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Cobalt-enhanced Co,Fe; .04 photoanode for ultrafast photoelectrodegradation
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of organic dyes with an integrated RSM optimization

Yassine Elaadssi!, Véronique Madigou', Houssam Hajjoul?, Madjid Arab!.
1'Université de Toulon, Aix Marseille Univ, CNRS, IM2NP, CS 60584, CEDEX 9, F-83041 Toulon, France.
2 Université de Toulon, Aix Marseille Univ., CNRS, IRD, MIO, Toulon, France.

Abstract

In this work, two compositions of cobalt ferrite (CoFe; O4: x=1 and 1.5) were investigated as
photoanodes for the photoelectrocatalytic (PEC) degradation of Rhodamine B. The structural and
textural investigations confirmed the cubic spinel structure with monocrystalline grain size around 8
nm and high surface area (>100 m?/g). The bandgap values of the samples, 2.32 eV (for x=1) and
2.18 eV (for x=1.5), enable visible light absorption and activation under sunlight. The catalytic results
showed that complete degradation with a complete mineralization of rhodamine B was obtained. The
RSM optimization studies allowed to identify the optimum degradation (100%) conditions in terms
of Na,SO,4 concentration, current density, initial RhB concentration and reaction time. The chemical
trapping tests and redox potential study have confirmed that OH® and h™ are the primary species

driving the degradation process. Advanced characterizations were carried out to investigate the

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

electrocatalytic and photo electrochemical properties. A high cobalt content improves the lifetime
and charge carriers transfer and higher photogenerated electron-hole, confirming an enhancement in
the photocatalytic potential. Photons with wavelengths corresponding to an energy higher than that
of the bandgap allowed an efficient degradation (100% in 6 minutes). Furthermore, a comparative
investigation of photocatalytic, electrocatalytic, and photo-electrocatalytic processes revealed a

pronounced synergistic effect in the combined PEC system using CoyFe;_ O, spinel as photoanode.
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1. Introduction

View Article Online

Wastewater contamination has become a critical environmental challenge, 8Radetbated B

industrial discharges containing a wide range of pollutants. Among these, organic dyes pose a major
problem due to their complex chemical structures, which make them highly resistant to natural
degradation processes [1-5]. In particular, Rhodamine B is an organic dye widely found in
wastewater because of its intensive use in textiles and other industries such as cosmetics and paper
manufacturing. Its toxicity and high persistence contribute to major environmental negative impacts
in aquatic environments. This emphasizes the critical need for more effective and sustainable
wastewater treatment methods that go beyond the conventional approaches such as biological
treatment [6], adsorption, and chemical oxidation [7]. The conventional approaches are often
inadequate in terms of capacity, cost-effectiveness, and the prevention of secondary pollution.
Consequently, advanced oxidation processes (AOP) such as photocatalysis have attracted attention
due to their potential to efficiently degrade persistent organic pollutants [8,9]. During the AOP
process, active species, capable of breaking down organic pollutants into harmless by-products
[7,8,9], are produced when photocatalytic material is exposed to light [8,9]. To improve photocalytic
performance, it is necessary to increase the lifetime of the charge carriers created in the material
during exposure to light. In the photoelectrocatalytic process (PEC) an overpotential is applied to the
sample which enhances the generation of charge carriers and increases their separation rate, thereby
enhancing degradation performance. In the literature concerning PEC applications, studies typically
focus on materials, classically used in photodegradation namely TiO,, WOs3, ZnO, [12-14]. Few
articles dealing with the photoelectrodegradation of rhodamine B, but some can be cited. J. Wu et al.
[15] prepared TiO, nanotube arrays electrodes and showed that after 70 min almost complete
degradation of rhodamine B is obtained for the best sample. In another example, for hierarchical TiO,
nanonetwork-porous Ti hybrid [16], the maximum degradation of rhodamine B obtained was 85%
after 60 min. Moreover, ZnO films elaborated by electrodeposition showed better results since nearly

100% of RhB degradation was obtained after 15 min of reaction time [17]. Due to their large bandgap,
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these materials require UV radiation to be activated. To enable the use of visible light illumination,

View Article Online
. . . . . DOI: 10,1039/D5CY00951K
composites and heterojunctions based on TiO, and ZnO, as well as new materials are developed.

Currently, a few materials used in photocatalysis under visible radiation are tested for the degradation
of organic dyes: photoelectrocatalysis. ZnNiln Layered Double Hydroxides used as photoelectrodes
[18] were able to completely degrade a concentration of 20 mg/L of methylene blue in 3 hours. In
this study, we explore a new PEC application by using cobalt ferrite spinel. While spinel ferrites such
as cobalt ferrite (CoFe,O4) have attracted interest for standard photocatalysis, their potential as
photoanodes in integrated PEC systems has been significantly less explored. We hypothesize that
adjusting the Co/Fe ratio can strategically modify the material's band structure and charge carrier
dynamics, leading to a more efficient photoanode for environmental applications. The photo-
electrocatalytic performance depends not only on the synthesis conditions of the sample, which leads
to different optical and photo-electrochemical properties [19-22], but also on the test conditions. As
a result, a very large number of experiments over a long period is required to obtain the ideal
conditions for effective degradation. For example, studying the influence of four parameters requires
more than 600 experiments. To avoid this complexity, and reduce the number of experiments,

statistical optimization methods are useful in this case. Response Surface Methodology (RSM), based

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

on Central Composite Design (CCD), is a statistical approach used for the optimization of test
parameters such as Na,SO, concentration, current density, RhB concentration, and time. It also allows
to evaluate the influence and interactions of these parameters on the process efficiency [23]. In this
study, optimal conditions were defined as those that achieve the highest degradation in the shortest
time, with a low applied current.

The photoelectrocatalytic behavior towards rhodamine B was tested under visible light
radiation. To obtain information about the photogenerated charge -carriers, photocurrent
measurements were carried out. Additionally, this study investigates the impact of initial solution pH
and the irradiation wavelength on degradation efficiency. To evaluate the synergistic effect,

degradation experiments were conducted separately for photocatalysis (PC) and electrocatalysis (EC)
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to compare them with the combined photoelectrocatalysis (PEC) process. Furthermore, to assess the

View Article Online
. L . . . . L . DOI: 10.1039/D5CY00951K
extent of mineralization and to identify the primary reactive species involved in the degradation, Total

Organic Carbon (TOC) analyses and scavenger tests were conducted.
Materials and Methods

2.1. Reagents and Precursors
Cobalt (II) nitrate hexahydrate (Co(NOs),.6H,O) and iron (III) nitrate nanohydrate
Fe(NOs3)3.9H,0 were used as precursors and sources of metal ions. The pH was controlled by sodium
hydroxide (NaOH). Cetyl-trimethyl-ammonium bromide (CTAB, 98+%) has been used as surfactant
to control the morphology of the particles [24]. Rhodamine B (C,3H3,;CIN,0O3), L-ascorbic acid (ACS
reagent, > 99%), ethylene-diaminetetra-acetic acid disodium (EDTA), isopropanol (IPA) and indium

tin oxide (ITO), were all purchased from Sigma-Aldrich. The reaction media was deionized water.

2.2. Structural and optical characterizations

Cobalt ferrite nanoparticles were synthesized using a hydrothermal method, synthesis details
can be found in a previous work [24,25]. The obtained powders were analyzed by X-ray diffraction
(EMPYREAN Panalytical diffractometer with Cu Ko radiation A = 1.5406 A). The scan interval was
10 - 80° using a step size of 0.028° and a scanning rate of 1°/min. The morphology and the chemical
composition were investigated using a 200 kV FEI Tecnai G2 transmission electron microscope
combined with an energy dispersive spectrometer (EDS). The specific surface area of CoFe;O4
were determined from a N, adsorption-desorption isotherm obtained at 77 K from (Autosorb-iQ,
Quantachrome, USA). The UV-Vis diffuse reflectance spectra (DRS) were collected in the
wavelength region of 200 to 800 nm by using a Shimadzu UV-1800 spectrophotometer [26]. The
fluorescence (FL) and time-resolved fluorescence emission (TRF) measurements were performed
using a Fluoromax fluorescence spectrophotometer from Horiba. For that, an excitation wavelength
of 310 nm and an emission wavelength of 465 nm were used. The data decay curves were fitted to a

biexponential function following Eq. 1 [27]:
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Here, /; and I, denote the intensities at different times of the decay, and r; and 7, represent the

respective lifetimes. Using Eq. 2, the lifetime of the carrier 1,0,y Was extracted [28]:

_ htP+ 1%
Tmoy = (I1T1+ I272) (2)

2.3. Preparation of Co.Fe; O, electrode

For the electrochemical measurements, CoFe; O, powders were deposited on ITO glass
substrates through the drop casting method [29]. 5 mg of cobalt ferrite nanoparticles were dispersed
in 2 mL of absolute ethanol and stirred for 15 min. Subsequently, 1 mL of the dispersion was dropped
onto a 1x1 cm? ITO substrate and dried in an oven at 80°C for 2 hours, to ensure proper adhesion of
the nanoparticles onto the substrate. These deposits, made for the two compositions, served as the

working electrode (see Fig S1.a).
2.4. Photoelectrochemical Measurements

The photoelectrochemical measurements were carried out in a three-electrodes configuration

using an OrigaLys electrochemical workstation (Fig. S1.b) [30]. Ag/AgCl electrode was employed

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

as the reference electrode, while a platinum foil was used as the counter electrode. The working
electrodes were CoyFe; O4 deposits. The photoelectrochemical studies were performed in an
electrolyte solution of 0.1 M sodium sulfate (Na,SO,). The Revoler Instytut Fotonowy LED was used
for illumination [31]. This system allowed the wavelength of the incident light to be adjusted. Open-
circuit potential (OCP) studies have been conducted under cycles of light-on and light-off to assess
the equilibrium potential of the working electrode. The photovoltage can also be evaluated by the
changes in potential upon light illumination provided by OCP studies. In addition, the photocurrent
response technique used to measure the generated electric current has provided an indication of the
photogeneration efficiency of charge carriers and its recombination dynamics. All the measurements

were performed at an applied potential of 1.2 V, as this value guarantees a measurable photocurrent

5
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signal. Besides the investigation of photocurrents, the resistance to charge carriers transfer was

View Article Online
. . . . . DOI: 10.1039/D5CY00951K
measured using electrochemical impedance spectroscopy (EIS) in Nyquist plot representation.

the EIS experiments were performed in a three-electrodes system, where a 5 mV AC signal was
applied to the working electrode in a frequency range from 0.01 Hz to 100 kHz. In addition, Mott-
Schottky tests were performed to evaluate the photocatalyst's electrochemical capacitance as a
function of the applied potential at a constant frequency of 500 Hz. The flat-band potential was
determined by plotting the inverse square of the capacitance versus the applied potential, which also

reveals the type of CosFe; (04 semiconductors.

2.5. Photoelectrocatalytic Degradation Experiments

The photoelectrocatalytic degradation of Rhodamine B was investigated using the same
OrigaLys electrochemical workstation system. The irradiation wavelength was 449 nm to ensure that
both compositions are excited. The degradation process was monitored by measuring the decrease in
absorbance at Ap,x = 554 nm (main absorption band of RhB molecules) over the time, using a
Shimadzu UV-1800 spectrophotometer. Samples (1ml) were collected at regular intervals (each
minutes), and the photoelectrodegradation efficacy was calculated using the following equation (Eq.

3):

RhBy|—[RhB,
RhBPEC - % X 100 (3)

where [RhB(] and [RhB;] represent the concentration of the dye solution before and during

the PEC process, respectively.

In addition, total organic carbon (TOC) analyses were performed to assess the degree of
mineralization. The TOC analysis allowed the determination of the organic carbon content of the
contaminated solution before and after the PEC treatment. By comparing the initial value (TOC)

with the final value obtained after the degradation process (TOC,), it was possible to estimate the
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mineralization of the rhodamine molecules. The percentage of TOC removal was calculated

View Article Online
. . DOI: 10.1039/D5CY00951K
according to the following formula (Eq. 4):

TOC, — TOC,

TOC removal (%) = ToC

X 100 (4)

where TOC, is the measured value of the initial solution and TOC; is the measured value after

the PEC degradation process.

2.6. Measurement of Zero Charge Point

The point of zero charge (pHy,.) corresponds to the value of pH solution for which the surface
charge of the catalyst is neutral, with equivalent contributions from negative and positive surface
groups. In order to determine this value, five values of pH were tested and for each 50 mg of
CoxFe; 04 was placed in beaker containing 50 mL of 0.1 M KNOj; solution. The initial pH of these
solutions was adjusted by the addition of 0.1 M HNOs or 0.1 M NaOH. Then the suspensions were
left to equilibrate over 48 hours and the final pH values of the solution were measured after filtration.
The pHpzc was subsequently determined from a plot of ApH (pHfinal - pHinitial) versus initial pH,

as the initial pH value at which ApH equals zero [32].

2.7. Experimental design by response surface methodology

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

The optimization of RhB photo-electrodegradation test parameters was conducted using a
Central Composite Design (CCD) model of Response Surface Methodology (RSM) [33]. In this work,
four factors were set: current density, electrolyte concentration, RhB concentration, degradation time,
with five value levels (Table. 1). To evaluate the effects of each parameter on RhB
photoelectrocatalytic degradation a complete factorial plan, with 4 factors and 5 levels, requires a
total of 5% = 625 experiments. This is not a feasible solution from an economic and time point of
view. Using RSM with CCD model, which can replace a full factorial plan, requiring significantly
fewer experiments, the number of experiments is reduced to 29. This model still allows a complete

evaluation of the linear, quadratic, and interaction effects of the factors but also allows to determine
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the optimal conditions to achieve a complete degradation in the shortest time and at a lower current

View Article Online
DOI: 10.1039/D5CY00951K

density [34].

Table. 1: Experimental range and levels of factors for the RSM CCD optimization of CoFe,O4 PEC.

Levels
Factor

2 -1 0 +1 +2

Xj: [Na;SO4] (mol/L) 0.1 0.15 0.20 0.25 0.3

X,: Current density (mA/cm?) 1 2 3 4 5

X3: [RhBy] (ppm) 5 7.5 10 125 15

X4: Time: (min) 3 6 9 12 15

The experimental data of the 29 tests were exploited using Nemrodw software, which
generated a quadratic polynomial model (Eq. 5) to express the correlation between the response (Y =

% RhB degradation) and the four independent variables [35]:

k k
Y =>by+ Eizlbixi + Zizlbi—ixl2 + X YR bisjxix; + £ (5)

Here, b, represents the intercept term, b; refers to the coefficients of the linear terms for each
independent variable X;, b;; the interaction terms between pairs of variables, € represents the model
error. To compare the influences of independent variable X, these are coded and labelled as x; (Eq.

6) gives the relation between raw and coded values: X;) is midpoint value, and dy; is the step size [35].

These terms permit to identify if there are synergistic or antagonistic interactions between
factors. The validity of the models was checked by analysis of variance (ANOVA) with 95%
confidence level. The 3D response surfaces and the 2D contour plots allowed the study of the
interactions between the variables and facilitated the prediction of the optimal conditions for

achieving the highest RhB degradation efficiency.

2. Results and discussion
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3.1. Structural and textural investigations

View Article Online
. . . . DOI: 10.1039/D5CYN0951K
In a previous work [8], we presented in detail a comprehensive characterization of the

synthesized CosFe; <04 (x = 1 and 1.5) nanoparticles, related structural, morphological, optical, and
electronic properties of the synthetized catalysts. The XRD analysis (Fig. 1a), reveals that both
compositions crystallized in a single-phase cubic spinel (standard JCPDS datasheet n° 22-1086), with
a shift of the peaks towards the higher angles for Co;sFe;sO4. This shift is due to a stronger
substitution of Fe** cations by Co?" cations in the spinel structure, the ionic radius of Co** being
smaller, this results in a reduction of the lattice parameter. The average grain size was estimated using
Debye-Scherrer method; it is 9 nm and 7 nm for x=1 and 1.5, respectively. As for the cell parameter,
a higher cobalt content leads to a decrease in the size of the particles, phenomenon already reported

in the literature [36].

d

Co, sFe; 50, &
=
S
-3
2
g CoFe,0,
A

JCPDS No 22-1086

10 20 30 40 50 60 70

=====CoFe204
=—e==Coy 5Fe; 504
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 1. a) X-ray diffraction diagrams, TEM micrographs of Co,Fe; O4 b) x=1 ¢) x=1.5, and d)

View Article Online

Isotherms of N, adsorption-desorption the two samples DOI- 10.1039/D5CY00951K

Transmission electron microscopy further supported these findings by showing well-defined
nano-octahedral morphologies (TEM) (Fig. 1b-c). The histograms of the size distributions (insert Fig.
S2), show a decrease in the average particle size from 9 nm for CoFe,O,4 to 8 nm for Co; sFe; 50,.
Since the particles are monocrystalline (see Fig. S2), the size of the particles corresponds to the
crystalline one, so the values are in agreement with those deduced from the XRD data. To evaluate
the chemical composition of the nanoparticles energy-dispersive spectroscopy was used. In this case
we focused on the Fe/Co ratio (expressed in atomic percent) to extract the value of x in the CoyFes.
xO4 formula. The results confirmed the expected elemental composition: x = 0.92 + 0.08 for

CoFe,O4and x = 1.42 + 0.07 for Co; sFe; s04.

The surface characteristics of these materials were then studied by Brunauer—Emmett—Teller
(BET) analysis. Fig. 1d shows the nitrogen adsorption and desorption isotherms of CoFe,O4 and
Co, sFe; 504 nanoparticles, they exhibit the characteristic features of type IV isotherms and typical
H3 hysteresis loops according to IUPAC classification [37]. The appearance of such loops suggests
the existence of mesoporous structures in materials [38,39]. Based on BET analysis (Fig. S3), both
samples have close and high specific surface areas: 102 m*g and 106 m?/g for x=1 and x=1.5,
respectively. These values are much higher than the values usually reported in the literature for
CoFe204 nanoparticles prepared by different methods (40 to 90 m?/g ) [40,41]. This is a direct result
of the small size of the nanoparticles obtained using hydrothermal syntheses, and their related surface
area achieved from our synthetic protocol. The intrinsic relationship between particle size and specific
surface area (SSA) for spherical particles can be described by the following equation: SSA = 6/p-D,
where p is density of the material (~5.29 g/cm?®) and D is diameter [42,42,43]. For comparison, a
larger CoFe,0, particle of 38 nm would have a theoretical SSA of ~30 m*g, whereas for the ~8 nm
particles produced in this work, the theoretical SSA is ~142 m?/g. The experimental value measured

of ~106 m?/g statistically agrees with the theoretical value, supporting that high surface area is due to

10
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small particle size. The successful synthesis of such small well dispersed nanoparticles was achieved

View Article Online
. L . . . DOI: 10.1039/D5CY00951K
by using CTAB as a surfactant to limit particle agglomeration and provide a larger number of exposed

active sites for catalysis [44—46].
3.2. Optical and photoelectrochemical properties
The optical characteristics of Co,Fe;—O4 nanoparticles were obtained by measuring the
optical reflectance (R) by DRS and using the Kubelka-Munk function F(R) [8]. The bandgap energy
was deduced with the Tauc plot method, based on the following equation (Eq. 7) and by plotting
(F(R)*hv)"r versus hv [47]:

(ahv) =B (hv—Ej) (7)

where a is the absorption coefficient, h is the Planck's constant, v is the frequency of the light, E, is
the bandgap energy, B represents a constant, with y being a function of the type of electronic transition
(with y = for direct bandgap transitions) [48]. According to the DRS results (Fig. S4), Co; sFe; 504
has a smaller bandgap of 2.18%0.02 eV than CoFe,O, with a band gap of2.32+0.05 eV. This reduction
in the E, can be due to the higher cobalt content which induces a decrease in atomic orbital interaction
distances between O and Co. The polyhedral are then distorted which modifies the electronic structure

of the samples. The extra Co** ions reduce the difference in energy between the valence band and the

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

conduction band by changing the d-orbital energy distribution [49].

E (V vs NHE) b)
-0.4

= Linear fit
- = o Linear fit CB ——

0

= Co sFe; 504 a)

C —— CoFe20
10 CoFegOy 465 ) oFez04

0,/0, i — Coy.5Fe1 504

-] 2.32eV 2.18 eV

1/sqr C x10"9
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Em—-017V .
5 ; H,0/0H
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06 04 02 00 02 04 06 CoFe,0, Co, sFe, 0, 400 p so0 50 600

Potentiel [ V] /AgAgCl ‘Wavelength [nm]

Fig. 2. a) Mott-Schottky graphs, b) representation of the VB and CB potential in the NHE scale for
CoFe,04 and Co; sFe; 504 and c) fluorescence spectra of CosFe; Oy.

11


https://doi.org/10.1039/d5cy00951k

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

Catalysis Science & Technology Page 12 of 39

Additionally, Mott-Schottky (MS) experiments on both compositions of the photo-

DOl 10.1038/DSCY00851K
electrocatalysts were conducted at 500 Hz to further define the band structure. The Mott-Schottky

equation is given by (Eq. 8) [50]:

Lo 2 _(vovp-20)

C?  gg,A%eN)p

where C is the capacitance, Np is the density of donors, ¢ is the electron charge, ¢ is the relative
permittivity, V is the applied potential, Vg is the flat band potential, kg represents Boltzmann's
constant and T the absolute temperature. The linear part of the variation of 1/C? with applied potential
exhibits a positive slope in Mott-Schottky plot indicate that the two samples are n-type
semiconductors [51-54]. The flat band potential (Vgg) can be determined by extrapolating the linear
portion of the plot to zero [55]. Fig. 2a shows that the Vg for CoFe,04 and Co; sFe; 504 1s -0.28 V
and -0.17 V vs. Ag/AgCl, respectively. From these values, the position of the Ecg for n-type
semiconductors can be estimated. For this type of semiconductor electrode, it was assumed that the

Ecg can be calculated via the relation (Eq. 9) [56]:
ECB =~ VFB -0.2V (9)

Hence, the calculated Ecg values for CoFe,0, and Co, sFe; 504 are -0.48 V and -0.37 V vs. Ag/AgCl,
respectively. corresponding to -0.28V and -0.17V vs. NHE [57]. Using the bandgap energies (E,)
determined from the DRS analysis, the valence band potential (Eyg) can be calculated using the

relationship (Eq. 10) [58,59]:
Evp =Ecp + E, (10)

For CoFe,04, with E; =2.32 eV, the Eyg 15 2.04 ¢V vs. NHE and for Co; sFe; 504, with E, =2.18 €V,

the Eyg 1s 2.01 eV vs. NHE.

To investigate the electronic structures and to understand the charge dynamics, the fluorescence (FL)
spectra of CoFe,O,4 and Co, sFe; 504 were recorded. As shown in Fig. 2c, there are some prominent

peaks in the FL spectra of both samples. However, CoFe,O, had a higher peak intensity than

12
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Co sFe; 504, in particular, the principal peak at around 465 nm in the visible blue region of the spectra

. . . . . Dol 1p103vg‘>e/m|5_é(ct€§c?9m5“1m;
which can be attributed to the recombination of electron and hole pairs [60]. The higher intensity of

FL is generally linked to more rapid recombination of photo-generated electron-hole pairs, which is
not desired in photo-catalytic and photoelectrocatalytic applications, as it limits the charge carriers
that are available for the catalytic reaction [61-63]. Co, sFe; 50,4 photoelectrode showed a lower FL
intensity compared to CoFe,O,4, which indicates that electron-hole pair recombination is weaker,
which leads to improved charge separation, likely attributable to defect states acting as traps [64].
The charge carrier lifetime has been measured by time-resolved fluorescence lifetime spectroscopy
(Fig. S5), and it is 5.1 ns for Co; sFe; 504, while it is shorter, 2.9 ns for CoFe,O,4. The higher charge
carrier lifetime for x = 1.5 implies that more electrons and holes are available to contribute to active

radicals’ formation. This may be due to an increase in charge diffusion at the surface of the material.

3.3. Optimization of the PEC process (RSM-CCD)
In this study the photoelectrochemical degradation of Rhodamine B was optimized using

RSM_CDD. The number (N) of tests is given by the formula (Eq. 11) [65]:

N=2F+4+2k+x, (11)

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

Where k is the number of factors and x, indicates the center point. The parameters of the degradation
process that have been optimized in this work are Na,SO,4 concentration (X), applied current density
(X3), initial dye concentration (X3), and reaction time (X4). The choice of these variables and their
ranges is based on preliminary experiments that have been performed before applying RSM. The
number of experiments in this case is 29, which represents 4 factors (k) and five 5 center points (X).
Using Nemrowd software and based on the results of the Central Composite Design (CCD)
experiments (Table S1), a quadratic model was developed to describe the relationship between the
photoelectrochemical degradation (PEC) rate of Rhodamine B and the coded values of the

experimental factors. The model equation is expressed as follows (Eq. 12):
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PEC (%) =90.22 + 0.72 x; + 4.18 x5 — 5.74 x3 + 7.53 x4 — 0.78 x> — 4.51 x> —2.27 x3%— 3.96 x,?
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+7.68 X1Xpy — 2.17 X1X3 +2.86 XoX3 — 1.12 X1X4 + 0.03 XXy + 1.48 X3X4. (12)

The model terms (b;, b;; and b;;) with a p-value below 0.05 are considered significant and an

analysis of variance was carried out to verify the significance of the proposed model (Table 2) [66].

The quality of the model fitting was evaluated using the determination coefficients R? and

adjusted R? values. The high R? = 0.99 and adjusted R? = 0.98 values indicate that this model has a

good fit to the experimental results and demonstrates good agreement between the observed and

predicted values. Based on ANOVA, 14 of the 15 model terms were found to be statistically

significant in influencing the degradation efficiency of RhB, with p-values less than 0.05. The

interaction term between current density and time (b2b4) was the only term found to be not significant

[67]. The interaction term b,b4 between current density and time was found to be not significant with

a p-value of 0.756. The positive or negative values of the coefficients represent the synergistic or

antagonistic effect of the parameter on the RhB degradation efficiency.

Table 2: Regression coefficients for the RSM CCD Model

Terms Values | Standard deviation | p-values
Linear
b0 90.22 0.15 <0.01***
bl 0.72 0.07 0.0399
b2 4.18 0.07 <0.Q1***
b3 -5.74 0.07 <0.01%***
b4 7.53 0.07 <0.01***
Quadratic
bl-1 -0.78 0.07 <0.0245
b2-2 -4.51 0.07 <0.01***
b3-3 -2.27 0.07 <0.Q1***
b4-4 -3.96 0.07 <0.Q1***
Interaction
b1 7.68 0.09 <0.01***
b3 -2.17 0.09 <0.01***
b1y -1.12 0.09 <0.0154
by.3 2.86 0.09 <0.01%***
ba4 -0.03 0.09 0.756
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b3y 1.48 0.09 <0.01***
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According to the regression model and ANOVA results (Table 3), the degradation of RhB
was influenced by all four factors: Na,SO,4 concentration, current density, initial RhB concentration,
and time. Particularly, the results revealed that time (|bs] = 7.53) has the strongest effect on the
degradation efficiency. Moreover, the effect of the RhB concentration (|b3| = 5.74) is slightly higher
than current density (|b2| =4.18) in the ranges chosen for each factor. For the electrolyte concentration
(|b1] = 0.72) it was found to have a low impact on the PEC degradation. These results are supported
by the generated 3D surface plots and 2D contour plots (Fig. S6). These plots indicate the interaction
of the factors on RhB degradation, where time and RhB concentration are the most important
parameters. The relative influence of each independent factor is visually summarized in Fig. 3. The
steepness of the curves directly corresponds to the magnitude of the factor's effect. It is evident that
reaction time has the strongest positive influence on degradation efficiency, while the initial RhB
concentration has the most significant negative influence. The current density also has a strong
positive effect. In contrast, the electrolyte concentration has a minimal impact on the outcome. These

visual results are in excellent agreement with the coefficient values determined by ANOVA (Table

2).
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Fig. 3. The effect of each independent variable on RhB degradation efficiency.
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The predicted optimal parameter values to achieve the highest degradation of RhB based on
RSM-CCD modelling were Na,SO,4 concentration: 0.26 mol L', current density: 4 mA/cm?, initial
RhB concentration: 10.6 ppm and time: 10 min. The predicted degradation rate under these conditions
is found to be 99.7%, which agrees with the experimental value of 100%, indicating that the model
is able to accurately and reliably predict the best condition for RhB degradation using CoFe,O4 as

catalyst.

3.4. Photo-electrocatalytic investigation of the Co,Fe; O4 photo-anode

3.4.1. Photo-electrocatalytic activity of CosFe;.O4 in the optimum conditions
Under the optimal conditions determined by the RSM study (Na,SO,4 concentration: 0.26 mol L,
current density: 4 mA/cm?, initial RhB concentration: 10.6 ppm and time: 10 min), CoFe,O4 and
Co; sFe; 504 were compared in terms of their RhB photo-electrodegradation performances, with a
wavelength irradiation of 449 nm. Fig. 4a represents the evolution of the UV-vis absorption spectra
of the RhB solution over time using CoFe,0,4. The decrease in the intensity of the main peak at 554
nm shows a complete degradation within 10 minutes, whereas for x= 1.5, the time is shorter: 6
minutes. Fig. 4b represents the ([RhB]/ [RhBy]) ratio versus time ([RhBy] is the initial concentration,
[RhB] is the concentration at different times) obtained for photolysis, CoFe,O4 and Co; sFe; 504,
respectively. The photolysis experiment, which was conducted without a catalyst, showed that
Rhodamine B is relatively stable when exposed to direct light, with only minimal degradation
occurring during the monitoring period. For both samples, similar evolution was observed: a fast
decrease of the RhB concentration in the first 4 minutes, then a slower decrease. After 4 minutes,
CoFe,0, achieved about 65% degradation, whereas Co, sFe; 504 reached around 92%. The complete
RhB degradation was obtained after 6 minutes for x=1.5, while the composition x=1 needed more
time (9 minutes) to achieve a similar level of degradation. In addition, the evolution of Ln (([RhB]/
[RhBy])) over time can be fitted by the Pseudo first-order kinetic model (Fig. 4c) in both cases. The

kinetics investigation revealed that the rate constant of Co;sFe; 504 (k = 0.558 min') was almost
16
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twice as high as that of CoFe,O4 (k = 0.306 min!), resulting in a faster degradation process with x=

View Article Online
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1.5 than for x=1. These findings highlight the superior performance of highest cobalt content in the

degradation of RhB.
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Fig. 4. a) UV-vis time-dependent absorption spectra of RhB solution with CoFe,0, at native pH. b)
Time variation of ([RhB]/ [RhBy]) for photolysis and CosFe; O, (x=1 and 1.5). ¢) Pseudo-first
order kinetics fitted the Rhodamine B degradation.

3.4.2. Effect of electrolyte pH

In this investigation, the influence of the pH of the initial solution was studied: three different
pH values (5, 6.5 and 9) were tested under the optimal process conditions previously identified
(Na,SO, concentration: 0.26 mol L', current density: 4 mA/cm?, initial RhB concentration: 10.6 ppm
and time: 10 min). Fig. 5a shows the results for the x=1 composition. The degradation varies greatly
with pH, becoming more pronounced as the pH increases. After 10 min, the degradation efficiency
increased from 72% to 83% as the pH changed from 5 to 6.5. For a higher value, at pH= 9, the
efficiency reached 100% at the same time. The study of the effect of pH for Co, sFe; 50,4 reveals very
similar trends to those observed for CoFe,O,4. As shown in Fig 5b, the efficiency of degradation also
changes substantially with the pH: at pH =5, the degradation efficiency after 10 minutes was 84%,
increasing to 96% at pH= 6.5 At pH 9, an almost complete degradation was maintained within 6
minutes, demonstrating the catalyst’s effectiveness in a basic medium. Both compositions showed
improved degradation at higher pH levels. However, the effect of pH at basic conditions was more
pronounced with Co; sFe; sO4. For instance, raising the pH from 5 to 9 increased the degradation of

CoFe,0,4 from approximately 51% to 82% after 5 minutes of reaction, whereas Co, sFe; sO,4 increased

17
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from around 54% to 100% under the same conditions. This improvement at a basic pH is due to an

View Article Online
DOI: 10.1039/D5CY00951K
increased concentration of hydroxyl ions (OH™), which deprotonate the catalyst's surface. This creates

a more negatively charged surface, which enhances the electrostatic attraction and adsorption of
cationic RhB molecules. This, in turn, facilitates their degradation. The interactions between the
catalyst and the pollutant depend strongly on the surface charge of the catalyst and that of the
pollutant. To control these interactions, it is necessary to determine the zero-point charge which is
obtained from the curves of ApH as a function of the initial pH of the electrolyte (Fig 5c and 5d). The
values of pH,, are slightly different 6.8 and 7.1 for x=1 and 1.5, respectively. The curves show the
same type of variation, so the behavior at pH values below and above pHj,. are similar. For pH <
pHy, the surface of the compound is positively charged, as Rhodamine B is a cationic dye,
electrostatic repulsive forces occur with a maximum value for pH=5, which reduces the adsorption
of RhB molecules on the catalyst surface. On the contrary, at pH > pH,,., due to the negatively
charged surface of the compound, electrostatic attractions between the catalyst and the cationic dye
are favored, which further facilitates the adsorption process. In basic environment, it can be noticed
that | ApH | increases with the value of electrolyte pH, and the best results of degradation are obtained

for pH=9 (Fig 5a and 5b) for the two compositions.
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Fig. 5. The variation of [RhB]/ [RhB] ratio with the illumination time at different pH values for (a)
CoFe,04, (b) Co, sFe; 504. Point zero charge plot (pHy,.) for (¢) CoFe;O4 and (d) Co; sFe; 5sOs.

3.4.3. Effect of wavelength on PEC degradation of RhB under optimal conditions.

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

In this part of the study, the influence of wavelength of irradiation on the PEC degradation of RhB
was studied using Co, sFe; s04. Different wavelengths, specifically 449 nm, 528 nm, 590 nm, and
736 nm, were tested under optimum conditions of process. Fig. 6 shows [RhB]/ [RhBy] ratio over
time, revealing two types of variation: on one side the results for the 449 nm and 528 nm wavelengths,
and on the other side are those for the 590 nm and 736 nm wavelengths. With irradiation wavelengths
of 449 nm and 528 nm, the system achieved nearly 100% of RhB degradation after 6 minutes of
irradiation, which corresponds respectively to the photon energies of 2.76 eV and 2.35 eV. Moreover,
when the higher wavelengths of 590 nm (2.10 eV) and 736 nm (1.69 eV) were used, the degradation
efficiency reached only 80% after 10 minutes. The differences in the degradation ratio can be

explained by considering the bandgap energies, for Co;sFe; 504 E,= 2.18 €V, so at wavelengths
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corresponding to energy values above the energy gap (e.g. 449 nm and 528 nm), valence band
DOI: 10,1039/D5CY00951K

electrons can be efficiently excited to move in the conduction band, allowing electron-hole pairs to
form. On the other hand, at higher wavelengths (590 nm and 736 nm), corresponding energies are
insufficient to photoactivate the Co;sFe; 50,4 catalysis compound leading to less efficient photo-

electro-degradation, which may be due only to the electrocatalytic contribution.
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Fig. 6. a) The variation of [RhB]/[RhB,] with illumination time at different wavelength for
Co,5Fe; 504 b) the corresponding degradation rate after 10 min at pH =9.

3.4.4. Synergistic Effect in Photoelectrocatalytic (PEC) Degradation

In order to assess the impact of the different sources of excitation as degradation process,
photocatalytic (PC), electrochemical (EC), and photoelectrochemical (PEC) degradation of
rhodamine B were performed under the optimized conditions of the process (4 mA.cm™, 0.26 mol.L-
' 0of Na,SO,, and 10.6 ppm of thodamine B using a 449 nm of irradiation source and a pH=9. Fig. 7a
shows the [RhB]/[RhB] variation over time with Co; sFe; sO4 as catalysts in the three cases. In the
photocatalytic process (red curve), 44 % of RhB were degraded after 10 min, whereas in the
electrocatalytic process (blue curve) the degradation efficiency achieved 83%. Moreover, for the
same time of irradiation, complete RhB degradation was achieved (green curve) in the
photoelectrochemical process. These results indicate that although single processes such as PC and

EC are quite effective, the combination of photo-electro-catalytic process significantly enhances the
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performance. The electro-degradation rate (EC) is in agreement with the previous values obtained in

View Article Online
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PEC process (see Fig. 6) with higher wavelengths of 590 nm (2.10 eV) and 736 nm (1.69 eV),
suggesting the ineffectiveness of this irradiation to create charge carriers. However, the performance
of the electrocatalytic process is higher than that of the photocatalytic process due to the influence of
the external electric current. This external field is critical for enhancing the separation of charge
carriers within the catalyst. During the EC process, the applied current allows to separate the charge
carriers e and h*, which prevents their recombination. This enhanced charge separation leads to a
higher proportion of these charge carriers to generate active chemical species, which are important in
the degradation of Rhodamine B. The analysis of the kinetics of the degradation curves, represented
as In ([RhB]/ [RhBy]) versus time, showed that all the processes followed pseudo-first order kinetics,
with rate constants as |k| = 0.628 min™, 0.173 min™' and 0.061 min™' for PEC, EC and PC, respectively
(Fig. 7b). The best improvement was achieved by the PEC process, with a constant rate of

approximately 3.6 times higher than the EC and 10 times higher than PC (Fig. 7c).
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Fig. 7. a) Variations of the [RhB]/[RhB] ratio as a function of time for different processes pH 9. b)
pseudo-first-order kinetic model for the decomposition of RhB using three processes. c¢)
Comparative performance of photoelectrocatalysis, electrocatalysis, photocatalysis and photolysis
by the decomposition of RhB over a reaction time of 10 min.

3.4.5. Stability and Reusability of the Photoanodes
The long-term stability and reusability of a photocatalyst are critical factors for its practical
and economic viability in wastewater treatment applications. Therefore, to evaluate their operational

stability, both photoanodes were tested over four consecutive cycles of RhB photoelectrodegradation.
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Each cycle was run under the previously determined optimal test conditions. After each degradation

View Article Online
. . . L . . DOI: 10.1039/D5CY00951K
experiment, the electrode was gently rinsed with deionized water and reintroduced into a fresh

solution for the next cycle. As illustrated in Fig. 8, for the CoFe,O, photoanode, the degradation
efficiency showed only a minor decrease, from 95% in the first cycle to about 90% in the fourth cycle.
The Co,sFe; 504 photoanode, which exhibited faster degradation kinetics, also maintained a high
level of performance, with its efficiency decreasing from 100% to 96% over the same four cycles. To
verify the integrity of the electrodes during the cycles, SEM observations were performed before and
after the cycling tests (after 1 cycle and 4 cycles) (Fig. S7). No significant changes in the film’s
morphology were observed. The slight decrease in activity for both materials is probably due to the
slight loss of material quantity from the catalyst deposit unavoidable during repeated handling. The
good adhesion of the catalyst films to the ITO substrate and the intrinsic chemical robustness of the
cobalt ferrite spinel structure under demanding photoelectrocatalytic conditions. To assess chemical
stability and catalyst leaching, the reaction solution was analyzed by Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES) after the final degradation cycle. For the superior-
performing Co, sFe; 50,4 photoanode, the measurements gave mass concentrations of cobalt and iron
of 0.801 pg/L and 5.656 ng/L respectively. These low values of metal ions in the solution indicate
that the leaching phenomenon through the cycles is negligible. The ability of both photoanodes to
maintain high efficiency over multiple cycles is due to the high stability of the film and demonstrates

the robustness of the photoanode for practical photoelectrodegradation applications.
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Fig.8: The recycling test using CoFe,04 and Co, sFe; 504 (measurements after 8 minutes).

3.4.6. Scavengers test

In the catalytic degradation of organic dyes, hydroxyl radicals (OH"), superoxide radicals (O,™
) and holes (h*) are considered to be the major active oxidative species involved in the degradation
mechanism [68]. To investigate the degradation mechanisms of RhB using Co.Fe; 04 as photo-

electrocatalyst, scavenging studies were carried out with different traps to determine the most active

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

of these species. Isopropyl alcohol (IPA), L-ascorbic acid (L-asc) and ethylenediaminetetraacetic acid
disodium (EDTA) were used to trap (OH"), (O,) and (h*), respectively [69]. The activities of these
three species in the process were evaluated by experiments performed in the presence and absence of
scavengers. A significant reduction in the degradation rate with the addition of a scavenger indicates
that the corresponding trapped free radicals are active in the degradation mechanism. The results of
the scavenger tests for RhB degradation with Co; sFe; sO4 are shown in Fig. 9, First, without the
trapping agent, a complete degradation was reached in less than 8 minutes. The addition of ascorbic
acid reduced the photoelectrodegradation efficiency to78%, indicating that the trapped superoxide
radicals (O,™) no longer participate in the degradation mechanism, which explains the loss of

efficiency. Furthermore, isopropanol resulted in a degradation rate of 37%, meaning a higher
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contribution of hydroxyl radicals (OH") in the RhB degradation. Finally, the PEC efficiency fell to

. , , . DO 10.1038/D5CY00851K
9% when EDTA was used, confirming the major role of holes (h*) in the degradation process. These

results showed that the PEC degradation of RhB is mainly due to the synergistic effects of
photogenerated hydroxyl radicals and holes in Co, sFe; 504 photoelectrode, while the superoxide

radicals have a minor role.

100 CoygFe; 504
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No scavengers Ascorbic Acide ~ EDTA Isopropanol
Fig. 9. Radicals trapping test using Co, sFe; 50,.

3.4.7. TOC Removal and Mineralization Efficiency:

Fig. 10 draws a parallel between the PEC degradation efficiency (obtained by UV-Vis
absorbance spectroscopy) and the mineralization efficiency (calculated by Total Organic Carbon
experiments) for both compositions (x=1 and x=1.5) after 10 minutes under the optimized conditions
identified in this work. As can be seen above (see Fig 5a and 5b), in both catalysts’ cases, the final
concentration of rhodamine B detected by UV-Vis spectroscopy is zero, which means complete
decolorization in 10 minutes. These discolored solutions were analyzed by the TOC method, which
shows that, for x = 1, 95% of the organic carbon has disappeared and that there is practically no more
organic carbon in the case of x= 1.5 (TOC removal = 99%). These results prove that the bonds of
rhodamine molecules have been broken to give smaller molecules. The photoelectro degradation not

only allows discoloration of the polluted solution but also the advanced mineralization of the

rhodamine molecules.

24


https://doi.org/10.1039/d5cy00951k

Page 25 of 39 Catalysis Science & Technology

TOC removel (%)
Photodegradation (%) View Article Online
"’ DOI: 10.1039/D5CY00951K

1oo

s> O oc""‘e,,,
Ly g o,
& s
(&) (%_)

Fig. 10: TOC removal and PEC degradation of RhB using Co,Fe; (O4 at pH 9.

3.5. Photoelectrochemical Studies

3.1.1. Electrochemical impedance spectroscopy (EIS)

The charge transfer at the CosFe;_,O4/electrolyte interface is responsible for the free radical’s
formation, and therefore of the PEC degradation. Electrochemical impedance spectroscopy (EIS)
measurements were performed to evaluate the charge transfer resistance and presented in a Nyquist

diagrams plot, in which the imaginary part of the impedance (Z") is plotted against the real part (Z").
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In general, the diameter of the semicircle of the curves is correlated with the charge transfer resistance
(R¢y) of the sample and gives an indication of the electrochemical process efficiency [70]. Fig. 11.a
shows the Nyquist plots for both photoelectrodes materials, which have a similar semicircular shape,
but their diameters are slightly different. In the case of CoFe,QOy, the graph shows a wide semicircle
(green curve), fitting the results yielded a charge transfer resistance (R.) of 3.3 kQ.cm™?. The
Co,5Fe; 504 photoelectrode exhibits a smaller semicircle (blue curve), indicating a smaller charge
transfer resistance, with a value of 2.8 kQ2.cm™. A high R indicates a higher charge resistance at the
electrode-electrolyte interface, which corresponds to a lower charge transfer rate. The Rct reduced

charge transfer resistance for x=1.5 reveals a better charge carrier mobility compared to x=1,
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indicating that the cobalt addition contributes to better separation and faster transport of the

View Article Online
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photogenerated electron-hole pairs through the interface [71].
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Fig. 11. a) EIS graphs and b) the OCP measurements at 449 nm.
3.1.2. Open-circuit potential (OCP)

In this study, the open-circuit potential measurements (OCP) in presence of the photocatalysts
were evaluated in both dark and visible light illumination, as reported in Fig. 11.b. Under light
exposure, the OCP for both samples shifted to the lower potential values, which indicates the mobility
of the photogenerated electron-hole pairs within the materials [72,73]. The photovoltage (V,n),
defined as the difference between the OCP under illumination and the OCP in the dark [74], was
higher for Co; sFe; sO4 with a value of 0.17V vs Ag/AgCl when compared to CoFe,O4 ( 0.11V vs
Ag/AgCl). V, represents the maximum potential that a photocatalyst can produce under illumination
without the application of an external voltage. A high value of photovoltage is advantageous for
photo-electrochemical applications [75], because it allows more efficient charge transfer and
improves reaction kinetics [76]. Moreover, it allows to reduce external bias potential necessary to
apply to promote PEC degradation. The observed V, difference between Co; sFe; 504 and CoFe,O4
may be due to the presence of cobalt rate, which potentially changes the cation distribution, improves
the electronic structure and increases the light absorption capacity. This may also explain the superior

PEC degradation results observed with Co, sFe; 504.

3.1.3. Photocurrent response
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The photocurrent measurements allow a direct evaluation of the photoelectrode's ability to

View Article Online
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photogenerate and maintain charge carriers under illumination. It reflects the effectiveness of charge

separation and transport, which has a direct impact on catalytic performance [77,78].
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Fig. 12. Photocurrent responses of a) CoFe,O,4 and b) Co; sFe; 504 over different wavelengths of
irradiation.

Samples photo-activation is assessed with different wavelengths: 449, 528, 590 and 736 nm.
The photocurrent responses of the CoFe,O,4 and Co, sFe; 504 photo-electrocatalysts are shown in Fig.
12. For each sample and wavelength, two ON/OFF illuminations cycles were recorded. The results

show that CoFe,0,4 is photo-activated only by one wavelength: 449 nm (green curve) while

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

Co,5Fe; 504 1s activated by two wavelengths: 449 nm (dark blue curve) and 528 nm (light blue curve
The photocurrent response of ITO, at 1.2 V applied potential and under 449 nm irradiation, is
displayed in supplementary information (Fig. S8) along with the response of CoyFe;O4 deposits
(with x=1 and 1.5). When irradiated at 449 nm, no photocurrent response is observed for the ITO
substrate, meaning that the energy applied is insufficient to activate ITO, given its wide bandgap
reported in the range of between 3.5 and 4.3 eV [79-81]. The fact that the deposition for the
composition x= 1 is activated only for one wavelength, while for x= 1.5 it is activated for two
wavelengths comes from the respective values of gap energy. The bandgap energy of CoFe,04 was
evaluated to 2.32+0.05 eV and 2.1840.02 eV for Co;sFe; 504. The radiation at 449 nm naturally

activates the two catalysts since it corresponds to an energy of 2.76 eV, a value higher than that of
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the two band gap energies. In the case of 528 nm radiation, corresponding to an energy of 2.35 eV,

View Article Online
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only Co; sFe; 50, is activated. This lack of activation in CoFe,04 occurs because the photon energy

of 2.35 eV is too close to its absorption edge. This results in inefficient light absorption and
insufficient generation of charge carriers, leading to a lack of significant photocurrent. For A= 449nm,
the photocurrent density during the light-on period of 0.75 pA/cm? for CoFe,O4 confirmed its ability
to absorb visible light and generate hole-electron pairs. In contrast, the photocurrent density obtained
for Co, sFe; 504 was higher: 1.20 pA/cm?, indicating that the increase of cobalt content in the ferrite
led to an improvement in charge carrier generation. In addition, for both compositions, the stable

photocurrent under light irradiation confirms the highly efficient charge separation.

3.6. Proposed Mechanism of Photoelectrodegradation of RhB Using Co.Fe; Oy

This study shows that under visible radiation, the Co,Fe; <O4 (x=1 and 1.5) cobalt ferrite
photoanodes lead to the degradation of the rhodamine B (discoloration and mineralization). The
process of photodegradation can be decomposed in several steps: - adsorption of the polluting
molecules on the catalyst surface, -- photogeneration of carrier charge by irradiation of the
semiconductor, --- charge carrier transport, ---- formation of reactive species [79]. By applying an
overpotential on the electrode, the number of photogenerated charge carriers increases. The structural
characteristics of the ferrite samples (grain size of 7-9 nm, surface areas around 100 m?%g) are
favorable for the creation of a large number of active sites available for RhB molecule adsorption. In
the same way, the gap energy values of the materials (2.32 and 2.18 eV) are such that they allow
absorption of solar radiation to photoactivate the materials and generate charge carriers according to
Eq.13. Afterwards, holes (h") oxidize H,O molecules (Eq. 14), and electrons (e°) interact with
dissolved oxygen (Eq. 15) to form hydroxyl radicals (OH") and superoxide(O,™), respectively. The
scavenger tests (Fig.9) have confirmed that OH' and h* are the primary species driving the

degradation process (Eq. 16) [80], while O, has a minor role (Eq. 17) [81].

CoFe;.,O4 + hv — CoyFe;,O4 (e™+h*)  (13)
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h*+H,0 — OH' + H’ (14)
View Article Online
DOI: 10.1039/D5CY00951K

e+ Oz — Oz" (15)
RhB + OH" — CO, + H,0O + intermediates (16)

RhB + O, — CO, + H,O + intermediates  (17)

Furthermore, concerning the formation of active species, it is necessary to take into account the
position of the VB and CB potential level in relation to those of the H,O/ OH" and O,/O," redox

couples (see Fig. 2b) which displays that the formation of active OH" species is favored.

As can be seen on Fig. 7a showing a comparative performance of photoelectrocatalysis,
electrocatalysis and photocatalysis, the highest performance was obtained for the PEC process (100%
in 6 min). This high value is due to the synergistic impact of illumination (449 nm) and external
polarization (4 mA.cm-?), which can effectively reduce the recombination of photogenerated
electron-hole pairs. These charge carriers have more time to form reactive species, which will degrade
pollutant molecules. This results in enhanced generation of reactive oxygen species such as hydroxyl

radicals, leading to faster degradation.

Based on photoelectrochemical measurements, band structure analysis, and the results from

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

the scavenger tests, a possible mechanism for the photoelectrodegradation of RhB is proposed in Fig.
13. The CoyFe; Oy catalyst absorbs photons of 449 nm wavelength and generates mobile electron-
hole pairs. The current applied of 4 mA drives the photogenerated electrons towards the counter
electrode, thereby improving charge separation and reducing electron-hole recombination. This
efficient separation allows charges to migrate and react with water or oxygen to form highly reactive
radicals (O, and OH") which attack the RhB molecules. H. Fu et al/ [79] have shown by temporal
proton NMR experiments that during the photocatalysis, destruction of RhB molecules by N-
demethylation and/or the destruction of the conjugated structure of RhB, occurred. They have related
these results to the TOC experiments, in which the carbon organic content decreases with the RhB

concentration, thus proving its mineralization. The TOC results of this study (Fig. 10) present the
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same evolution with a residual carbon of 1 and 5% (respectively for x =1.5 and x = 1), in agreement

View Article Online
. . . DOI: 10.1039/D5CY00951K
with H. Fu et al [79]. We can therefore estimate that we have reached complete mineralization for x

=1.5.

This study pointed to another fact: increasing the cobalt content in the ferrite spinel greatly
improves the photoelectrocatalytic properties of the material. The decrease of the band gap energy
(from 2.32 to 2.18 eV), allowing more efficient light absorption in the visible region, improve carrier
generation which results in higher photocurrent density. Moreover, the x=1.5 composition offers a
lower charge transfer resistance (2.8 kQ/cm? versus 3.3 kQ/cm?), and a higher photovoltage under

illumination, all of which contribute to efficient charge separation.

Visible Light
RhB CO, + H,0

cB €
_QOZ ‘ Gap energy
7 Rhp VB
Pt

h+( HzO
C Co, + H,0
ey omr/” €Ot

ITO

Co.Fe; O, RLB

Fig. 13. The proposed mechanism for photo-electrodegradation of RhB using CosFe; Os.

A comparison of the individual degradation mechanisms showed that the pure EC and PC
processes are less effective than the combined PEC method (Fig. 7a), which synergistically couples
light absorption and external bias to promote recombination inhibition and reactive species

production.

4. Conclusions
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CosFe; 4O, photoanodes were successfully tested for the complete photoelectrocatalytic

View Article Online
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degradation of Rhodamine B. Although the structural characteristics are similar for both compounds,

i.e. nanometric monocrystalline grains (8-9 nm) with octahedral morphology and high specific
surface area exceeding 100 m?/g, increasing the cobalt content significantly alters the optical and
photoelectrochemical properties. The Mott-Schottky method determined that the CosFe; xO,4 were n-
type semiconductors, with a bandgap energy of 2.32+0.05 eV and 2.18+0.02 eV for x =1 and x =
1.5, respectively. The photoelectrochemical studies, photocurrent and EIS, show that Co;sFe; 504
presents better charge transfer capabilities and higher photogenerated electron-hole activity compared
to CoFe,0,4, confirming its improved photocatalytic potential. Furthermore, a dissociated study of the
different activation sources of the x=1.5 compound, allowed us to estimate the real contribution of
the photocatalysis (PC), and electrocatalysis (EC) mechanisms. The irradiation wavelength study on
the PEC performance highlighted that photon energies exceeding that of their bandgap (449 nm and
528 nm), were essential for achieving high degradation efficiency (100% in 6 minutes). Conversely,
lower energies (590 nm and 736 nm) were found to be ineffective, resulting in significantly reduced
degradation (80% after 10 minutes), corresponding to the electrocatalytic contribution. In this way,

the photoelectrocatalysis (PEC) reveals a pronounced synergistic effect, the combination of the two

Published on 15 September 2025. Downloaded on 9/19/2025 7:25:08 AM.

mechanisms leading to a complete degradation in a short time. The PEC process is 10 times faster
than with the PC process and 3.6 times faster than with the EC process. To maximize the degradation
percentage, the experimental test conditions were optimized using RSM-CCD model. Four
parameters were considered (Na,SO4 concentration, current density, initial RhB concentration and
reaction time) and the optimal values give a complete degradation (nearly 100% in 6 minutes).
Investigation of the degradation mechanism based on the chemical trapping tests and bandgap
structure studies have confirmed that OH" and h* are the primary species driving the degradation
process, with O, as a secondary species. Complementary organic carbon measurements (TOC)
showed that in the case of x = 1.5 composition, 99% of rhodamine B molecules were mineralized in
a short time. Cobalt ferrites are distinguished by their simple design and remarkable catalytic activity,
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enabling ultra-fast degradation under visible light radiation until mineralization. They are therefore

View Article Online
. . . . .DOI: 10.1039/D5CY00951K
the catalyst of choice for water treatment and have made it possible to achieve exceptionally efficient

photoelectrodegradation of rhodamine B molecules.
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