
behavior can be synthesized by wet chemical method and are chemically 
stable, and cost-effective. Additionally, it shows ferromagnetism at room 
temperature, which enables the photocatalyst to be magnetically 
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separated from the pollutant solution. Ferrite nanoparticles’ catalytic 
and magnetic properties are very sensitive to the chemical composition 
and synthesis parameters [12].

The spinel structure of ferrites AB2O4 is cubic, with closely packed O 
atoms having the octahedral (B) and tetrahedral (A) sites occupied by 
Fe3+ and metal ions (M2+), respectively. This structure is known as a 
normal spinel structure. Also, Fe3+ may occupy the tetrahedral (A) site, 
and the octahedral (B) sites can be shared by M2+ and Fe3+ ions. Such 
structures are named inverse spinel, illustrated as B(AB)O4 [13]. In this 
structure, the redox pairs Fe3+/Fe2+ and M3+/M2+ are present, allowing 
the fast charge transfer via hopping processes between different valence 
states cations at relatively lower activation energy [14].

CoFe2O4 and NiFe2O4 are known as inverse spinel structures, with 
the tetrahedral A sites occupied by half of the Fe3+ cations. In contrast, 
the B sites are shared by the rest of the Fe3+ and Ni2+ or Co2+ cations 
[15]. The metals substitution represents a strategy to enhance optical, 
electrical, magnetic, and photocatalytic properties, which depend on the 
doping degree and the distribution of ions in the ferrite network 
[16–18]. By substituting with various metal (Cu, Mg, Eu, Gd, Dy, Nd) 
ions, an increase in the photocatalytic degradation of organic pollutant 
was reported in the literature [19–22]. By substitution, defects are 
generated in the ferrite nanoparticles, which, together with the reduc
tion of the band gap and the size of the nanoparticles, lead to a more 
efficient separation and a facile transfer of the photogenerated charges. 
Moreover, the existence of several possible channels for electron 
self-trapping due to the multivalent oxidation states of Fe and 
substituting metal ions drive a better separation of the photogenerated 
electron-hole pairs (e− -h+) and a higher photocatalytic activity [23].

One of the significant drawbacks of powder-form photocatalysts is 
their potentially harmful effects, which remain a topic of debate. If not 
handled properly, these particles can be released into the environment 
and may interact with living organisms. Their size is comparable to that 
of biological molecules, like proteins, allowing them to potentially enter 
the human body. Even low concentrations of 5–50 μg/L can lead to 
physiological and chromosomal modification, and oxidative stress [24]. 
Consequently, slurry reactors are not appropriate for extensive photo
catalytic applications. This concern highlights the need to immobilize 
photocatalysts on supports to mitigate these risks [25]. Recently, various 
inert materials such as glass, ceramics, polymeric and quartz fibers, 
silica gel, cement, cellulose membranes, etc. have been employed as 
supports for powder photocatalysts [26].

The integration of photocatalysts with polymeric membranes is 
referred to as photocatalytic membrane reactors. This innovative 
configuration combines the functions of photocatalysis and membrane 
separation within a single device. It holds significant promise for 
addressing the challenges of separating catalyst particles in demanding 
systems and recovering them during wastewater treatment. As a result, 
photocatalytic membrane reactors retain the benefits of photocatalytic 
technology for degrading high concentrations of persistent organic 
waste, while also offering advantages such as non-selectivity, rapid re
action rates, and complete degradation [27].

Among polymer membranes, those based on polyvinylidene fluoride 
(PVDF) have emerged as a promising option for wastewater treatment, 
thanks to their excellent mechanical strength, effective separation of 
organic matter—including carbohydrates and proteins—and high 
resistance to oxidizing agents [28]. However, fouling remains a signif
icant challenge for the large-scale application of membrane technology. 
The hydrophobic nature of PVDF membranes contributes to fouling on 
their surface, leading to a marked decrease in permeate flux, a reduced 
membrane lifespan, and the need for regular cleaning, which in turn 
increases energy consumption and operational costs [29]. Most standard 
polymeric membranes struggle to address these fouling issues, particu
larly for long-term applications. Consequently, many studies have 
focused on developing photocatalytic membranes with self-cleaning 
properties. By incorporating suitable photocatalytic materials, these 
membranes can be engineered to mitigate fouling through 

photocatalytic degradation processes [30]. Recently, the integration of 
photocatalytic materials into the membrane matrix has garnered 
considerable interest due to their cleaning capabilities [31].

Besides their magnetic and photocatalytic properties, the ferrite 
materials demonstrated low eddy current losses along with high re
sistivity, impacting the next generation of energy storage devices [32,
33]. Between energy storage devices, supercapacitors are very attractive 
because of their high-power densities, excellent cyclic stability, and fast 
charging, being an alternative to batteries due to their applications in 
mobile electronic devices and memory backup systems [34,35]. A study 
on the supercapacitive behavior of metal ferrite (Co, Ni, Mn, Cu, Zn) was 
done previously and shows that CoFe2O4 has the highest specific 
capacitance [35]. The specific surface area, the mesoporous surface, and 
the electron hopping between the cations were reported as the main 
factors influencing the ferrite supercapacitor behavior. By substituting 
the metal ferrite with various ions, an improved supercapacitor perfor
mance was reported due to the enhancement of the electrochemically 
active sites [36,37].

In the present study, the precipitation method was utilized to prepare 
the Co ferrite substituted with Ni ions (NixCo1-xFe2O4, x = 0, 0.2, 0.4, 
0.6, 0.8, and 1), which is a simple and cost-effective process to synthe
size metal oxide nanomaterials with a controllable doping process. 
Therefore, the required quantities of dopants can be inserted into the 
chemical solution and incorporated into the final product. By 
substituting Co ferrite with different Ni content was aimed to modulate 
photocatalytic and electrochemical performances through the variation 
of cations distribution at octahedral and tetrahedral site position, which 
is essential in charge transfer processes involved in above applications. 
Thus, the morpho-structural, optical, and ferromagnetic properties 
along with photocatalytic and electrochemical properties of the pre
pared ferrites are presented and discussed. The visible light photo
catalytic property of the samples was investigated following the 
photodegradation of Rhodamine B (RhB), a synthetic solution. By 
correlating the structural, optical characteristics with the photo
generated reactive oxygen species (ROS) evidenced by Electron Para
magnetic Resonance (EPR) coupled with spin trapping method and 
scavenger’s experiments, the photocatalytic mechanism was proposed. 
Additionally, the substituted ferrite with the best photocatalytic per
formance was combined with PVDF membrane to enhance its hydro
philicity and self-cleaning properties. Also, the electrochemical 
characteristics of Co ferrite substituted with Ni ions samples show their 
potential to be used in the field of supercapacitor applications.

2. Experimental

2.1. Materials

The nickel-substituted CoFe2O4 (NixCo1-xFe2O4) nanoparticles were 
synthesized starting from iron nitrate nonahydrate - Fe(NO3)3⋅9H2O (98 
% Alfa Aesar), cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O (98 % Alfa 
Aesar), nickel nitrate hexahydrate - Ni(NO3)2 × 6H2O (for synthesis Alfa 
Aesar), sodium hydroxide - NaOH (97 % Alfa Aesar), oleic acid (Merck) 
and absolute ethanol (p.a., Alpha Aesar). The aqueous solutions were 
prepared using Milli-Q water by the Direct-Q 3UV system (Millipore, 
Bedford, MA). All the chemicals used in this research, including the 
solvents and reagents, were analytical grade and required no additional 
purification.

2.2. Sample preparation

2.2.1. Nanoparticles synthesis
NixCo1-xFe2O4 nanoparticles were obtained following the precipita

tion reaction. In 100 ml of distilled water, stoichiometric amounts of 
cobalt nitrate hexahydrate Co(NO3)2 × 6H2O and separately nickel ni
trate hexahydrate Ni(NO3)2 × 6H2O were dissolved to generate two 
solutions. Following dissolution, both solutions were mixed and exposed 
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to another 30 min of ultrasonication until a homogenous mixture was 
achieved. Subsequently, a brown precipitate was obtained by adding a 2 
M NaOH sodium hydroxide solution to this mixture under continuous 
stirring until pH = 12. After adding 2 ml of oleic acid, the mixture was 
mixed continuously for an additional hour. After multiple washes with 
double-distilled water-alcohol (v:v 1:1), the precipitate was dried in an 
oven at 70 ◦C for an average of 12 h. Finally, the powder was calcined for 
2 h at 600 ◦C. Scheme 1 depicts schematically the steps involved in 
synthesizing the NixCo1-xFe2O4 nanoparticles. Several samples were 
developed, each one containing various amounts of Co substituted by Ni, 
in the following order: CoFe2O4, Co0.8Ni0.2Fe2O4, Co0.6Ni0.4Fe2O4, 
Co0.4Ni0.6Fe2O4, Co0.2Ni0.8Fe2O4, and NiFe2O4, abbreviated in the 
following as CF, CF-20%Ni, CF-40%Ni, CF-60%Ni, CF-80%Ni, and NF, 
respectively.

2.2.2. Membranes preparation
The PVDF membrane was obtained using the phase inversion method 

starting from 15 % PVDF powder, 5 % polyethylene glycol (PEG-400) as 
pore formers and N, N-demethylformamide (DMF) as solvent. The 
hybrid PVDF-CF-80%Ni membrane contains also 3 % CF-80%Ni nano
particles. The established amounts of PVDF, PEG and DMF were 
magnetically stirred 24 h at 60 ◦C until the polymer is completed 
dispersed. To obtain the hybrid membrane, after polymer dissolution the 
nanoparticles were blended using a mechanical stirrer until the solution 
become homogenous. In the following step, the mixture was kept at 
60 ◦C without stirring to eliminate the air bubbles. The degassed mixture 
was deposited on a substrate using an MSK-AFA-III thin film applicator. 
Then, a magnetic bar (1.4 T) was kept perpendicular to the surface of 
membrane to manipulate the CF-Ni80 % nanoparticles towards the 
surface. The membrane was deep in a coagulation bath to be separated 
from the substrate.

2.3. Characterization techniques

For ICP-OS analysis, the solid samples were priory exposed to 
microwave-assisted acid digestion in a Berghof Speedwave Entry mi
crowave equipped with 10 high-pressure TFM™-PTFE-quartz vessels 
that allowed maximum pressure and temperature of 40 bar and 230 ◦C, 
respectively. The digestion procedure involved adding 0.0145 g of each 
sample into a 1:1 mixture of 37 % HCl and 69 % HNO3. Afterwards, the 
microwave protocol followed a four-step heating trend starting from 
75 ◦C to 180 ◦C. After cooling, the decomposed samples were diluted up 
to 50 mL with ultrapure water and further analyzed. An inductively 
coupled plasma-optical emission spectrometer PlasmaQuant 9100 Elite 
High Resolution ICP-OES equipped with an Echelle double mono
chromator, a concentric borosilicate nebulizer, a borosilicate glass 

cyclonic spray chamber and a V Shuttle Torch with 2 mm quartz injector 
was used to quantify the metal concentrations in the digested samples. 
The spectrometer was coupled to a Cetac ASX 560 Autosampler with 240 
positions. The axial configuration was employed to identify the elements 
at the following spectral lines: Mn II 257.610 nm and Zn II 206.200 nm. 
Argon was used for plasma generation and as auxiliary and nebulization 
gas at a flow rate of 15, 0.50, and 0.60 l/min, respectively. Ultrapure 
water and 1000 mg/L multi-element standard solution IV were used to 
prepare the 7 stock solutions for calibrations. All measurements were 
performed in triplicate and 2 QC standards were selected for the 
analysis.

A Rigaku-SmartLab automated multipurpose X-ray Diffractometer 
was used for X-ray diffraction analysis. The X-ray diffractograms were 
performed using the following parameters 45 kV, 200 mA, using Cu-Kα 
radiation. The diffraction patterns were recorded in a step-scanning 
mode with steps of Δθ = 0.02◦, in the 2θ range 10–80◦. The PDXL2 - 
Integrated X-ray powder diffraction software was used to process the 
diffractiograms.

A Micromeritics TriSTAR II 3020 Surface Area and Porosity Analyser 
was used to evaluate the specific surface area and porosity of decon
taminated samples free of moisture or other adsorbents. Adsorption- 
desorption isotherms were recorded around the boiling point of nitro
gen (77 K). Gas pressure was gradually increased until it reached satu
ration, when the adsorbate (N2) condensed inside the particle pores.

The Raman spectra were measured with a 532 nm excitation from a 
frequency doubled Nd-YAG laser, at room temperature, using a Labram 
HR spectrometer equipped with a microscope (50× objective). A 600 
mm− 1 grating was used, and the spectra were collected with an accu
mulation time of 10 s and 60 repetitions.

Scanning transmission electron microscopy (STEM) was utilized to 
analyze the morphology of the nanoparticles. The STEM investigation 
was performed using a Hitachi SU8230 microscope equipped with a cold 
field emission gun that accelerates the electron at 200 kV.

Electron paramagnetic resonance (EPR) spectroscopy experiments 
were accomplished on a Bruker E− 500 ELEXSYS spectrometer, using Q- 
band microwave bridge (33.9 GHz) at room temperature: microwave 
power 1.39 mW, modulation frequency of 100 kHz and X-band (9.52 
GHz) in the temperature range between 110 and 500 K under identical 
conditions: microwave power 0.635 mW, modulation frequency of 100 
kHz.

Reflectivity spectra were obtained using a JASCO V570 UV–VIS–NIR 
Spectrophotometer having an absolute reflectivity measurement JASCO 
ARN-475 accessory. The absorption spectra were achieved using an in
ternal soft of the spectrometer.

Scheme 1. Illustration of the steps involved in synthesizing NixCo1-xFe2O4 nanoparticles.
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2.4. Photocatalytic activity evaluation

The photodegradation of the RhB and phenol pollutant was per
formed using a homemade laboratory-visible-reactor equipped with an 
ultrasonic bath and a 400 W halogen lamp (Osram). The ferrite nano
particles (6 mg) were dispersed in a 12 ml pollutant (RhB: 1.0 × 10− 5 

mol/l, phenol: 0.7 × 10− 4 mol/l) solution, and then the obtained solu
tion was stirred in the dark for 60 min to attain the adsorption equi
librium. Each photocatalytic experiment was continuously performed 
for 300 min. Every 60 min, a part of the resulting solution (3.5 ml) was 
examined using a UV–Vis spectrophotometer. The photocatalytic ac
tivity was evaluated by recording the pollutant-specific maximum 
absorbance and is calculated using the following equation: 

Photocatalytic activity (%)=

(

1 −
Ct

C0

)

x 100 (1) 

where Ct and C0 represent the pollutant concentration at time t and time 
t = 0, respectively. A calibration curves was used to calculate the 
pollutant concentration corresponding to the measured absorbance 
(Fig. S1).

2.5. Reactive oxygen species (ROS) evaluation

EPR spectroscopy coupled with the spin-trapping method were used 
to monitor the ROS generation. As a spin-trapping reagent, 5,5- 
Dimethyl-1-pyrroline N-oxide (DMPO) was used. The ferrite nano
particles (10 mg) were mixed in DMSO (1 ml) and dispersed in an ul
trasound bath (30 min). Further, DMPO of 0.2 M concentration was 
appended to the above mixture. The obtained solutions were transferred 
into the quartz capillary tubes for liquid measurements and subjected to 
visible irradiation.

2.6. Electrochemical measurements

The electrochemical characteristics were examined utilizing a Bio
logic VMP300 potentiostat. The electrochemical behavior was assessed 
using various techniques, including electrochemical impedance spec
troscopy (PEIS) under potentiostatic conditions, cyclic voltammetry 
(CV), and galvanostatic cycling with potential limitation (GCPL). The 
PEIS investigation utilized a 1M LiPF6 electrolyte with a glass fiber as a 
separator in a symmetric configuration, employing a frequency range 
ranging from 10 mHz to 1 MHz. The investigation of the CV was con
ducted using a scan rate range of 1–200 mV/s, with an applied voltage 
window range of 0V–2.5 V. The investigation conducted using the GCPL 
method involved the examination of supercapacitors that had been 
designed using Ni-Co ferrite nanoparticles. During this analysis, a range 
of current densities was applied, spanning from 0.1 A/g to 2.4 A/g. 
Equation (2) was utilized to evaluate the specific capacitance (Cs). 
Equations (3) and (4) were employed to calculate the fabricated elec
trode’s energy and power densities, respectively. 

Cs, =

∫ V2
V1

I(V)dV
2mvΔV

(2) 

Energy Density, E=
0.5*Cs*ΔV2

3.6
(3) 

Power Density,P=
E

(Δt/3600)
(4) 

where, Cs represents the specific capacitance in Farads per gram (F/g), 
ΔV denotes the maximum potential window in volts (V), E represents the 
energy density, and Δt signifies the discharge period.

3. Results and discussions

3.1. Elemental, structural and morphological characterization

ICP-OES analysis was performed to verify the elemental composition 
of the samples. The molar concentration of the cations presents in the 
sample is displayed in Table 1. The molar percentage of Ni was evalu
ated as the ratio between the molar concentration of Ni and the sum of 
Ni and Co molar concentrations, and the obtained values follow the 
ratios established in the synthesis.

Structural information about the crystalline phases was obtained by 
X-ray diffraction, and the diffractograms are presented in Fig. 1a.

All diffraction patterns are indexed in the Fd3m space group with 
cubic symmetry (DB card No. 01-077-9720) without any trace of im
purity. Increasing the Ni content broadens the diffraction peaks, 
meaning that the mean crystallite sizes decrease with the increase in the 
Ni content. To identify the influence of the Ni content on the lattice 
structure of CoFe2O4, cell parameters, unit cell volume, and crystallite 
mean sizes were calculated using the Rietveld refinement and 
Williamson-hall method, respectively. The obtained values are sum
marized in Table 2.

As can be observed from Table 2, the cell parameter and, conse
quently, the unit cell volume are smaller compared with the corre
sponding one for CF. Excepting the CF-40%Ni, a linear decrease of the 
cell volume with the increase of Ni concentration is observed. The cell 
volume decrease was expected since the ionic radius of Ni2+ (0.69 Å) is 
smaller than Co2+ (0.74 Å). The small increase of the CF-40%Ni cell 
volume can probably be due to the redistribution of Ni cations between 
the tetrahedral and octahedral sites of the spinel structure, taking into 
account that the size of the octahedral B-site is larger than the size of the 
tetrahedral A-site, [38,39]. The crystallite’s mean size dimensions, D, 
decrease by increasing the Ni content, from 14 nm for CoFe2O4 to 4 nm 
for NiFe2O4. Similar behavior was previously reported and attributed to 
the smaller radius of the ion replacing the cations in the ferrite [40].

Additional structural information was obtained by Raman spectros
copy. In Fig. 1b are shown the Raman spectra of the investigated samples 
to obtain more information about the microstructure variation. As was 
stated above, the crystalline structure of Ni-Co ferrites belongs to cubic 
symmetry, and the theoretical analysis predicts five active optical modes 
in Raman, known as A1g, Eg and three T2g [41–43]. The differences 
between these modes are due to the motion of oxygen in both tetrahe
dral and octahedral sites [44]. The Raman spectrum of Co-ferrite con
sists of four bands. The first one at 677 cm− 1 was assigned to the A1g(1) 
mode characteristic to the symmetric stretching vibrations of oxygen 
atoms along metal ions located in tetrahedral sites, and one band at 600 
cm− 1 was assigned to the A1g(2) mode representing the stretching vi
bration of Fe–O in the tetrahedral site. The presence of both modes, 
A1g(1) and A1g(2), means that Co2+ ions partially substitute Fe3+ ions in 
tetrahedral sites [45]. The two bands at 468 cm− 1 and 198 cm− 1 were 
attributed to the T2g(2) and T2g(3) modes, respectively, and one band at 
317 cm− 1 was assigned to Eg mode. These bands are the results of the 
symmetric and anti-symmetric bending of oxygen atom with metal ions 
(M − O) at octahedral sites [46,47].

A systematic shift of band position can be observed by substituting 
Co2+ ions with Ni2+, and by increasing the Ni content. The band due to 

Table 1 
Samples composition as determined from ICP-OES.

Sample CNi (mmol/L) CCo (mmol/L) CFe (mmol/L) CNi (mol %)

CF 0.000 0.920 1.416 0
CF-20%Ni 0.077 0.267 1.235 22
CF-40%Ni 0.390 0.526 1.940 43
CF-60%Ni 0.648 0.390 2.195 62
CF-80%Ni 0.667 0.166 1.940 80
NF 0.908 0.000 1.912 90
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A1g(2) is decreasing and disappears, and two new bands are better 
resolved one at 550 cm− 1 attributed to T2g(1), and the other one at 200 
cm− 1 assigned to T2g(3). The changes in bands position and intensity 
with increasing Ni content are probably due to a rearrangement of the 
cations on octahedral sites.

The sample’s morphology was analyzed by TEM, and the images 
corresponding to CF, CF-80%Ni, and NF nanoparticles are illustrated in 
Fig. 2.

Fig. 2a, corresponding to the CF sample, comprises dispersed parti
cles having a mean size dimension of 14 nm, and the nanoparticle shape 
is mainly rectangular. The CF-80%Ni nanoparticles (see Fig. 2b) have a 
spherical and rectangular shape with a mean size dimension of 7 nm. 
The NF sample (Fig. 2c) reveals the presence of agglomerated small 
nanoparticles. The mean size of these nanoparticles is 4 nm. The nano
particles’ magnetic nature can explain the nanoparticle’s agglomeration 
tendency. The nanoparticle sizes follow the crystallite sizes estimated by 
XRD.

3.2. Electron Paramagnetic Resonance (EPR) characterization

Information about the magnetic behavior of the compounds can be 

obtained from EPR spectroscopy. The EPR spectra measured in Q-band 
at room temperature of all the samples are exhibited in Fig. 3a. The EPR 
experimental parameters are presented in Table 3. By increasing the Ni 
content, the resonance field (HR) is shifted to a higher magnetic field, 
and the internal field (Hint) and the linewidth (ΔHpp) decrease. The in
ternal field represents the sum between the internal magnetic field due 
to demagnetization, dipole–dipole interaction between the neighboring 
magnetic nanoparticles, and dipole–dipole interaction between ag
glomerates and was evaluated based on previous studies [48–50].

Co-ferrite nanoparticles show an asymmetric resonance signal 
reflecting dipolar interaction and to the anisotropic nature of cobalt ions 
driving to strong surface anisotropy [51,52]. The asymmetry is due to 
arbitrary orientation of the magnetic moments having various directions 
of the anisotropy axes [48]. By substituting the Co2+ ions with Ni2+ ions, 
the resonance signal becomes narrow due to the superexchange inter
action between magnetic moments. The resonance field HR linearly in
creases due to the substitution with Ni2+ ions. The presence of Ni2+ ions 
cause a decrease in the magnetic moment, which decreases the total 
magnetic moment following a decrease in the internal fields [49]. All the 
samples are ferromagnetic at room temperature so that they can be 
easily manipulated in solution.

The ferromagnetic behavior of the samples was investigated in X- 
band in the temperature range 110–500 K. For example, Fig. 3b illus
trates the EPR spectra of CF, NF, and CF-60%Ni at 230 K. The EPR signal 
of Co-ferrite is well resolved, only starting at 250 K. At this temperature, 
the EPR signal of CF-60%Ni clearly shows the contribution of both fer
rites, attesting the presence of both phases CoFe2O4 and NiFe2O4 in the 
nanomaterial. The presence of both phases is sustained by the behavior 
of the resonance field, HR, in the studied temperature range. Fig. 3c 
exhibits the temperature dependence of HR for all samples. It can be 
observed that the resonance field of the substituted ferrite samples in 

Fig. 1. X-ray diffraction patterns of the NixCo1-xFe2O4 nanoparticles (a) and Raman spectra of the NixCo1-xFe2O4 nanoparticles (b).

Table 2 
Cell parameters, unit cell volume, and crystallite mean sizes of the samples.

Sample a (Å) b (Å) c (Å) V (Å3) D (nm)

CF 8.3663 8.3663 8.3663 585.60 14 ± 0.5
CF-20%Ni 8.3523 8.3523 8.3523 582.66 10 ± 0.5
CF-40%Ni 8.3562 8.3562 8.3562 583.49 12 ± 0.7
CF-60%Ni 8.3493 8.3493 8.3493 582.03 10 ± 0.3
CF-80%Ni 8.3492 8.3492 8.3492 581.81 6 ± 0.2
NF 8.3335 8.3335 8.3335 578.75 4 ± 0.2

Fig. 2. TEM images of (a) CoFe2O4, (b) CF-80%Ni and (c) NiFe2O4, together with their corresponding sizes distribution.
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function of the temperature follows the behavior of the components 
being between them, but much closer to Co-ferrite, excepting the CF- 
60%Ni sample whose behavior at lower temperature (T < 250 K) is 
much closer to the NF sample.

3.3. Optical properties

The samples optical response was investigated using UV–Vis spec
troscopy. The UV–Vis absorption spectra exhibited in Fig. 4a show that 
the samples possess excellent visible light response. Besides, Ni-ferrite 
has an intense band centered at 745 nm due to the d-d transition from 
Ni (3d-t2g) to Ni (3d-eg) [53].

By substituting Co-ferrite with Ni ions and increasing the Ni content, 
the absorption edge shows a gradual blue shift due to the decrease in 

nanoparticle size [54]. Using absorption spectra and applying Tauc’s 
law, the samples band gap energy was determined, and the obtained 
values are inserted in the inset of Fig. 4b [55]. Increasing the Ni content 
increases the band gap energy from 1.12 eV for CoFe2O4 to 1.40 eV for 
NiFe2O4. The decrease in the band gap energy may be due to the ionic 
radii of Ni2+ ions which is smaller than Co2+ ions generating deeper Ni2+

states due to the strong electrostatic interaction. The difference between 
CoFe2O4 and NiFe2O4 is that in the first case the Co states are localized at 
the valence band edge and in the case of Ni-ferrite, Ni states are more 
hybridized [56,57].

3.4. Photocatalytic activity

The photocatalytic activity of Ni-substituted CoFe2O4 nanoparticles 
was assessed by RhB degradation under visible light irradiation. The 
irradiation was performed after the adsorption-desorption balance was 
reached. The equilibrium between the catalyst and RhB dye was attained 
after 60 min of the absorption process. In Fig. 5a, the RhB removal rates 
of the prepared samples are presented comparatively. The figure also 
contains the RhB solution photolysis. As can be observed, no important 
self-degradation was obtained. It can be observed that the samples show 
different adsorption abilities. The NiFe2O4 nanoparticles have the 
highest adsorption capacity, 37 %, followed by CF-80 % Ni and CF-40 % 
Ni. These results are in accordance with the specific surface area ob
tained from BET measurements (Fig. S2) and can be a consequence of 

Fig. 3. EPR spectra of all the samples in Q-band (35,5 GHz) at room temperature (a); FMR spectra of CF, NF, and CF-60%Ni at 230K (b). Temperature dependence of 
HR for all samples (c).

Table 3 
Resonance field HR, internal field Hint, and the linewidth ΔHpp of the samples.

Sample HR (G) Hint (G) ΔHpp (G)

CF 6987 5133 9735
CF-20%Ni 8232 3888 8703
CF-40%Ni 8363 3757 5500
CF-60%Ni 9368 2752 4044
CF-80%Ni 10058 2062 3247
NF 11089 1031 1016
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Fig. 4. UV–Vis absorption spectra (a). Tauc’s plots (b).

Fig. 5. The removal rate of the samples (a). The RhB degradation kinetics (b). Experimental spectra of DMPO spin adducts generated by CF-80%Ni sample under 
different irradiation periods (c). Experimental and simulated spectra of DMPO spin adducts generated by the CF-20 % Ni sample under 30 min visible light irra
diation (d).
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the smaller sizes of these nanoparticles compared to that of CoFe2O4, CF- 
20 % Ni, and CF-60 % Ni. A large surface area assures a higher contact 
with the pollutant molecules.

The highest removal rate of 81 % was obtained for the CF-80 % Ni 
sample and decreased with the further decrease of Ni content. To 
illustrate the kinetic mechanism for the degradation of RhB pollutant in 
the solution the pseudo-first order (Eq. (5)) and pseudo-second order 
kinetics (Eq. (6)) models were applied: 

ln (Ct /C0) = − k1 • t (5) 

1
Ct

−
1
C0

= k2 • t (6) 

where C0 and Ct are the initial concentration and concentration after 
time t; k1 and k2, are the rate constants of first-order and second-order 
equation, respectively. To calculate the concentration Ct, the calibra
tion curve was used. The fits with the pseudo-first-order and second- 
order equation are presented in Fig. 5b. The obtained correlation co
efficients (R2) after the fits suggest that the pseudo-first-order kinetic 
model describes the photocatalytic process. The kinetic constant (k1) 
was evaluated from the fitted curves’ slope with the pseudo-first order 
kinetic model. The obtained values are presented in the inset of Fig. 5b, 
which sustains the observation that CF-80 % Ni has the highest photo
catalytic activity. The photocatalytic activity decreases in the following 
order: CF-80%Ni > NF > CF-60%Ni > CF-40%Ni > CF-20%Ni > CF. 
Consequently, 80 % Ni represents the optimum content, assuring the 
best RhB removal rate.

To rule out the possibility of photosensitization, the CF-80 % Ni 
sample was also tested for phenol degradation, a colorless pollutant. The 
evaluation of both adsorption capacity and photocatalytic activity fol
lowed the same protocol used for the RhB solution, with the UV–Vis 
absorbance of phenol’s specific band at 269 nm being monitored. The 
results are presented in Fig. S3. Photolysis of the phenol solution showed 
no significant self-degradation. The adsorption–desorption equilibrium 
was achieved within 60 min, with the sample showing an adsorption 
rate of approximately 26 %. After 5 h of visible light irradiation, the 
removal rate reached 79 %, corresponding to a photocatalytic rate 
constant of ki = 4.59 × 10⁻³ min⁻1.

EPR spectroscopy coupled with the spin-trapping technique was 
applied to detect and quantify the generated ROS species. The EPR 
measurements were performed on the CF-80 % Ni sample, which 
exhibited the best photocatalytic activity. Before irradiation, no EPR 
spectrum was obtained, but by increasing the irradiation time, a 6-line 
spectrum was acquired (Fig. 5c).

A simulation was used to determine the formed spin-adducts. Fig. 5d 
illustrates the spectrum obtained after 30 min of irradiation and its 
simulation. The Hamiltonian parameters resulting after EPR spectra 
simulation confirm the generation of the: •DMPO-OOH (aN = 13.8 G, aβ

H 
= 11.8, aγ

H = 0.9 G, g = 2.0098) spin adducts. The •DMPO–OOH adduct 
is formed when O−

2 radicals interact with DMPO [58]. Consequently, the 
O−

2 is the ROS generated by the sample under visible light irradiation. To 
reveal the active species involved in the photocatalytic degradation of 
RhB, three scavenger agents were used to block their activity. Vitamin C 
was selected as scavengers for O•−

2 , Ethylenediaminetetraacetic Acid 
(EDTA) for h+, and Isopropanol for •OH radicals, respectively. The 
experiment was performed by adding 5 mM quenchers to the initial 
solution and all conditions were kept identical. The results are presented 
in Fig. S4 and show a considerable inhibition of the photocatalytic ac
tivity when vitamin C is used as quencher suggesting that the O•−

2 is 
involved in the photodegradation process.

Generally, the photocatalytic mechanism can be explained by 
generating electron-hole pairs when the nanoparticles are excited with 
visible light higher than the energy band gap. If these pairs are not 
recombined, they can participate in photo-oxidation and photo- 
reduction reactions. In the case of our samples, EPR experiments 

coupled with the spin-trapping technique show that our sample gener
ates only superoxide radical, which means that the potential of valence 
band position is lower than the oxidation of the OH− /•OH and H2O/ 
•OH redox pair; therefore, these reactions cannot happen [59]. There
fore, the photocatalytic process is only due to the superoxide radicals 
generated by the interaction between electrons and surface-adsorbed 
O2. As was stated in the UV–Vis part, Ni ions introduced supplemen
tary levels in the band gap of Co-ferrite, which can act as electron 
trapping sites, diminishing the faster recombination of electron-hole 
pairs. Moreover, many redox pairs (Fe3+/Fe2+, Co3+/Co2+, Ni3+/Ni2+) 
favor the electron transport, increasing the charge transfer to the surface 
sites [60,61].

To avoid accidental contamination of water with nanoparticles and 
to use them on a larger scale, we immobilized the photocatalyst on a 
PVDF polymer membrane. Therefore, the photocatalyst with the best 
pollutant removal efficiency was embedded in a PVDF membrane and 
using a magnet the nanoparticles were brought to the surface of the 
membrane for a better interaction with light and pollutant molecules. In 
Fig. 6, SEM images of the PVDF, respectively PVDF-CF-80%Ni mem
branes are shown. As it can be observed in Fig. 6a–d the pores are 
uniformly distributed at the membrane top side having a mean size of 4 
μm. The bottom size of the membrane (Fig. 6b–e) is less porous, having 
pores of approximately 1 μm in diameter. The cross section (Fig. 6c–f) 
indicates the formation of an asymmetric structure made up of a suc
cession of layers. The upper part consists in a porous layer having a 
mean thickness of 80 μm. Between these two parts, parallel pores are 
formed with diameter varying between 15 and 20 μm. The cross- 
sectional SEM image reveals that the membrane thickness is approxi
mately 170 μm.

In the case of the PVDF-CF-80%Ni membrane prepared in the pres
ence of a magnetic field (Fig. 6e), nanoparticles agglomerations can be 
observed on the lower surface of the membrane. They are also visible in 
the pores of the membrane, as observed in Fig. 6f.

To confirm the nanoparticles presence on the membrane surface an 
elemental analysis was carried out by EDX. The obtained images are 
presented in Fig. 7. The presence of fluorine (F) is observed, the main 
component of the PVDF membrane, respectively of Fe, Ni and O, the 
constituent elements of the incorporated nanoparticles.

The membranes optical response was studied by UV–VIS spectros
copy. The obtained absorption spectra are illustrated in Fig. 8. An in
crease of the visible range absorption appeared in the case of the 
membrane PVDF-CF-80%Ni due to the nanoparticles influence.

An important property of the membrane is its hydrophilicity. A hy
drophilic membrane ensures a reduced loading of the membrane with 
pollutant molecules.

The hydrophilic character was determined by measuring the contact 
angle between the water molecules and the membrane. The results are 
presented in Fig. 9. The PVDF membrane have a contact angle of 87 deg. 
By modifying the membrane with CF-80%Ni nanoparticles, the contact 
angle is reduced to 65 deg. This increase in the hydrophilicity can be 
explained by the presence of hydroxyl groups on the nanoparticles 
surface [62].

The membrane ability to remove the organic pollutant was deter
mined using a RhB synthetic solution under visible light irradiation. 
Fig. 10 shows the removal rate of PVDF and PVDF-CF-80%Ni mem
branes after 4h in dark and under visible light irradiation.

In dark, an adsorption process take place, PVDF-CF-80%Ni showing a 
higher adsorption degree due to the cumulative effect of membrane and 
nanoparticles. In the case of PVDF membrane the difference between 
removal rate in dark and under irradiation (~5 %) is due to the 
photolysis process of RhB. Instead, PVDF-CF-80%Ni membranes show a 
higher removal rate of 85 % under light irradiation due to the adsorption 
and photocatalysis processes. The photocatalytic process is sustained by 
the CF-80%Ni particles from the membrane surface. By photocatalysis, 
not only the RhB molecules in the solution are degraded, but also the 
molecules that have been adsorbed on the membrane surface, which 
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reduced membrane fouling. As can be observed in Fig. 10 difference in 
coloration between membranes appears. This is due to the PVDF-CF- 
80%Ni membrane self-cleaning by photocatalysis.

3.5. Electrochemical performance

The electrodes containing NixCo1-xFe2O4 (0 < x ≤ 1) were assessed 
for their supercapacitive behavior using CV, electrochemical impedance 
spectroscopy PEIS, and GCPL tests in a two-electrode configuration. 
Fig. 11 depicts the cyclic voltammetry characteristics of the NixCo1- 

xFe2O4 (0 ≤ x ≤ 1) electrodes, which were examined at different scan 
rates spanning from 1 to 200 mV/s. All materials’ CV profiles exhibited 
similar curve patterns when subjected to low and high scanning rates, 
suggesting similar reversibility and rate capacity [63,64]. Moreover, it is 
possible to deduce that the electrode exhibits exceptional rate capability 
and electrochemical reversibility, as indicated by the peak current in
crease with the scan rate escalation from 1 to 200 mV/s [64]. The 
charging and discharge phases had a rectangular pattern, characteristic 
of an Electric Double-Layer Capacitor (EDLC), with no apparent redox 
peaks [65].

There is a noticeable increase in the area under the CV curve as the 
concentration of Ni decreases. The maximum value of the area was 
attained at 20 % Ni content. Therefore, it can be deduced from the cyclic 
voltammetry (CV) curves that the specific capacitance of the material is 

influenced by Ni2+ substitution. Decreasing the scan rate results in an 
increase in the area under the CV curve. This observation suggests an 
elevation in the Cs value. The recorded polarization may be attributable 
to the increased scan rate caused by the diffusion-controlled process. 
The CV curves of all samples demonstrate a rapid current response to 
voltage reversal even at higher scan rates, indicating low equivalent 
series resistance and acceptable capacitance characteristics [66].

The examination of impedance is a fundamental technique used to 
evaluate electrochemical systems’ effectiveness, investigate the in
teractions occurring at electrode surfaces, and ascertain the inherent 
resistance present in the material [67].

The Nyquist curves of each sample are depicted in Fig. 12, along with 
the fitting analysis conducted for each curve. By substituting Co ions 
with 20 % Ni in the lattice of CoFe2O4, the impedance value decreases 
with an order of magnitude, both for the real and imaginary parts. 
However, increasing the Ni content leads to a gradual increase. This 
behavior was expected due to increasing the band gap energy of the 
samples by increasing Ni content. The electrical resistivity of a material 
is generally reduced as the band gap energy is decreased, enabling more 
efficient conducting of electrical current through the free carriers, 
resulting in increased energy gain.

Table 4 displays the circuit elements that were acquired from the Z- 
fit analysis. R1, R2, and R3 denote the electrolyte’s internal resistance 
between the electrodes, the electrostatic interaction at the interface 

Fig. 6. SEM images of (a,d) top size, (b,e) bottom size, (f) cross section of PVDF and PVDF-CF-80%Ni, respectively.
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between the electrode and the solution, and the resistance arising from 
the semiconductor characteristics of the electrode material, respectively 
[68].

The variables Q2 and Q3 denote the electrode’s capacitance and the 
ions’ diffusion-limited behavior in the electrolyte, respectively [67,68]. 
Upon analysis of the R1 values, it is evident from Table 4 that CF exhibits 
an elevated internal resistance, which decreases by Ni substitution in the 
lattice of Co-ferrite, except the Ni-ferrite. This phenomenon can provide 
challenges in electron transport to the electrode’s surface, impacting the 
efficiency of electrode reactions, which can be enhanced by fast electron 
transport, whereas high resistance can impede this process. Inspecting 
the effect of double-layer resistance (R2), it is evident that higher 
resistance characterizes Co-ferrite. Substituting with Ni leads to a 
reduction in resistance except for CF-40%Ni sample. The reduction in R2 
values with Ni substitution indicates enhanced charge transfer efficiency 
at the electrode-electrolyte interface. This can be attributed to the 

rearrangement of Ni2⁺ ions in octahedral positions, the presence of 
multiple redox pairs (Fe³⁺/Fe2⁺, Co³⁺/Co2⁺, Ni³⁺/Ni2⁺) which facilitates 
faster charge transfer. Furthermore, the R3 value, which characterizes 
the diffusion-limited performance of ions in the electrolyte, experiences 
a substantial increase by Ni substitution. Furthermore, based on the 
research conducted using XRD, it has been seen that, the unit cell vol
ume gradually decreases as the concentration of Ni increases. The in
crease in R3 values with Ni substitution reflects the diffusion-limited 
behavior of ions in the electrolyte. However, the decrease in unit cell 
volume observed in XRD analysis is expected to positively impact on the 
ion diffusion rate, partially offsetting this effect. For CF-20%Ni, the low 
R3 value indicates faster ion transport to the electrode surface [69]. The 
Q2 values are related to the electrode capacitance in the electrolyte, and 
it is obvious that the addition of Ni to the CoFe2O4 structure results in an 
increase of Q2. This indicates an enhancement in the amount of active 
material on the electrode surface and the effectiveness of reactions at the 
electrode-electrolyte interface. The increase in Q2 values further sup
ports the enhancement in electrode capacitance, while the low band gap 
energy of CF-20%Ni facilitates faster charge transfer, contributing to its 
superior electrochemical performance. The increase in Q3 values reflects 
the diffusion-limited behavior of ions in the electrolyte.

GCPL investigation was conducted to assess the specific capacities 

Fig. 7. EDX image and elemental mapping of PVDF-CF-80%Ni membrane.

Fig. 8. UV–Vis absorption spectra of PVDF and PVDF-CF-80%Ni membranes.

Fig. 9. The contact angle for PVDF and PVDF-CF-80%Ni membranes.
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(mAh/g) of the Ni-Co ferrite nanoparticles. The primary objective was to 
evaluate the long-term efficiency of the supercapacitors constructed as 
part of this research. The results are illustrated in Fig. 13.

The analysis of the supercapacitor performance relies on the specific 
capacity, which refers to the amount of energy a material can store per 
unit mass [70]. Fig. 13a depicts the specific capacity curves of the 
samples. These curves represent the capacity of the materials after the 
charge-discharge period, specifically at a current density of 0.1 A/g. The 
CF compound has the lowest specific capacity value among all SC de
signs. By substituting with Ni2+ ions, the specific capacity increases 
considerably, and the supercapacitor fabricated utilizing NF exhibits 
highly efficient capability for energy storage in terms of the specific 
capacity values.

Capacitance retention refers to measuring the extent to which a 

supercapacitor maintains its initial capacity after a certain number of 
charge and discharge periods. Evaluating the supercapacitor’s long-term 
endurance and performance stability depends on an essential feature. A 
high value of capacitance retention signifies the supercapacitor’s ability 
to maintain its capacitance consistently and reliably throughout an 
extended operational lifespan, enabling repeated usage [71]. The 
retention values of capacitance for Ni-Co ferrite nanoparticles after 5000 
cycles are depicted in Fig. 13b.

Capacitance retention values for Co-ferrite and CF-20%Ni have 
continuously decline after 400 cycles. The increase in nickel content is 
associated with an enhancement in the capacitance retention values of 
the material. In the case of the supercapacitor prepared utilizing 
NiFe2O4, the capacitance retention reached its lowest point at 2000 
cycles, after which the value of capacitance retention exhibited a rise. 
This observation implies that the NiFe2O4 sample has cyclic stability. 
Nevertheless, it has been shown that the supercapacitors fabricated 
utilizing samples containing Ni concentrations of up to 40 % have a 
capacitance retention value nearing 100 % after 5000 cycles, indicating 
that supercapacitors fabricated with specific nickel concentrations 
exhibit favorable characteristics for extended utilization periods. The 
GCPL analysis confirms the superior electrochemical performance of the 
Ni-substituted Co-ferrite nanoparticles. The CF-20%Ni sample exhibits 
the highest specific capacitance (208.1 F/g), energy density (7.23 Wh/ 
kg), and power density (88.4 kW/kg), which can be attributed to its 
mesoporous structure, multiple redox pairs, and small crystallite size.

Based on the electrochemical results of the symmetrical super
capacitors developed using the samples presented above, the specific 
capacitance, energy density, and power density values are evaluated and 
the obtained values are presented in Table 5. The specific capacitance 
increased by Ni substitution compared with CF sample revealing an 
optimum substituting concentration. Hence, the CF-20%Ni sample per
forms best regarding specific capacitance, energy, and power density.

The enhancement in electrochemical characteristics of CF by 
substituting Co2+ with Ni2+ ions can be due to (i) the rearrangement of 
cations on octahedral sites observed in Raman spectra which can gen
erates defects acting as additional ion diffusion pathways and electro
chemical active sites [72,73] and, (ii) multiple metal cation valences, 

Fig. 10. RhB removal rate in dark and under visible-light irradiation in the 
presence of prepared membranes. The inset shows the self-cleaning ability of 
the hybrid membrane.

Fig. 11. CV profiles of the supercapacitors of two-electrode configuration with 1M LiPF6 electrolyte.
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which are involved in complex redox reactions. Additionally, CF-20%Ni 
sample has the lowest band gap energy between Ni-substituted cobalt 
ferrite samples, facilitates faster charge transfer and favoring the specific 
capacitance [74].

To evidence the potential application of the synthesized materials as 
photocatalysts and supercapacitors, a comparison with the reported data 
in the literature concerning similar materials was done and are shown in 
Tables 6 and 7. In Table 6, the degradation efficiency of various 
substituted ferrites is presented. A comparison between the results is 
difficult to realize since several parameters influence the photocatalysis 
efficiency: pollutant type and concentration, photocatalyst concentra
tion, irradiation time, irradiation source.

Regarding the supercapacitor applications, when compared to 
similar materials reported in the literature (Table 7), it is important to 
note that most studies use a 3-electrode system, while this work employs 
a 2-electrode real system. Despite this, the Ni-substituted Co-ferrite 
nanoparticles, particularly the CF-20%Ni sample, exhibit competitive 
performance in terms of specific capacitance, energy density, and power 
density. This highlights the potential of these materials for practical 

supercapacitor applications.

4. Conclusions

This paper reports a series of Co-ferrites substituted with Ni ions as 
bifunctional nanomaterial for photocatalysis and supercapacitor appli
cation. NixCo1-xFe2O4 nanoparticles with various Ni content (x = 0, 0.2, 
0.4, 0.6 08, 1) were synthesized by precipitation method. XRD diffrac
tion patterns show that all the samples are crystalline having cubic 
symmetry without secondary phases. Substituting Co2+ with Ni2+ ions 
was proven by the variation in cell parameters, which decreased with 
the gradual replacement of Co2+ with Ni2+ due to the lower ionic radius 
of Ni2+ compared with Co2+ ions. Information about the position of Co 
and Ni ions in the lattice was obtained from Raman spectroscopy. Thus, 
analyzing the Raman spectra, results that Co2+ ion partially substitute 
Fe3+ ion in tetrahedral sites and the substitution with Ni2+ ions lead to a 
rearrangement of the cations in octahedral sites. From the TEM images, 
the morphology of the samples was evidenced, showing nanoparticles 
with spherical and rectangular shapes for all the samples, but with 
different average sizes from sample to sample, the size of the nano
particles decreasing with the Ni content in following the XRD results. 
EPR spectroscopy shows that the samples are ferromagnetic at room 
temperature, so they could be manipulated easily in solution. The EPR 
spectrum at 250 K of CF-60%Ni clearly shows both ferrites’ contribu
tion, attesting the presence of both phases NiFe2O4 and CoFe2O4 in 
nanomaterial. The optical response in visible domain was proven by 
UV–Vis spectra. Using the absorption spectra, the band gap energy was 
evaluated and their value is increasing by substituting with Ni ions. 
Visible light photocatalytic performance was determined using RhB 
solution, and the results show there is an optimum amount of Ni ions 
leading to the best photocatalytic activity. The ROS species generated by 
the sample were evaluated from EPR coupled with the spin trapping 
technique, and this method demonstrated only the generation of su
peroxide radicals. The obtained results allowed the identification of 
photocatalytic mechanism. Additionally, the sample with the best pho
tocatalytic performances was combined with PVDF membrane to in
crease its hydrophilicity and self-cleaning properties. The successful 

Fig. 12. The impedance data for all supercapacitors includes experimental and fitted values, Nyquist profiles, fitted equivalent circuit components, and the cor
responding equivalent circuits.

Table 4 
The parameters of the equivalent circuit fitting analysis.

Equivalent Circuit (R1+Q2/R2+Q3/R3)

CF CF-20% 
Ni

CF-40% 
Ni

CF-60% 
Ni

CF-80% 
Ni

NF

R1 5.08 2.00 1.55 1.22 0.82 1.62
R2 0.78 

x1015
0.29 x 
105

3.87 
x105

0.007 x 
105

0.89 x 
105

0.013 x 
105

R3 9072 0.13 
x106

0.21 
x106

11.75 
x106

0.75 
x106

3.38 x106

Q2 4.5 
x10− 6

97.6 
x10− 6

12.9 
x10− 6

15.8 
x10− 6

42.4 
x10− 6

68.7 
x10− 6

Q3 0.6 
x10− 6

43.6 
x10− 6

44.8 
x10− 6

138 
x10− 6

56.0 
x10− 6

16.0 
x10− 6

a2 0.56 1.0 0.74 0.79 0. 76 0.62
a3 0.57 0.77 1.0 0.78 1.0 0.81

*** The unit of R is ohm; Q is F. s∧(a-1). "a" is a constant known as the ideality 
factor.
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deposition on the nanoparticles on the membrane surface was proven by 
STEM and EDX investigations. Also, by UV–Vis absorption spectroscopy, 
the visible response of modified membrane was evidenced. Ni-Co ferrite 
nanoparticles were also studied as electrode materials in symmetrical 
supercapacitor devices. By substituting Co2+ with Ni2+ ions, the specific 
capacitance of cobalt ferrite increases from 53.3 to 208.1 F/g.
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Fig. 13. Specific capacity curves of the samples (a). The retention values of capacitance for the samples after 5000 cycles (b).

Table 5 
The electrochemical characteristics of the fabricated supercapacitors.

Sample Specific Capacitance 
(F/g)

Energy Density 
(Wh/kg)

Power Density 
(kW/kg)

CF 53.3 1.85 31.5
CF-20% 

Ni
208.1 7.23 88.4

CF-40% 
Ni

142.7 4.95 37.3

CF-60% 
Ni

132.2 4.59 45.6

CF-80% 
Ni

109.1 3.79 40.5

NF 188.3 6.54 40.3

Table 6 
Comparison of photocatalytic activity of various substituted ferrites.

Sample Light Pollutant Irradiation 
time (min)

Photocat 
activity 
%

Ref.

Mg1¡xNixFe2O4 visible MB 300 85–95 [75]
Mg0.5Zn0.5CoxFe2O4 sun MB 160 65 [76]
Ni0.5Zn0.5Fe2O4 sun fluorescein 60 88 [77]
NbxCu1-xFe2O4 UV RhB 90 66 [78]
NixCo1-xFe2O4 visible RhB 300 81 this 

work

Table 7 
Comparison of supercapacitor performances of various substituted ferrites.

Sample CS ED PD Ref.

F/g Wh/kg kW/kg

NiCoFe2O4 50.0 4.79 1.4 [79]
Ni0.4Co0.6Fe2O4 237 10.3 4.2 [80]
ZnxNi1-xFe2O4 581 8.85 1.15 [81]
Ni0⋅25Mg0⋅75Fe2O4 133.95 6.46 147.3 [82]
NiCo2S4 154.1 n.a. n.a. [83]
CoFe2O4 280 10 2.5 [84]
NiCoFe2O4 314.97 3.82 1.24 [85]
NiFe2O4 240.9 10.15 0.14 [86]
Ni0.5Zn0.5Fe2O4 151 17 0.45 [87]
NiCoFe2O4 43 6.4 1.90 [88]
NixCo1-xFe2O4 208.1 7.23 88.4 this work
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