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Abstract
In this contribution, we report the optical and photo-electrochemical characteri-
zations of the ferrite spinel CaFe2O4. The oxide was synthesized by sol–gel route 
using Polyvinylpyrrolidone organic polymer (PVP K30). The phase was confirmed 
by X-ray diffractometry (XRD) and a crystallite size of 51 nm was determined from 
the Williamson-Hall plot. The analysis by UV–Vis diffuse reflectance provided an 
indirect optical transition of 1.75  eV, assigned to the crystal field splitting of 3d 
orbital of Fe3+ in six-fold coordination. The electrochemical properties were inves-
tigated in Na2SO4 (0.1 M) to confirm the stability of the spinel and to evaluate its 
photocatalytic performance. p-type semiconductor was shown from the capacitance 
measurement with a flat band potential (Efb) of 0.48 VAg/AgCl and holes density (NA) 
of 3.66 × 1019  cm−3. The Electrochemical Impedance Spectroscopy (EIS) showed 
a depressed semicircle at high frequencies with the existence of a double-layer 
capacitance (Cdl) followed by a Warburg diffusion (Wr). The bulk resistance in the 
dark (27 Ω cm2) decreases down to 22.9 Ω cm2 under illumination confirming the 
semi-conductivity. The conduction band (−1.10 V), made up of Fe3+: eg orbital, is 
more cathodic than the O2/O2

·− level (~ −0.5 V). The photo-catalysis was assessed 
through the oxidation of Drimarene Green X-3G (DGX) a recalcitrant and hazard-
ous dye upon visible irradiation (16 mW cm−2), through the radicals O2

·−. A conver-
sion yield of ~ 45% is achieved at free pH, a catalyst dose of 1 g/l and DGX solu-
tion 10 mg/l within 4 h of illumination. The photodegradation obeys second-order 
kinetic with a photocatalytic half-life of 48.87 h.
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Introduction

One of the most important concerns of our time is the energy and water supply [1, 
2]. Indeed, the growing demography and accelerated industrialization, lead to the 
release of large quantities of all kinds of pollutants. (metals, pesticides, dyes, drugs, 
etc…) [3–5]. The presence of these pollutants in the aquatic environment even at 
concentrations represents a serious threat to the ecosystem and human health. 
Therefore, our planet requires quick strategies to save the environment from this 
pollution [6–8]. One of the main sources of pollution comes from liquid dyestuffs 
waste with a global production equivalent of 800,000 tons per year, including dyes 
discharged from the food, detergent and textile industries [9, 10]. They are classi-
fied as hazardous compounds with harmful effects on living organisms and inhibit 
considerably the photosynthesis by reducing the penetration of light into the water 
[11, 12]. To meet these challenges and avoid any harm to the environment, it is nec-
essary to proceed to their elimination before they are discharged into waterways. 
Among the alternatives for removing these harmful organics, one can cite biosorp-
tion [13], chemical oxidation [14], burning [15], biodegradation and membrane 
separation [16]. However, these methods remain rather limited because they are 
expensive and often difficult to implement; in addition, incomplete oxidation needs 
additional organic processing [17]. To overcome these drawbacks, advanced oxida-
tion processes (AOPs) are used as a "green" strategy in water research to get rid of 
organic matter and prevent pollution [18]. In this respect, the solar photocatalysis 
has emerged as a clean alternative for its efficacy under soft conditions [19, 20]. 
Semiconductors such as TiO2, SnO2 and BaTiO3 are photo-electrochemically stable 
and have been used in environmental photocatalytic applications [21–23]. However, 
their photo-responses are restricted to UV light due to the wide optical gap (Eg) and 
are therefore of little practical use with respect to solar emissions which account for 
only about 5% of sunlight [24, 25]. In this regard, continued interest in photocataly-
sis has led to significant experimental work on narrow band gap semiconductors like 
delafossites [26], perovskites [27] and spinels [28] which gave satisfactory results in 
the H2 production and oxidation of organics [29–31]. In the spinels, the electrons are 
excited in a conduction band (CB) made up of 3d orbitals with energy high enough 
to reduce dissolved oxygen to O2·− radicals and water to gaseous hydrogen. [32]. 
Importantly, the energy of the valence band (VB), consisting also of 3d character, 
is raised, thus shifting the spectral photoresponse to the visible light region. The 
spinels are among our most researched photocatalysts due to their low cost, friendly 
environmental characteristics, narrow band gap and magnetic properties [33, 34].

Therefore, our research program was partially directed toward the spinel fam-
ily AB2O4 [35]. Based on the above contents, we report in this contribution the 
characterizations of CaFe2O4 synthesized by chemical route. It has remarkable 
magnetic and catalytic properties due to its ability to absorb half of the solar 
spectrum and convert it into chemical and/or electrical energy (Eg ~ 2 eV) [36].

Optimization by such operational factors as catalyst dose, dye concentration 
and photocatalyst recycling potential. This research aimed to study the photoelec-
trochemical properties and photocatalytic activity of BaFe2O4 nanoparticles and 
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to explore the possibility of using them in the photocatalysis of DGX under vis-
ible light irradiation.

Many dyes are weakly biodegradable and therefore not easy to oxidize by clas-
sical techniques. The morphology of the catalyst (porosity, roughness and specific 
surface area) has a considerable influence on the photocatalytic performance, and 
decreasing the crystallite size improves the dye photo-oxidation because of enhanced 
surface areas. The spinel is a low polaron hopping semiconductor, and the lifetime 
of the electron/hole (e−/h+) pairs must be long enough to reach the liquid interface 
and to contribute to photo-electrochemical reactions. For this, we have chosen the 
hydrothermal route for preparing fine powders with an enhanced surface-to-volume 
ratio.

Experimental

Synthesis of material

CaFe2O4 was prepared by sol–gel route using polyvinylpyrrolidone K30 (PVP K30) 
as a combustion agent. Ca(NO3)2, 6H2O (Fluka, 98%) and Fe(NO3)3, 9H2O (Bio-
chem, 98%) previously stored in a desiccator under static vacuum, were dissolved 
separately in ethanol under stirring; an excess of 5% citric acid was added to the 
solutions. Then the solutions were mixed in 200 ml of water and heated at 60 °C for 
2 h. PVP K30 dissolved in water was added dropwise to the mixing solution. After 
evaporation at 100 °C (20 h), the mixture turned into a black gel, which was burned 
at 300 °C and the auto combustion gave a xerogel. The latter was ground in an agate 
mortar and heat-treated in the air at 850 °C (8 h, 5 °C/min) in an alumina crucible 
to remove the carbonaceous residue that remained after the combustion. The fine 
brown powder was stored in an airtight bottle until use. Distilled water was used in 
all preparations.

Characterization methods

The X-ray diffraction (XRD) was carried out with a PANalytical X-ray diffractom-
eter (Cu Kα line, λ = 1.54056 Å) at a scanning rate of 0.01°/s in the range (10–90°).

The diffuse reflectance of the spinel was plotted with a Jasco 650 Ultraviolet–Vis-
ible spectrophotometer which goes from 190 to 900 nm using BaSO4 as a reference. 
The powder was pressed into dense pellets (∅ = 13 mm, thickness ~ 0.8 mm) under 
300 MPa and fired at 900 °C, yielding a compactness of 92% with good mechanical 
properties.

The electrochemical study was realized in a Pyrex cell, which permitted the intro-
duction of the reference electrode, Pt counter electrode and the working electrode 
(WE). The potentials were given against Ag/AgCl, which refers to a saturated potas-
sium chloride (KCl) electrolyte. The electrodes are immersed in Na2SO4 (0.1  M) 
solution and piloted by a PGZ 301 Potentiostat at a rate of 10 mV s−1. The capac-
ity characteristic (C) was studied at 10  kHz and the electrochemical impedance 
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spectroscopy (EIS) was measured in the range (10−2–105 Hz), once the open circuit 
potential (OCP) was stabilized.

Photocatalytic study

The photocatalytic oxidation of DGX was carried out in a double-walled Pyrex reac-
tor connected to a thermo-stated bath (25 °C). The CaFe2O4 powder with a mass of 
300 mg was suspended in 300 ml of DGX solution (10 mg/l, free pH) by magnetic 
stirring; the adsorption experiment was realized in the dark for 90 min to reach the 
adsorption equilibrium. Then, a tungsten-halogen lamp (200 W, 16 mW/cm2) irradi-
ated the reactor; 5 ml aliquots were periodically taken and the photocatalyst particles 
were separated by centrifugation (4500 rpm for 15 min). The remaining DGX con-
centrations were analyzed by measuring the absorbance with a UV–Vis spectropho-
tometer (Shimadzu 1800, λmax = 660 nm). The degradation efficiency was calculated 
from the relationship:

Here absads and abs are the equilibrium concentrations in the dark and the absorb-
ance after time t of DGX, respectively.

Results and discussion

Photocatalyst characterization

XRD analysis

After the synthesis and calcination steps, the phase purity and crystal structure of 
CaFe2O4 were confirmed by XRD analysis. The diffractogram is shown in Fig. 1. 
The oxide crystallizes in an orthorhombic symmetry with the lattice parameters: 
a = 9.2379  Å, b = 10.6997  Å and c = 3.0202, in agreement with the Pnma space 
group (N° 62) according to ICDD card No. 01-072-1199. The corrected peaks are 
characteristic of high purity and agree well with those previously reported [37, 38]. 
Except for CaFe2O4, no other diffraction peaks associated with the hematite Fe2O3 
[39, 40], CaO or other impurities appear in the diffractogram. The structure of the 
spinel CaFe2O4, shown in Fig. 1 (Inset), was built thanks to the Vista software. The 
average crystallite size (D) was obtained from the width of the peak (β) by using the 
Williamson-Hall (W–H) relationship:

K is the form factor and п the lattice strain of CaFe2O4 powder. The β cosθ line vari-
ance as a function of 4sinθ is shown in Fig. 2. The slope and y-intercept respectively 
yield a lattice strain (п) of 5 × 10−5 and a crystal size (D) of 51 nm. Assuming com-
pact and spherical crystallites, a specific surface area of ~ 28 m2  g−1 is calculated 

(1)Degradation efficiency % =
absads − abs

absads
× 100

(2)� cos � = K�∕D + 4n sin �
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from the relation (= 6/ρexp D) where ρexp is the experimental density (4.19 g cm−3), 
measured by picnometry; this value is relatively higher than that determined in pre-
vious works [41, 42], and indicates a certain porosity of the powder. It is known that 

Fig. 1   X-ray diffraction pattern of CaFe2O4 prepared by sol–gel route. Inset: The structural representa-
tion of the spinel

Fig. 2   The Williamson-Hall plot of CaFe2O4 prepared by sol–gel route. Nano crystals for the determina-
tion of the crystallite size
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a large specific surface could provide a large number of active sites in a photocata-
lytic process [43].

UV–Vis analysis

The photo activity of the semiconductor is closely related to its light absorption. 
The optical behavior of the spinel was determined by UV visible spectrophotometry 
in the range of 190–900 nm. CaFe2O4 has an absorption edge (λo) equal to 599 nm 
corresponding to a gap (λo = 1240/Eg) with a marked absorption enhancement in the 
visible-light region, the gap energy (Eg) is determined from the relation:

α is the absorption coefficient and its reciprocal value corresponds to the penetration 
depth of the monochromatic light. For the direct and indirect transition of a semi-
conductor, k is equal to 0.5 and 2. The intersection of the straight lines (αhν)2 and 
(αhν)1/2 with the energy-axis (Fig. 3) give direct (2.07 eV) and indirect (1.75 eV) 
transitions, the latter conforms with the brick red color of the powder.

Electrochemical properties

The current potential J(E) profiles plotted in Na2SO4 electrolyte (Fig.  4) show 
that the CaFe2O4 has good electrochemical stability over the entire potential 
range indicated by the low dark current Jd (< ~ 1 mA/cm2). The peak at ~ −0.3 V 
is due to the reduction of dissolved oxygen (2H2O + O2 + 2e− → H2O2 + 2OH−); it 

(3)(�hn)1∕k = Constant ×
(

hn − Eg

)

Fig. 3   The direct optical transition (αhν)2 vs. hν of CaFe2O4 prepared by sol–gel route. Inset: indirect 
allowed transition
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has been observed that the height of the peak decreases under N2 bubbling [44]. 
The current increase linearly at lower potentials, due to the charge of the double 
layer at the electrode/solution interface. Then, the current saturation returns to 
a diffusion-limited process. The increased current above ~ 0.6  V is assigned to 
the formation of O2 with a low over-voltage while the decrease below −0.9 V is 
due to the evolution of H2 as indicated by the bubbles observed on the electrode 
surface.

The photocurrent onset potential (Eon) below which the photocurrent appears is 
determined according to the Gartner model [45]:

Here α (cm−1) is the absorption coefficient and W the space charge region; the 
potential Eon (−0.15 V) is deduced from the cross point of the line Jph

2 (E) to E-axis 
(Fig. 5). In a first approximation. The interfacial capacity (C) is measured to obtain 
the flat band potential (Efb) which is crucial to accurately determine the “potential/
energy” of the electronic band and to build the band diagram in order to evaluate the 
photoactivity of spinel:

The extrapolation of the line (C−2) plot to infinite capacity (Fig.  6) gives 
the potential Efb (0.48  V), while the negative slope implies p-type conduction of 
CaFe2O4 with holes as dominant carriers. The flattening region below ~ 0.5  V is 
attributed to the accumulation zone of (h+/e−) pairs, where their recombination 

(4)J2
ph

= Const × α2W2
(

E − Eon

)

(5)C−2 =
2

��0A
2eNA

(

E − Efb

)

Fig. 4   Cyclic voltammetry of the electrode CaFe2O4 sintered at 850 °C in air saturated Na2SO4 (0.1 M) 
plotted at room temperature. Scan rate 5 mV/s
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Fig. 5   The plot (Jph–Jd)2 vs. potential of CaFe2O4 in Na2SO4 (0.1 M) for the determination of the photo-
current onset potential (Eon) according to the Gartner model. Inset: Semi logarithmic plot electrolyte

Fig. 6   The capacitance−2-potential characteristic of CaFe2O4 in Na2SO4 (0.1  M) solution plotted at 
10 kHz for the determination pf the flat band potential (Efb)
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predominates. The discrepancy between the potentials Eon and Efb indicates the pres-
ence of surface states within the gap region [46].

The holes density NA (3.66 × 1019  cm−3) was computed from the slope value 
(m = 4.82 × 1010 (F−2 cm4/V)) where the dielectric measurement of (ε ~ 80) at 293 K 
was taken from our previous work [47]. such value extends the depletion width, an 
advantageous property in photocatalysis:

ΔU is the interfacial band bending (Efb − E), equal to ~ 0.5 V. The term (ΔU εεo/e) 
is constant and the length (W ~ 11 nm) is controlled by the doping density NA. Good 
photoactivity is expected when the condition (αλ

−1 < W) is fulfilled; this condition 
requires a semiconductor moderately doped (NA small) with a Fermi level of ~ 0.5 
above the valence band. αλ is the extinction coefficient of the spinel for the mono-
chromatic light (λ).

The chemical stability is confirmed by the potentiodynamic potential plot meas-
ured in the Na2SO4 (0.1  M) solution, which is a common technique for checking 
the corrosion process. The slope dlogJd/dE (Fig. 6 inset) gives a corrosion potential 
(Ecor) of −0.07 V and a small exchange density (Jex) of 0.01 mA cm−2, and therefore 
the oxide shows excellent chemical inertness.

The EIS graph, i.e., imaginary (Zim) versus real (Zreal) part of the complex imped-
ance brings insights into the reactions occurring at the solid/liquid interface and the 
data were recorded at the open circuit potential after its stabilization in the region 
(10–2 − 105 Hz). The EIS representation exhibits two semicircles in the dark and under 
visible light (Fig. 7), assigned to the charge transfer resistance (Rct1) and grains bounda-
ries. A Warburg diffusion (Wr) is evidenced by the straight line inclined at 45° at low 

(6)W =
(

2 ��o ΔU∕eNA

)1∕2

Fig. 7   Comparison of EIS diagrams of CaFe2O4 plotted at the open circuit potential in the dark and 
under visible light
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frequencies. and these two elements are in parallel with the double layer capacity (Cdl) 
in the electrode/electrolyte interface. The Rct1 can be derived from the high-frequency 
intercept (27.1 Ω cm2) which decreases down to 22.9 Ω cm2 under illumination, thus 
corroborating the semiconducting character of the spinel. Then for the second semi-cir-
cle associated with the charge transfer resistance (Rct2), the center is localized below the 
real axis and this comes with the existence of a constant phase element (CPE) which 
represents a deviation from a pure capacitive behavior. The offset from the origin (RS) 
is equal to the electrolytic resistance of the Na2SO4 solution (0.1 M), attributed to the 
ionic molar conductivities at an infinite solution (Λ∞) of SO4

2− (~ 160 Ω−1 cm2 mol−1) 
and Na+ (~ 50 Ω−1 cm2 mol−1) [48]. The EIS data are fitted to an equivalent electrical 
circuit (Fig. 7, Inset) and the electrochemical parameters are summarized in Table 1. 
The Bode representation is given in SM 1.

DGX photodegradation

To assess the photocatalytic activity of CaFe2O4, DGX was used as a model pollutant 
under visible irradiation. Firstly, the reaction was performed in the absence of a catalyst 
to explore the role of photolysis. The result showed that the seft-degradation of DGX 
is insignificant and is relatively stable. Before the irradiation of light, the mixture of 
DGX solution/photocatalyst was kept in the dark under stirring for 90 min to reach the 
adsorption–desorption equilibrium. Then, it was deduced from the degradation experi-
ments that the light/catalyst system plays a crucial essential role in the photodegrada-
tion of the dye. Fig. 8 shows the evolution of the DGX concentration (10 mg/l) as a 
function of time under visible light illumination for a catalyst dose of 1 g/l. The maxi-
mum absorption peak at 553 nm, and 45% of the dye was photocatalytically removed 
within 4 h at 25 °C at free pH.

The kinetics of the DGX photodegradation onto CaFe2O4 was also considered.
Kinetics are usually represented according to pseudo-first- and second-order models 

respectively [49]:

Here v is the photocatalytic rate of the degradation (mg/l min), k1 is the first-
order apparent constant of the degradation (min−1), k2 is the second order apparent 

(7)v =
−dc

dt
= k1C

(8)v =
−dc

dt
= k2C

2

Table 1   Electrochemical parameters of CaFe2O4 in the dark and under visible light obtained by fitting 
the EIS data with an equivalent circuit model

Rs (Ω) Cdl (mF) Rct1 (Ω) Ws (S.sec1/2) CPE (S sec1/n) n Rct2 (Ω)

Dark 5.56 1.93 27.1 0.004226 0.0153 0.6113 388
Light 4.78 2.47 22.9 0.004319 0.0189 0.5976 327
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constant of the degradation (l/mg min), C is the concentration (mg/l) and t the irra-
diation time (min). The integration of equations. (7 and 8) together with the determi-
nation (C=Co when t = 0) gives the following equations

Based on Fig. 9 and Table 2, we can conclude that the kinetic of photocatalysis 
on CaFe2O4 is well described by the second order, as indicated by the straight lines 
with higher correlation coefficients (R2 = 0.985). The former can describe the disap-
pearance of the DGX with an apparent kinetic constant kapp. This value allows us to 
extract the initial rate, and the photocatalytic half-life time (t1/2) of 48.87 h is calcu-
lated using the following relationship:

Photocatalytic mechanism

In order to improve the photocatalytic performance, it was interesting to develop the 
catalyst powder by sol–gel method with the goal reduction to length the electrons 

(9)C = Coe
−k t

(10)v =
Co

1 + ktCo

(11)t1∕2
=

1

kCo

Fig. 8   The UV–Vis spectra of photo degradation of DGX (10 mg/l) on CaFe2O4 at neutral pH, 25  °C 
under visible light
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have to cross to reach the interface. For better elucidating the photocatalytic deg-
radation of DGX on CaFe2O4 nanocomposites under visible irradiation, a plausible 
mechanism has been suggested on the basis of by energy diagram. Based on the elec-
trical (Ea = 0.17 eV) optical (Eg = 2.07 eV) and photo-electrochemical (Efb = 0.48 V) 
characterizations, where Ea is the activation energy [34], the band edge positions of 
the synthesized spinel are expressed as by the relations:

These relationships allow us to infer potential values of the valence band (0.65 V) 
and conduction band (−1.10  V), where e is the elementary charge. These values 
indicate that both bands derive mainly from Fe3+: 3d orbital in six-fold coordina-
tion (t2g

3 → eg
2) [47]. Once irradiation of the semiconductor CaFe2O4 by energetic 

photons (hν > Eg), the (e−/h+) pairs generated within the diffusion length of the 
semiconductor are separated by the interfacial electric field (Eq. 10). CB-CaFe2O4 
(−1.10 V) is located above the level O2/O2·− (−0.5 V), clarifying that the electron 
can contribute in the DGX photo-oxidation.

Thus, the electrons react with dissolved oxygen to produce reactive O2·−. On 
the other hand, it is unlikely that the hole in the valence band oxidizes H2O to 

(12)EVB = eEfb + Ea + 4.75 − Eg

(13)ECB = EVB − Eg

Fig. 9   The non-linear first and second order kinetics of the DGX photodegradation

Table 2   Parameters of non-linear first and second order for DGX photodegradation onto synthesized 
CaFe2O4

First order Second order

R2 k1 (min−1) Standard error R2 k2 (L/mg min) Standard error

0.981 2.59 × 10–3 1.55 × 10–4 0.985 3.41 × 10–4 1.90 × 10–5
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generate ·OH because the potential of VB−CaFe2O4 (0.65 V) is anodic of the couple 
H2O/·OH (2 V). Based on the above-mentioned contents, the photocatalytic degra-
dation of DGX is suggested as follows:

CaFe2O4 with its environmentally friendly characteristics has been tested for 
hydrogen production under visible irradiation. The results are promising and will be 
communicated very soon.

Conclusions

Conclusively, this work was dedicated to the synthesis of the spinel CaFe2O4 by a 
facile sol–gel process using a Polyvinylpyrrolidone organic polymer (PVP K30), fol-
lowed by an exhaustive characterization through optical and electrochemical stud-
ies. These properties have confirmed the stability and p-type semi-conductivity of 
spinel, which can exploit a large part of solar radiation into chemical energy. The 
photo-electrochemistry enabled us to construct the energy diagram with the accurate 
positions of the conduction and the valence bands, a precursor to photocatalysis. 
Drimarene Green is a dangerous and persistent dye, released into the natural aquatic 
environment by uncontrolled industrial effluents. It was successfully oxidized under 
visible irradiation in the presence of CaFe2O4. Experimental results revealed that 
45% DGX degradation by O2·− radicals under ideal conditions, for less than 4 h of 
exposure under visible light irradiation. The photocatalytic oxidation followed the 
pseudo second-order kinetic with a photocatalytic half-life of 48.87 h.
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(14)CaFe2O4 + hv → e−
CB
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VB

(15)e−
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+ O2 → O2⋅−

(16)O2 + 2H2O + 2e− → H2O2 + 2OH−

(17)DGX + O2⋅− → Degradation products
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