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Abstract
Ponceau 4R is successfully oxidized on the hetero-system  ZnCo2O4/ZnO under the solar light. The spinel with a nano-mor-
phology is elaborated by the sol gel method at ~ 850 °C. The X-ray diffraction pattern exhibits narrow peak characteristics 
that reveals a good crystallization. The  capacitance−2–potential (C−2–E) plot of the semiconductor  ZnCo2O4 indicates p type 
behavior from which a flat band potential of + 0.30  VSCE is determined. The energy band diagram, built from the physic-
chemical properties, clearly predicts the electron transfer from the conduction band of  ZnCo2O4 toward dissolved oxygen 
via ZnO. Indeed, the  ZnCo2O4/ZnO composite improves the photocatalytic performance, where the colloidal photochemical 
hetero-system is successfully used for the light induced Ponceau 4R oxidation. The spinel dose and Ponceau 4R concentra-
tion are optimized. The conversion rate is controlled by UV–Visible spectrophotometry and, under the ideal conditions, the 
oxidation of 70% of Ponceau 4R (15 ppm) is obtained in aerated solution for less than 4 h when exposed to the solar light. 
The oxidation obeys a first order kinetic with a half-photocatalytic life of 130 min (k ~ 52 × 10−4  min−1).
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1 Introduction

The water contaminated by heavy metals, dyes drugs 
and pesticides are traditionally treated by biological and/
or physical methods which decreases the pollution level, 
but not enough to reach the limit required by the World 
Health Organization (WHO) [1–4]. Indeed, the classical 
techniques are expensive and inefficient at low concentra-
tions (10–150 mg  L−1). Respectively, the advanced oxida-
tion process (PDO) is a promising alternative for the treat-
ment of effluent water from different industries [5–7] and 
the batch-process solar decontamination is found to be an 
effective treatment for the potable water. In this regard, 
the semiconductor/liquid junction, assimilated to a photo-
electrochemical system to remediate the aquatic pollution 
[8–10]. Among the oxides, the spinels MMʹ2O4, where M 

and M′ are commonly 3d metals, start to gain a growing 
popularity in photocatalysis owing to their chemical stabil-
ity, non-toxicity, easy synthesis and absorption over a wide 
range of the solar spectrum [11, 12]. The potential of their 
conduction bands (~ − 1 V) [13] is below the  O2/O2

· couple, 
leading to spontaneous oxidation of organic molecules [14, 
15]. They were used in the hydrogen production from water 
[16, 17] and heavy metals reduction to element states [18] 
under visible light illumination.

With a band gap of ~ 2 eV, the spinels absorb ~ 40% of the 
sunlight. The optical transition in the visible region is of d–d 
type, and the crystal field splitting which lifts the degeneracy 
of 3d orbital in a lower t2g and upper eg levels, leading to 
inhibited dissolution in aqueous medium [19, 20]. Moreover, 
the potential of the valence band (VB) and conduction band 
(CB) does not vary with pH and it can be suitably located 
with respect to redox levels in solution by a judicious selec-
tion of pH.

We tried to apply systematically the hetero-system 
 ZnCo2O4/ZnO for the dyes degradation. Indeed, dyes are 
of widespread use in many industries and are commonly 
encountered in effluents and surface water.

The aim of the present work is to report the prepa-
ration of the spinel  ZnCo2O4 by sol gel route and its 

 * G. Rekhila 
 rekhilagharib@gmail.com

 * M. Trari 
 mtrari@usthb.dz

1 Laboratory of Storage and Valorization of Renewable 
Energies, Faculty of Chemistry (USTHB), BP 32 16111, 
Algiers, Algeria

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-020-03766-1&domain=pdf


 G. Rekhila et al.

1 3

620 Page 2 of 8

photo-electrochemical characterization. As possible appli-
cation, the photocatalytic performance is tested toward the 
oxidation of Ponceau 4R, a recalcitrant molecule, upon 
solar light on the hetero-system  ZnCo2O4/ZnO. The activ-
ity is dependent on some parameters like the sensitizer dose 
and dye concentration. The dye elimination was followed 
by UV–Visible spectrophotometry and the conversion rate 
reached high values under the solar light. ZnO serves to 
mediate the electrons transfer to adsorbed dye molecules.

2  Experimental

ZnCo2O4 was prepared by the sol gel method; the detailed 
procedure was reported elsewhere [21]. Briefly, stoichio-
metric amounts of Zn(NO3)2·6H2O (Merck, 99.5%) and 
Co(NO3)3·9H2O (Merck, 99.5%) were dissolved in water 
containing the gelling agent (Agar–Agar, Flucka 1 g  L−1). 
The solution was heated at 70 °C and the gel was dehy-
drated at 130 °C. Finally, the sample was homogenized in an 
agate mortar and heated at 850 °C in a programmed muffle 
furnace.

ZnO nanoparticles were synthetized by dissolution of 
Zn(NO3)2·6H2O in 100 mL NaOH solution (1 M) containing 
1 g of agar–agar; the solution was treated at 80 °C (1 h) and 
the precipitate was thoroughly washed and treated at 350 °C.

The phase composition was identified by X-ray diffrac-
tion (XRD) in the 2θ range (15°–90°) using a Siemens dif-
fractometer (Model D-5000). The FTIR analysis was made 
by dispersing the spinel (~ 2%) in KBr (spectroscopic qual-
ity). The scanning electron microscope (SEM) image was 
taken with a Hitachi microscope (Model S2500). The diffuse 
reflectance data were collected in the range (190–900 nm) 
using a Specord 200 Plus spectrophotometer.

The electrical conductivity (σ) was determined by the 
two-probe technique with a direct current source. The ther-
moelectric power was measured on dense pellets sintered at 
900 °C with the use of home-made equipment.

The electrical contact, performed with silver cement on 
sintered pellet, was automatically verified. The pellet was 
introduced in a glass tube and isolate by hardening araldite. 
The electrochemical study was done in  Na2SO4 (0.1 M) solu-
tion using a Pyrex cell containing the working electrode, 
Pt as auxiliary electrode and SCE as a reference. A PGZ 
301 potentiostat was used to plot the current–potential J 
(E) characteristics in the dark and under visible irradiation. 
The capacitance–potential curve (C−2 vs. E) was plotted at 
10 kHz; the electrochemical impedance spectroscopy (EIS) 
data were collected on a Zimag vs. Zreal diagram; the equiv-
alent electrical circuit was modeled by using the Z-View 
software 3.4.

The photoactivity was tested through the oxidation of 
Ponceau 4R, a hazardous dye. The tests were carried out in 

a batch Pyrex reactor equipped with a cooling system whose 
temperature was regulated at 25 °C. The tests were realized 
at natural pH using 200 mL of Ponceau 4R solution at differ-
ent concentrations (5–20 mg  L−1) with a variable spinel dose 
(Y% = x/(x + 125) × 100, x being the mass of  ZnCo2O4 while 
the mass of ZnO was maintained constant (125 mg). Before 
irradiation, the mixture was sonicated for 2 min to disperse 
the catalyst powder. They were kept in the obscurity for 1 h 
under magnetic agitation (200 rpm) to reach the absorption 
equilibrium. The system was exposed to solar light (95 mW 
 cm−2), the intensity of which was measured with a flux meter 
(Testo 545).

Aliquots (0.5 mL) of the solution were regularly with-
drawn and filtered to separate the solid particles. The 
remaining Ponceau 4R concentration was analyzed by 
UV–Vis spectrophotometry (Shimadzu UV 1800). The 
photo catalytic efficiency was determined from the relation:

where Co and Ct are, respectively, the initial concentra-
tion and the concentration after irradiation for time (t). It 
is worthwhile to mention that Ponceau 4R was not oxidized 
by photolysis. All solutions were prepared with  CO2 free 
distilled water.

3  Results and discussion

The recorded XRD patterns are shown in Fig. 1. The sin-
gle-phase  ZnCo2O4 crystallizes in a cubic symmetry (space 
group Fd3m) and all XRD peaks (Fig. 1a) belong to the nor-
mal spinel  Zn[Co2]O4 with a lattice constant of 0.8068 nm 
in agreement with the JCPDS cards No 11-1110. The struc-
ture is formed by a close packed lattice of  O2− ions where 
the octahedral cavities are occupied by  Co3+, while  Zn2+ 
are located in tetrahedral sites. The XRD pattern of ZnO 
(Fig. 1b) shows a single-phase crystallizing in the hexago-
nal Wurtzite structure with lattice constants: a = 0.3237 and 
c = 0.5194 nm.

The crystallite sizes are evaluated from the broadening 
(β, radian) of the strongest XRD peak (L = 0.9 λ (β cosθ)−1). 
The values L (= 30 nm,  ZnCo2O4 and 29 nm, ZnO) indicates 
that the crystallites are agglomerated, thus forming grains. 
Assuming spherical compact crystallites, the L value gives 
active surface area {Ssp = 6 (dexp L)−1} equal to 30 m2  g−1 
for  ZnCo2O4, dexp being the experimental density. The SEM 
micrographs recorded for the  ZnCo2O4 sample are shown in 
Fig. 2. As can be seen, the sample contains fine-spherical 
shaped grains with an average diameter lying between 0.7 
and 1.7 μm and such values confirm the agglomeration of 
fine crystallites.

(1)� = 100
(

Co−Ct

)

∕Co,
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The optical properties of  ZnCo2O4 are typical of insula-
tors [22] and consequently not different from other spinels 
[23, 24]. The incident energy (hν, eV) and absorption coef-
ficient (α,  cm−1) are related by the following relation:

where the parameter n depends on the transition type: 
n = ½ and 2, respectively, for indirect and direct transitions 
[25–27]. The intersection of the linear plot (αhν)2 with the 
abscissa axis indicates direct allowed a transition with Eg 
value of 1.82 eV (Fig. 3).

The key factor of a photocatalyst in the solar energy con-
version is its semiconductor properties and the transport 
properties were measured for this purpose. The electron/hole 
 (e−/h+) pairs are separated by the interfacial electric field 

(2)(�h�)n = Constant ×
(

h� − Eg

)

,

(see below). The space charge region (δ) is a characteristic 
of classical semiconductor (Fig. 4). The low carrier density 
(NA) leads to an extended width δ of in agreement with the 
low electrical conductivity of  ZnCo2O4 (σ300K ~ 10−6 Ω−1 
 cm−1). The conductivity σ(T) follows an exponential law 
with activation energy of 0.10 eV. Such value is supported 
by the positive thermo-power (+ 500 μV K−1 at 300 K) 
which indicates that the majority carriers are holes with a 
concentration of the order of magnitude ~ 1018 cm−3 (Fig. 4, 
inset).

Ponceau 4R is a weak electrolyte and the intensity–poten-
tial J (E) curve (Fig. 5) of  ZnCo2O4 electrode is plotted in 
neutral electrolytic salt  (Na2SO4, pH ~ 7). The curve exhibits 
a plateau region down to 0.4 V with a dark current less than 
0.1 mA cm−2, and the behavior is similar to that of chemi-
cal diode. The wave centered at − 0.35 V is assigned to 

Fig. 1  XRD patterns of a 
 ZnCo2O4 and b ZnO
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the peroxide formation  (H2O + 0.5  O2 + e− →  H2O2). The 
current decrease below − 0.6 V without reaching a plateau, 
is due to the  H2 evolution as evidenced by gas bubbles on 
the electrode. In addition,  ZnCo2O4 is known to produce 
hydrogen under visible light [22, 28].

The photocurrent (Jph) starts to flow at ~ 0.3 V (photocur-
rent onset potential Eon) and augments along the negative 
potentials, thus supporting the p-type conduction where the 
hole are the majority carriers. The flat band potential (Efb) 
under the operating conditions is reliably determined from 
the capacity (C)–potential (E) relation:

(3)
1

C2
=

(

2

��oeNA

)

(

Efb − E
)

,

where ε (= 300) is the permittivity of the spinel, εo is the 
permittivity of vacuum, e is the electron charge and NA is the 
hole concentration. The extrapolation of the fitted line at infi-
nite capacity (C−2 = 0, Fig. 6) and the slope give the poten-
tial Efb (− 0.30 V) and concentration (NA = 2.4×1016 cm−3), 
respectively. The flat region above − 0.2 V is ascribed to 
the accumulation zone with an increased recombination rate 
of  (e−/h+) pairs, whereas the bending below − 0.7 V is due 
the maximal band bending with a zero recombination rate 
of  (e−/h+) pairs. The low NA value leads to a large depletion 
region (δ ~ 400 nm) which is greater than the penetration 
depth (αλ−1), the latter is dependent on the wavelength λ. The 
potentials of the valence band (VB) and conduction band 
(CB) of  ZnCo2O4 of are of high importance in photocataly-
sis, and the following relations compute them:

Fig. 2  SEM analysis of the spinel  ZnCo2O4 prepared by sol gel route

Fig. 3  Direct optical transition of the spinel  ZnCo2O4

Fig. 4  The logarithm of the electrical conductivity as function of 
 103/T  forZnCo2O4. Insert: Thermal dependence of the thermo-power
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(pHpzc = 7.44) of ZnO determined from the drift method 
(Fig. 7). The values of CB (− 3.33 eV/− 1.42 V) and VB 
(− 5.15 eV/0.40 V) indicate that both bands made up of 3d 
orbital (t2g −  eg) which takes then origin from the crystal 
field splitting of  Co3+ in sixfold coordination.

3.1  Photocatalysis

The alternatives for the water treatment continue to attract 
a growing interest owing to of the large-scale pollution 
and the photocatalysis remains attractive in the third world 
not only for the protection of the environment but also for 
the high solar potential like Algeria with a solar constant 

(4)ECB = 4.75 + e Efb + 0.056
(

pH − pHpzc

)

+ Ea

(5)EVB = ECB + Eg

of ~ 1 kW cm−2. On the other hand, the adsorption is widely 
used for the removal of organic molecules but remains just a 
transfer of the pollution and the adsorbent must be regener-
ated that requires a further investment. In contrast, the pho-
tocatalysis permits the water decontamination (oxidation/
mineralization) [29, 30] and the advanced oxidation pro-
cesses (AOPs) need reactive radicals O2

· and/or ·OH formed 
in the conduction and valence bands, respectively, which 
destroy the organic matter in the presence of dissolved oxy-
gen [31].

Individually, the spinel and ZnO give moderate oxidation 
for Ponceau 4R under the solar light, respectively, 14 and 
26%. However, both SCs which have different energy levels 
enable us to reach high conversion yields by synergy. This 
performance was predicted from the energy diagram of the 
hetero-system  ZnCo2O4/ZnO2/Ponceau 4 R solution (Fig. 8), 
plotted on the basis of the physic-chemical properties (Eg, 
Ea and Efb). Generally, the radicals are generated on wide 
band gap semiconductors, exceeding 3 eV illuminated by 
the  UVA light of the sun [30, 32]. The injection of charge 
carriers occurs iso-energetically and the large difference 
( EO2∕O

⋅

2
− ECB ) inhibits the electrons transfer, thus yielding 

a weak photocatalytic ability, thus yielding a weak photoac-
tivity. Therefore, ZnO is used as an electron bridge in order 
to mediate the electrons transfer in solution.

ZnCo2O4-CB, formed of eg orbital is pH independent 
while ZnO-VB varies by − 0.059 V  pH−1, this property has 

-1 0 1 2
0

3

6

9

12
C

-2
 ×

 1
0-1

2  (F
-2
cm

4 )

E (V)

E
fb
 = 0.30 V

Fig. 6  The Mott–Schottky plot of p-type  ZnCo2O4in  Na2SO4 (0.1 M) 
solution

3 6 9 12

3

6

9

12

HplaniF

Initial pH

pH
pzc

= 7.44

Fig. 7  Determination of the point zero charge  (pHpzc) of  ZnCo2O4

Potential (V/ECS)

Ea= 0.1 eV

e-

e- e-

h+

O2/O2• (-0.5 V)

OH-•/H2O (+2.04 V)

+0.4 V

Eg= 3.2 eV

Eg= 1.82 eV

p-ZnCo2O4 n-ZnO

- 0.53 V

-1.42 V

2.67

Energy (eV)

-4.74

Fig. 8  Energy diagram of  ZnCo2O4 in electrochemical scale at pH ~ 7



 G. Rekhila et al.

1 3

620 Page 6 of 8

been exploited to get an optimal band bending at the solid 
interface  ZnCo2O4/ZnO at pH ~ 7. On the other hand, the 
photocatalysis is dependent on the particle morphology and 
the effect of the crystallite dimension decrease on the dye 
mineralization is investigated. The charge carrier lifetime 
must be as long as possible to reach the interface. The nano-
sizes are desirable in such a case and the sol gel process 
is suitable for elaborating powders and enhancing the sur-
face-to-volume ratio. In addition, the porosity of  ZnCo2O4 
decreases the over-voltages of the electrochemical reactions 
and, therefore, increases the number of photoelectrochemical 
sites. The dark adsorption is a preamble for the photoca-
talysis of organic compounds. The point  pHpzc of ZnO, at 
which the adsorption occurs, is found to be 7.44 [33] and the 
surface is positively charged at neutral pH. The mesomeric 
effect of the Ponceau 4R structure occurs between the double 
bond and the lone pair of nitrogen and is likely responsible 

of binding which favors its access to catalytic sites of ZnO 
by electrostatic attraction.

Ponceau 4R is not degraded by photolysis while only 5% 
is adsorbed, as shown by the concentration measurement 
before and after maintaining the mixture  (ZnCo2O4/ZnO) 
in Ponceau 4R solution for 12 h in the dark. Accordingly, 
the concentration decrease is mostly due to a photocatalytic 
mechanism adopted in the dyes degradation [34]:

The irradiation time is fixed at 220 min. and the main 
parameters influencing the photocatalytic process are the 
catalyst dose and Ponceau 4R concentration. As expected, 
the performance increases with augmenting the amount of 
the sensitizer  ZnCo2O4 (Fig. 9a) due to larger reception sur-
face and high number of photoelectrochemical sites for vis-
ible photons with an increased generation of  (e−/h+) pairs. 
The linear dependence of the photocatalytic degradation 
indicates a pseudo first-order kinetic:

The half-photocatalytic life (t1/2), the time required to 
oxidize half of initial quantity of Ponceau 4R, is found to 
be dependent on the concentration (Table 1). The spinel 
dose Y% (= x/(x + 100) × 100 varies in the range (0–100%) 
while the ZnO quantity is fixed at 100 mg. The optimal 
dose (Y %  ZnCo2O4/ZnO) under artificial illumination is 
found to be 75% for the Ponceau 4R oxidation (15 ppm) 
with a half-life of 130 min (Fig. 9b). The decline of the 
photoactivity above the threshold value is induced by light 
obstruction due to the shadowing and scattering effects of 
the catalyst powder in solution.

Beyond 200 min, the slope decreases progressively that 
is followed by gradual cessation. This tendency to saturation 
indicates that the layers already adsorbed are first degraded 
and the kinetic is controlled by the Ponceau 4R diffusion to 
photo-catalytic sites of the catalyst surface where the super-
oxides O2

· are formed for a new desorption/photooxidation 
cycle. The photocatalytic process needs contact by collision 
which favors the electronic exchange between  ZnCo2O4 and 

(6)
O2 ads + e

−
→ O

⋅

2
+ H

+
→ HO

⋅

2
+ H

+
→ H2O2(+ e

−) → OH
⋅ + OH

−
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Table 1  Kinetics parameters for Ponceau 4R photodecoloration

Système catalytique k  (min−1) × 10−4 t1/2(min) = 0.693/k

ZnCo2O4(Y%)/ZnO
 x = 0 10 693
 x = 25 31 223
 x = 50 47 147
 x = 75 52 130
 x = 100 18 385
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ZnO. The improvement in photoactivity under sunlight is 
due to the additional excitation of ZnO by the  UVA part of 
the sun, which represents about 5% of the solar flux. The 
effect of the initial concentration of Ponceau 4R (Co) on the 
photo-degradation rate is shown in Fig. 10. At high Ponceau 
4R concentration, the oxidation decreases because of the 
reduced light penetration (for 50 ppm, 72.69%). The degra-
dation rate reaches a maximum due to the occupancy of all 
photocatalytic by the dye molecules that leads to a regres-
sion of the photoactivity [35]. Conversely, for diluted solu-
tions, the conversion rate is augmented with decreasing Co.

4  Conclusion

Ponceau 4R, a dye widely used in the cosmetic industry, 
was successfully oxidized on the hetero-system  ZnCo2O4/
ZnO under the solar light. The  ZnCo2O4 spinel was synthe-
sized by the sol gel method and the X-ray diffraction showed 

narrow peaks revealing good crystallization. The voltam-
metry indicated an excellent electrochemical stability with 
a small dark current. The capacitance of  ZnCo2O4, the ratio 
of the variation in electric charge of the electrode to the cor-
responding change in the electric potential, measured in neu-
tral medium indicates p type behavior. The combined opti-
cal/photo-electrochemical properties enabled us to draw the 
energy band diagram. The latter showed the electron transfer 
from the conduction of the spinel to dissolved oxygen via 
ZnO, predicting a high degradation, as confirmed by the 
experimental tests. The rate of the Ponceau 4R elimination 
was controlled by UV–Visible spectrophotometry and both 
the spinel dose and dye concentration were optimized. The 
photoactivity was improved upon sunlight because of the 
activation of ZnO by the UV photons. A conversion rate of 
70% was obtained in aerated solution (Ponceau 4R, 15 ppm) 
within 220 min and the oxidation follows the pseudo first-
order kinetic with a half-photocatalytic life of 135 min.
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