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Preparation and characterization of zinc and cobalt (II, III) oxides
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Abstract. The decolourization of the direct red 23 diazo dye, commonly used in textile industries, was investigated through the heterogeneous photocatalysis mediated by zinc oxide, n-type semiconductor combined with p-type
cobalt oxide at 30◦ C. The mixture of n- and p-type semiconductors may form a p–n junction, which can decrease
the band gap energy and thus increase the photocatalytic activity. This work reports the preparation and characterization of cobalt oxide and oxide mixtures of Zn and Co in 1, 3 and 5% proportions, respectively, as well as their
photocatalytic activity, measured by direct red 23 diazo dye decolourization rate constants. These oxides were characterized through the X-ray diffraction, scanning electron microscope, energy-dispersive X-ray spectroscopy, X-ray
ﬂuorescence spectroscopy and diffuse reﬂectance spectrophotometry. The suspension, formed from direct red 23
diazo dye solution and oxide mixtures, was kept in the dark for 1 h at 30◦ C for diazo dye adsorption on the oxide
surface and irradiated by UV light for diazo dye decolourization. The mixture of ZnO containing, respectively, 3
and 5% cobalt oxide showed higher decolourization rate constant in comparison to ZnO.
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Introduction

Azo dyes, aromatic compounds with one or more nitrogento-nitrogen double bonds, constitute the largest and the most
different groups of synthetic dyes and have been widely used
in many industries that produce huge amounts of polluted
efﬂuents, generally discharged to surface water bodies and
ground water aquifers. Due to the poor exhaustion properties,
the loss of the initial dye in wastewaters can attain as high
as 50% for reactive dyes, leading to severe contamination in
the vicinity of dyeing industries. These dyes are considered
toxic and mutagenic to the living organisms in aquatic environment. In addition, the stability of their molecular structures provides them resistant to biological or even chemical
treatments.1–5
Because of the environmental problems, technologies that
mineralize and degrade organic and inorganic contaminants
to CO2 , water and inorganic ions have been studied.6 Conventional treatments such as precipitation and separation,
coagulation, active carbon elimination and others have been
used for textile waste removal, but none of these methods degrades completely the contaminant.7 In recent times
efforts have been devoted to the investigation of photochemical processes using n-type semiconductor oxides, such as
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TiO2 , ZnO in heterogeneous system. When this semiconductor is illuminated by light rays with wavelength below
380 nm, the photons excite valence band electrons across the
band gap into the conduction band, leaving holes behind in
the valence band. These holes react with water molecules
or hydroxide ions in order to produce hydroxyl radical
(HO• ), which presents high oxidation potential (2.8 V) and
oxidizes the majority of the organic compounds due to
low selectiveness.8,9 On the other hand, the electron–hole
recombination occurs and releases energy as heat, radiation
or light. This phenomenon, known as photoluminescence,
has been investigated in order to obtain information about
the efﬁciency of the charge carrier processes as trapping,
transfer and migration, and provides a method to understand the physical and photochemical properties of the
semiconductor.10,11 Hence, the heterogeneous photocatalysis
mediated by semiconductor has been widely used as an alternative for decontamination of polluted waters with organic
and inorganic substances.12,13
The interaction between n- and p-type semiconductors can
form the p–n junction and facilitate the electron–hole pair
formation, decreasing the band gap energy, which increases
the photocatalytic efﬁciency.14 Taking into account that ntype semiconductor has electrons and p-type, holes, the latter tends to diffuse and occupy uniformly the network, while
the n-type electrons tend to do the same. Hence, the electron diffuses to p-side, leaving a positive charge in the n-side.
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Figure 1. Schematic structure of direct red 23 diazo dye, sodium 3-[[4-(acetylamino)-phenyl]
azo]-4-hydroxy-7-[[[[5-hydroxy-6-(phenylazo)-7-sulpho-2-naphthalenyl]-amino] carbonyl] amino]-2naphthalenosulphonic acid.

The p-side hole behaves similarly, leaving a negative charge
in the p-side. These exchanges generate an electric ﬁeld
owing to the double electric layer, which is directed from
n- to p-side, inhibiting the holes and electrons diffusion to
the former state, maintaining the separation among holes and
electrons, avoiding the recombination of these by time period.15
The objective of this work was to prepare and to characterize the zinc oxide and cobalt oxide mixtures in different
proportions in order to verify their photocatalytic activities
through the direct red 23 diazo dye decolourization at 30◦ C,
whose chemical structure is shown in ﬁgure 1.

2.

Experimental

(λ = 1.5406 Å) line used as the radiation source. The
applied tension was 40 kV and the current of 30 mA.
The scanning range of 2 h was 10–80◦ with regular steps
of 0.05◦ per second. Band-gap energy (Eg ) was determined by diffuse reﬂectance (DRS) using a Shimadzu
UV-2600 UV–vis spectrophotometer. Oxide particles morphology was observed by scanning electron microscopy
(SEM) using Phillips FEI Quanta 200. The composition
and distribution of oxides surface were determined by
X-ray energy-dispersive spectroscopy (EDX) using the same
microscope of SEM. The percentage of elements present
in the oxides was determined by X-ray ﬂuorescence spectroscopy (XRF) through the Shimadzu EDX-720HS Ray-ny
spectrophotometer.

2.1 Oxides preparation
Cobalt oxide was prepared from equal volumes of 0.40
mol l−1 hexahydrate cobalt nitrate (Co(NO3 )2 ·6H2 O, Synth.
99%) and 0.60 mol l−1 anhydrous oxalic acid (H2 C2 O4 ,
Belga, P.A. 99%), both dissolved in deionized water (MilliQ)
and boiled separately. In this temperature the cobalt hexahydrate nitrate was added to the oxalic acid and the heating immediately stopped. The resulting mixture was magnetically stirred (Microquímica AMA 301) until it reached
the room temperature. The precipitate was ﬁltered at vacuum, washed with distilled water several times, air dried
overnight, subsequently placed in a drying oven at 100◦ C
(Biopar S150SD) during 3 h and lastly, taken to the preheated mufﬂe furnace (Marconi MA385) at 400◦ C for 12 h
to obtain cobalt oxide. The prepared oxide was added to ZnO
(Nuclear, P.A., 99%) to formulate mixtures containing 1, 3,
and 5% of cobalt oxide. The both oxides were macerated in
an agate mortar during 2 h until the mixture becomes homogeneous. Afterward, this material was transferred to the crucible and taken to the mufﬂe oven for calcination at 400◦ C
for a period of 5 h.16

2.2 Characterizations
The X-ray diffraction (XRD) patterns were obtained through
the Rigaku diffractometer D/MAX-2100/PC with CuKα1

2.3 Heterogeneous photocatalysis
The heterogeneous photocatalysis of the direct red 23 diazo
dye (DR23) (Chemical) was performed inside a wooden box
(50 × 50 × 50 cm3 ), covered internally with aluminium foil
and closed in the frontal part with a black curtain. A suspension formed by 150 ml of 7.5 × 10−3 mol l−1 DR23 and
3.0 g l−1 semiconductor was placed in a borosilicate double
wall glass reactor (200 ml, homemade), stirred magnetically
at 600 rpm (Fisatom 752) in the dark during 60 min, whose
temperature of 30.0 ± 0.1◦ C was maintained by water circulation (Microquímica MQBT99-20). Subsequently, the irradiation was started using an Hg vapour lamp without bulb
(Phillips HPL-N 125W), positioned horizontally and centralized at the top of the box at a distance of 10 cm from
the reactor. One millilitre aliquots were collected as a function of irradiation time, ﬁltered (Millipore, 0.22 μm), and
the UV–vis spectra (Hitachi U-3000) were registered from
200 to 700 nm, monitoring the DR23 maximum absorbance
at 503 nm (ε = 2.54 × 104 cm mol−1 l, r = 0.999).17 The
decolourization rate constant, kobs , was determined under
pseudo-zero-order kinetic condition, as a function of irradiation time t, in triplicate, wherein the absorbance in
t time and zero are represented, respectively, by At ,
and A0
At = −kobs t + A0 .

(1)
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3.

Results and discussion

3.1 XRD investigation
The X-ray diffraction patterns of the pure zinc oxide (ZnO),
the mixture containing 1 (OMCo1), 3 (OMCo3), and 5
(OMCo5) wt% of cobalt oxide (Co3 O4 ), and the pure Co3 O4
can be seen in ﬁgure 2.

Figure 2. XRD patterns of pure ZnO, mixture containing 1, 3,
and 5 wt% of Co3 O4 and pure Co3 O4 .

Figure 3.
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The XRD patterns of cobalt oxide display the diffracted
peaks at about 2θ = 31.3, 36.9, 44.9, 59.4 and 65.3◦ . These
peaks are associated with the crystallographic planes (220),
(311), (400), (511) and (440) of the Co3 O4 cubic structure
with spatial group Fd−3m (227) and lattice parameter a =
8.084 Å, obtained by comparison with the crystallographic
pattern from the ﬁle PDF #42-1467 of the PCPDFWIN software (version 2.4, JCODS-ICDD). This result presents good
agreement with the previously published papers about cobalt
oxide synthesis.18,19 Through the XRD patterns of pure ZnO,
all the diffracted peaks can be indexed as hexagonal structure
with spatial group P63 mc (186) and lattice parameters a =
3.249 Å and c = 5.206 Å (PDF # 65-3411). The same proﬁle was observed for OMCo1, OMCo3, and OMCo5 in the
XRD patterns, where in the OMCo3 and OMCo5 samples the
diffraction peaks of cubic Co3 O4 were observed. The characteristic peaks of ZnO (considering the three highest intensity
peaks) decrease when the Co3 O4 percentage was increased;
this implies that cobalt has contributed to a more amorphous
crystal lattice of ZnO. Is also observed that with increase of
cobalt oxide (OMCo1, OMCo3 and OMCo5 samples) the
peak position of the ZnO hexagonal structure shifts to higher
angles compared with pure ZnO. This shift in the 2θ angle
can be associated with the difference between ionic radius of
Zn2+ (0.74 Å) and Co3+ (0.61 Å), where the Co3+ leads to
the distortion on ZnO lattice.20 These XRD results about pure

Tauc diagrams showing ﬁts to obtain band gap energies of (a) OMCo1, (b) OMCo3 and (c) OMCo5.
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ZnO and mixed ZnO with Co3 O4 are in good agreement with
some previously published papers concerning to the relative
intensity and the peaks position.21–23
3.2 Band gap energy determination
The band-gap energy (Eg ) of the oxide mixtures was
obtained from the diffuse reﬂectance spectra as a function of
wavelength, λ through the Tauc energy diagram (2), where
α represents the absorption coefﬁcient, hν the photon energy
and C a constant.
(αhv)2 = C(hv − Eg ).

(2)

Figure 3 displays the Tauc diagrams of the oxide mixtures,
where Eg was determined from the intersection in abscissa,
corresponding to the absorbed radiation. From ﬁgure 3a to
c, the band gap energies of 3.24, 3.25 and 3.25 eV were
determined for OMCo1, OMCo3 and OMCo5, respectively.
These results indicated that, all the oxide mixtures presented
smaller band gap energy compared to pure ZnO (3.26 eV),
whose energy was determined (diagram not shown).
3.3 Scanning electron microscopy
The SEM images of the cobalt oxide and oxide mixtures,
magniﬁed by 8000 times, are displayed in ﬁgure 4. The
rod-shaped particles, displayed in ﬁgure 4a, corresponds to
Co3 O4 according to Salavati-Niasari et al24 and Xu et al,25
in agreement with the XRD results. The images of OMCo1,
OMCo3 and OMCo5, ﬁgure 4b to d exhibit the homogeneous distribution of Co3 O4 crystals over the oxide mixture
surface. The presence of Co3 O4 crystals conﬁrms that, since
the oxide mixture was prepared by maceration, the physical

Figure 4. SEM images magniﬁed by ×8000 of (a) Co3 O4 ,
(b) OMCo1, (c) OMCo3 and (d) OMCo5.

interaction and therefore, superﬁcially, takes place on the
ZnO surface.
The chemical elements were determined in the prepared
cobalt oxide by EDX (images not shown). Oxygen and cobalt
were distributed uniformly in Co3 O4 crystals, while more
concentrated regions of cobalt were observed in the oxide
mixture. Furthermore, the zinc was uniformly distributed
throughout oxide mixture, suggesting that ZnO/Co3 O4 interaction was physical due to preparation method.
3.4 X-ray ﬂuorescence spectroscopy
Figure 5 displays the X-ray ﬂuorescence spectra of the cobalt
oxide (ﬁgure 5a) and zinc oxide containing, respectively, 1,
3 and 5% of cobalt oxide (ﬁgure 5b–d). The percentages of
these components in the prepared oxides were obtained from
these spectra. Cobalt oxide (ﬁgure 5a) presented 99.938% of
cobalt with ﬂuorescence at 6.94 and 7.66 keV, and the impurity (0.062%) displayed ﬂuorescence at 5.47 keV. Unexpectedly, the prepared oxide mixtures presented 1.437, 3.893 and
5.526% of cobalt, which presented ﬂuorescence at 6.93 and
7.66 keV. So, the zinc percentage was respectively 98.563,
96.107 and 94.474%, where the ﬂuorescence took place at
8.64 and 9.58 keV. These spectra suggest that the cobalt
peak intensity rises with the cobalt oxide quantity in oxide
mixture.
3.5 Photocatalytic activity studies
The direct red 23 diazo dye (DR23) photocatalysis, mediated by oxide mixtures at 30◦ C, was performed under
pseudo-order conditions, using a large excess of semiconductor (3.0 g l−1 ) in comparison to the diazo dye (7.5×10−5
mol l−1 ). When the ﬁrst-order kinetic law was applied,
this behaviour followed about 1-h irradiation (r ≥ 0.976),
after this, it took place a relatively high deviation in the
points (r ≤ 0.950). Conversely, the same absorbance values, applied to the zero-order kinetics, resulted in a linear absorbance decrease (r ≥ 0.989). This means that the
reaction rate is independent of the diazo dye concentration,
suggesting that the semiconductor surface adsorbs all the
substrate molecules and any substrate addition will not affect
the surface reaction rate, implying that the reaction follows
the Langmuir adsorption mechanism26,27 as


KC
,
(3)
r=k
1 + KC
where r is the surface reaction rate, k the rate constant, K
the adsorption constant and C the substrate concentration. As
mentioned previously, the decolourization of the direct red
23 diazo dye showed a kinetic behaviour of zero order. This
means that, the adsorption constant is considerably larger
than the concentration in (3), demonstrating a large amount
of active sites on the semiconductor surface.
The diazo dye decolourization rate constants as well as the
decolourization percentage are displayed in table 1.

Direct red 23 diazo dye solution and oxide mixture in photocatalysis
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Figure 5. XRF spectra of (a) Co3 O4 , (b) OMCo1, (c) OMCo3 and (d) OMCo5.
Table 1. Decolourization rate constants, kobs , of DR23 (7.5×10−5 mol l−1 ) as a
function of Zn/Co proportions in the oxide mixture (3.0 g l−1 ) at 30◦ C.
% Zn
100
99
97
95

% Co

Eg /eV

kobs /10−3 mol l−1 min−1

r

Decolourization/%

0
1
3
5

3.26
3.24
3.25
3.25

4.710 ± 0.143
4.320 ± 0.085
5.560 ± 0.143
5.370 ± 0.240

0.9909
0.9892
0.9889
0.9917

90.05 ± 4.59
92.07 ± 1.68
88.95 ± 7.48
86.76 ± 9.31

From table 1 the decolourization rate constant of DR23
in the presence of ZnO was 4.710 × 10−3 mol l−1 min−1 at
30◦ C. This means that OMCo3 and OMCo5 presented higher
rate constants equivalent to 5.560 × 10−3 and 5.370 × 10−3
mol l−1 min−1 , that is, 18 and 13% higher than ZnO. On the
other hand, kobs for OMCo1 resulted in 4.320 × 10−3 mol l−1
s−1 or 7% lower than ZnO, regardless of the band gap energy
of 3.24 eV.
The lowest photocatalytic activity for OMCo1 was unexpected, because, in principle, the rate constant in the presence of p-type semiconductor should have enhanced. This
may be ascribed to the further number of holes in the

system that caused a higher electron–hole recombination.
With the respect to the higher rate constants attained by
OMCo3 and OMCo5, it may be justiﬁed as the large number of trapping carrier sites that could lengthen the carrier
lifetime and thus the photocatalytic activity. Furthermore, a
p–n junction may be formed with adequate amount of p-type
semiconductor in order to generate the electric ﬁeld between
semiconductors, causing a charge separation. Apparently, the
OMCo5 rate constant is lower than OMCo3, however the
band-gap energies (3.25 eV) are the same for two oxide
mixtures. Moreover, these values can be considered practically equal owing to the rate constants deviation, thus
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the photocatalytic activities are very similar. The OMCo1
kinetic behaviour is opposite in comparison to OMCo3 and
OMCo5, that is, the rate constant decrease for OMCo1 and
increase for other two oxide mixtures. Therefore, there is an
optimum p-type semiconductor concentration range, where
occurs the p–n junction in order to improve the photocatalytic
activity.28,29
All the oxides provided an average dye decolourization
of 90%, as displayed in table 1. Comparing kobs values
with diazo dye decolourization percentages that OMCo1 presented the highest percentage, however the irradiation time
was of 180 min. In this case, the suspension containing
OMCo1 was irradiated more than 60 min with respect to
other oxides to reach the absorbance lower than 0.100.
4.

Conclusions

This work showed a simple method to prepare a zinc and
cobalt (II, III) oxide phase mixture with band gap energies of
OMCo1, OMCo3 and OMCo5 were respectively equivalent
to 3.24, 3.25 and 3.25 eV, lower than the pure ZnO, 3.26 eV.
The photocatalytic activity increased with the cobalt oxide
concentration. OMCo3 and OMCo5 presented better photocatalytic activities with zero order rate constants, respectively, equal to 5.56 × 10−3 and 5.37 × 10−3 mol l−1 min−1
with respect to ZnO with 4.71 × 10−3 mol l−1 min−1 .
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