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Abstract: In this study, pure ZnCo,0, and SnO,/ZnCo,O4 mix photocatalysts have been synthesized
by the sol-gel process with three different SnO; loading percentages (10, 20, and 30 wt %). Their
photocatalytic activities were assessed on the degradation of organic pollutants in water under
visible illumination. The structural, morphological, and optical properties were analyzed by X-ray
diffraction (XRD), scanning electron microscopy, energy-dispersive X-ray (EDX), Fourier transform
infrared (FTIR), nitrogen adsorption-desorption isotherms, X-ray photoelectron spectroscopy (XPS),
and UV-Visible diffuse reflectance measurements. The results have shown that the materials are
composed of a crystalline ZnCo,O4 matrix with a decrease in crystallite size with the amount of SnO,.
Weakly crystalline SnO; is also observed for loaded samples. The specific surface area is modified
with the loading ratio. The evaluation of the photoactivity of the samples under visible light for the
degradation of p-nitrophenol has highlighted that all materials are highly photoactive under visible
light thanks to heterojunction between the two oxides. An application test has been conducted on a
dye, congo red, showing the same tendencies. An optimal amount of SnO, loading is observed for
the sample containing 20 wt % of SnO,. A comparison with commercial Evonik P25 showed that the
materials developed in this work have five to six times better efficiency under visible light, leading to
a promising photocatalyst material.

Keywords: ZnCo,04; SnO»; sol-gel; photocatalysis; visible activity

1. Introduction

During the past decade, water pollution has been considered as an environmental problem that
requires effective solutions [1]. The removal of toxic pollutants from wastewater is necessary for
the protection of health and environment. Organic pollutants and, in particular, dyes are frequently
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found in the wastewaters of several industries such as electroplating, textile production, cosmetics,
and pharmaceuticals. In wastewater treatment, a large number of methods have been reported
for effective removal of organic pollutants, including physical, chemical, and biological approaches
such as volatilization, electrochemical treatment, hydrolysis, photolysis, oxidation, biodegradation,
or adsorption.

Advanced oxidation processes (AOP) are efficient processes that eliminate non degradable organic
pollutants by means of biological processes [2]. One of these solutions, heterogeneous photocatalysis,
is nowadays recognized as a strategic area of growing importance regarding the development of
sustainable technologies for energy water treatments [3]. Considerable efforts have been made to
synthesize, characterize, and describe the physical and chemical properties of metal oxide nanomaterials
because of their significant applications in numerous technological fields [4]. Many semiconductors,
such as TiOy, ZnO, SnO,, WO3, or CeO,, have shown promising photocatalytic activity for organic
pollutant degradation [5-7]. The most widely used photocatalyst is TiO, [8,9], which is a non-toxic
and cheap semiconductor sensitive to UV radiation [10]. Due to its large band gap (3.2 eV — 388 nm,
for anatase phase), when solar light is used, only 5-8% of the solar spectrum [10] can be used. For
economic and ecological reasons, much effort is being devoted to developing the efficient use of solar
light, targeting materials photoactive under visible illumination [8,11].

For this purpose, mixed metal oxides, resulting from the combination of metal oxides, with
spinel structure and general formula AB,O4 like MgAl,O4, CuGayO4, CuFeyOy4, ZnFey; Oy, ZnMny Oy,
MnCo,04, NiC0,;04, CoMn, Oy, or ZnCoyO4, have been widely studied in recent years [12]. With its
large absorption range (200-800 nm), the ZnCo,O4 material is a suitable candidate for photocatalysis
application under solar radiation [13]. ZnCo,0O4 nanoparticles are among the most promising
materials for several technological and environmental applications [14]. Cubic spinel ZnCo,0y is
isomorphic to the CozOy crystal structure where Co?* tetrahedral sites (Td) in Co3Oy is replaced
by Zn?* while the content of Co®* in octahedral sites (Oh) remains unchanged [14,15]. To increase
photoefficiency, combinations with other semiconductors have been also studied as ZnO/ZnCo,04 [16],
TiO,/ZnCo0,04 [17], or ZrOy/ZnCo,04 [18] mixing.

The sol-gel method is a very attractive chemical route due to its simplicity and flexibility in the
use of different source materials that allow synthesizing amorphous and polycrystalline materials at
low cost. As the name implies, the sol-gel process is the conversion of a sol to a gel. The sol-gel process
is therefore a series of hydrolysis and condensation reactions of the inorganic alkoxide monomers that
forms colloidal particles (sol) and converts them into a continuous network (gel) [19,20]. Indeed, this
synthesis method has proven to be effective for the synthesis of a large range of oxide materials [21-24]
in different shapes as powder, film, or monolith.

The aim of this present work is the development of efficient pure and SnO,/ZnCo,0O4 mix
photocatalysts synthesized by a sol-gel process for the removal of organic pollutant in water. The
synthesized materials need to be photoactive under visible irradiation (A > 400 nm). ZnCo,O4 and
Sn0O,/ZnCo,04 nanocrystalline materials were synthesized by the sol-gel process. Three different
contents of SnO, were studied: 10, 20, and 30 wt %. The resulting materials were characterized by
X-ray diffraction (XRD), nitrogen adsorption-desorption measurements, Fourier-transformed infrared
spectroscopy (FTIR), scanning electron microscopy coupled with an energy dispersive X-ray (SEM/EDX),
X-ray photoelectron spectroscopy (XPS) and diffuse reflectance measurements. The photoefficiency
was assessed based on the photodegradation of p-nitrophenol (PNP) under visible light. An application
test was carried out on an industrial dye, congo red (CR). Congo red dye and p-nitrophenol are model
pollutants found in literature [25-28]. However, congo red is a dye and can be affected by the process of
sensitization, making it difficult to control whether the observed degradation is due to photocatalysis
or not [29]. The recycling property of the catalysts was also assessed on the PNP degradation after five
cycles of reaction (120 h of illumination).
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2. Results and Discussion

2.1. Morphology and Composition

Theoretical and actual loading of SnO, are similar for each sample (Table 1). This means that
SnO; is fully integrated into the material and no loss occurs during the synthesis.

Table 1. Sample composition and textural properties.

SnOz' SnO; Actual SZB Etl V;P R_l xrD

Samples Theoretical Content (wt %) (m~-g~1) (cm’-g1) (nm)
Content (wt %) +5 +0.01 +1
Pure ZnCo,yO4 - - 17 0.01 30
ZnCoy04/Sn0,-10% 10 11 27 0.02 24
ZnCo0,04/Sn0,-20% 20 20 48 0.03 16
ZnCo0y04/5Sn0,-30% 30 32 45 0.03 16

Sper: Specific surface area determined by the BET method; Vpgr: Specific micropore volume determined by
Dubinin—-Raduskevitch theory; dxgrp: Mean diameter of TiO, crystallites measured by the Scherrer method.

The XRD patterns of all samples are represented on Figure 1.
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Figure 1. X-ray diffraction (XRD) patterns of samples: (®) Pure ZnCo,Oy, () ZnCo,y04/SnO5-10%, (A)
ZnCo0,04/Sn0;,-20% and (¢) ZnCoyO04/SnO,-30%. (Z) Reference pattern of cubic spinel ZnCoyO4 and
(S) reference pattern of tetragonal rutile SnO,.

All of the diffraction peaks illustrated by the four spectra at values of 18.951°, 31.190°, 36.750°,
44.691°, 55.503°, 59.192°, and 65.050° can be assigned to (111), (220), (311), (400), (422), (511), and (440)
planes of cubic spinel ZnCo,O4 (JCPDS card No. 23-1390; space group Fd3m and a = 8.10440 A) [30]. The
sharp and strong XRD peaks are indicative of a high crystallinity and high purity of the nanocrystalline
samples [31]. The ZnCo,0O4 crystallite size (dxrp) can be calculated with Scherrer equation (Equation
(4)) with the peak at 31.190°. The different values are listed in Table 1. The crystallite size decreases
(from 30 to 16 nm) when the SnO, amount increases (from 0 to 30 wt %), as observed on Figure 1,
corresponding to the decreasing peak heights with the loading percentage. The introduction of SnO,
in ZnCo,0O4 matrix probably disturbs the crystallization and slows the growth rates of the crystals as
observed in previous studies when dopants were added [32].
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An additional diffraction peak corresponding to tetragonal rutile structure of SnO, (JCPDS Card
No: 41-1445) appears, for the loaded samples, at 20 = 26.60° and 33.92° corresponding to the crystal
planes (110) and (101) [33]. This revealed that phase segregation has occurred in the samples [34]. As
expected, the intensity of SnO, peaks increases when the amount of SnO; increases. Nevertheless, the
SnO; crystals are smaller that ZnCo,O4 with a size around 7 nm (calculated from the peak at 26.60°)
for ZnCo,,04/5n0O,-30% sample.

The sample textural properties are given in Table 1 and the adsorption-desorption isotherms are
represented in Figure 2. The pure ZnCo,O4 sample isotherm has a shape corresponding to a type II
isotherm according to the BDDT classification [35]. Indeed, at high pressure, the adsorbed volume
increases quickly (macroporous solid). This sample present also a hysteresis, which corresponds to
the presence of mesopores. When the samples are loaded with SnO,, the isotherms evolve towards a
mixture between types I and IV isotherms according to the BDDT classification [35]. Indeed, at low
relative pressure, a sharp increase, characteristic of type I isotherm, can be observed (microporous solid).
The increase at high pressure is reduced and replaced by a plateau corresponding to type IV isotherm
(mesoporous solid). The hysteresis is also modified and displaced towards lower relative pressure
(smaller mesopores). This shows that the pore size range evolves towards smaller pores and higher
specific surface area when loaded with SnO;. Indeed, the Sgrr and Vpr values for pure ZnCo,O4
sample are 17 m?-g~! and 0.01 cm®-g~!, respectively, while they are 48 m?-g~! and 0.03 cm?-g~! for
ZnCo0,04/5Sn0,-20%, respectively (Table 1). The ZnCoyO4/5n0O,-20% sample has the highest specific
surface area, which indicates that 20 wt % of SnO; could be an optimal value. This result is confirmed
by the photocatalytic experiment in Section 3.3.

70 -
60
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40

30

Adsorbed volume (cm?/g)

P/P,

Figure 2. Nitrogen adsorption-desorption isotherms of samples: (®) pure ZnCo, Oy, (W) ZnCopO4/SnO,-10%,
(A) ZnC0,04/Sn0,-20% and (¢) ZnCoyO4/SnO,-30%.

The morphology of the powders synthesized and calcined at 450 °C was studied by scanning
electron microscopy. Figure 3 illustrates the SEM micrographs of pure ZnCo, O, and ZnCo0,04/5n05-20%
powders. The images clearly show that the particles have a generally spherical shape with irregular
size distribution due to agglomerate formation. The sample particles are in the nanometric range,
which supports the results obtained by XRD (dxrp). The particle size is bigger for the pure ZnCo,0O4
sample than the ZnCo,04/Sn0;-20% one. It is in agreement with the crystallite size measured with
XRD (Table 1).
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SE MAG: 10000 x HV: 15.0 kV.WD: 10.7 mm

SE MAG: 10000 x HV: 15.0 kV_WD: 10.7 mm

Figure 3. Scanning electron microscopy (SEM) images of as-synthesized pure ZnCo,0O4 (a) and
ZnCo0,04/5Sn0,-20% (b) samples. The center of each picture corresponds to the place where the energy
dispersive X-ray (EDX) analysis was carried out (see Figure 4).

In order to confirm the formation of the materials on the one hand and the effective presence of
SnO; in the SnO,/ZnCo,04 nanomaterial on the other hand, an elemental analysis by EDX was also
performed and represented in Figure 4. As shown in the spectra, the main elements (cobalt, zinc, and
oxygen) are present in addition to tin in the ZnCo0,04/5n0O;,-20% sample (Figure 4 right). The analysis
also shows the presence of a small amount of carbon (C) and chlorine (Cl) bound mainly due to the
precursors used in the synthesis.

cps/eV
0% edx.spx
30| (@)
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2.0
Co. Zn
Co. 2n
a4 e 8 10—12 C1a
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20%.spx
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Figure 4. EDX of pure ZnCo,04 (a) and ZnCo0,04/Sn0,-20% (b) nanoparticles.
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Infrared characterization, FTIR, was carried out to verify the existence of the spinel structure in
the prepared photocatalysts. The spinel structure oxides have two distinct bands in the wavenumber
range between 400 and 700 cm~!. FTIR spectra presented in Figure 5 for all samples, show the presence
of two strong peaks at 660 and 570 cm™~! resulting from M-O stretching modes for the tetrahedral
coordination of Zn and M-O vibrational mode for the octahedrally coordinated Co ions, respectively,
which confirms the formation of the spinel structure [36-38]. The introduction of SnO, seems to disturb
the spinel matrix as the band at 570 cm™~! is modified with the SnO; increase. A peak appears in the
region in the range of 440-560 cm™! which can indicate the presence of SnO, and can correspond
to O-5n-O and Sn-O stretching vibration modes [39]. For wavenumbers higher than 1000, the four
signals were flat.

L

M

Intensity (a. u.)
»

900 650 400
Wavenumber (cm!)

Figure 5. Fourier-transformed infrared spectroscopy (FTIR) spectra of (@) pure ZnCoyO4, (m)
ZnC0204/Sn02-10%, (A) ZnC0204/Sn02-20% and (Q) ZnC0204/SnOZ-3O%.

Figure 6 shows the XPS spectra for pure ZnCo,O4 and ZnCo,0,4/Sn0,-20% which was
representative of all samples modified by SnO,. Figure 6a represent the spectra of the Zn 2p
with Zn 2p3/2 and Zn 2p1/2 located around 1021.1 eV and 1044.1 eV for pure ZnCo,04 and 1021.3 eV
and 1044.3 eV for ZnCo,04/SnO,-20%. The sharp peaks correspond to the bivalent zinc ions [16,40].
The oxidation state of the Zn in ZnCo,0Oy is further confirmed by the Auger parameter which is equal
to 2011.2 eV [41]. Unfortunately, the Auger parameter in the ZnCoy04/Sn0;-20% cannot be calculated
due to interference of the Sn3d peak with the Zn Auger line.

Concerning Co, (Figure 6b), three peaks were found around 779.7 eV, 789.4, 794.6 eV, and 805.0 eV
and were similar for all samples. The peaks at 779.7 eV and 794.6 eV correspond to the Co 2p3/2 and
Co 2p1/2 [16] and can be attributed to Co>* ions in octahedral sites [16,42]. This signal is similar to the
standard signal of Co30y [43], but also to that of ZnCo,0y4, as both compounds are hard to distinguish
by XPS technique. The satellite peaks located at around 789.5 eV and 805 eV further confirm that
cobalt’s oxidation number is +3 and not +2 [44].
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectra of (®) pure ZnCo;O4 and (a)
ZnCo0,04/Sn05-20%: (a) Zn 2p region, (b) Co 2p region, (c) O 1s region and (d) Sn 3d region.

The O 1s signal was represented on Figure 6c and was typical for the metal-oxygen
framework [45,46]. The modification of the overall shape of the O 1s signal (Figure 6c) is due
to a different binding energy for the oxygen atom in the SnO, structure compared to the ZnCo,O4
structure. The former binding energy is 530.6 eV [47], slightly higher than the latter, as Figure 6c shows.

Concerning the Sn signal (Figure 6d), two peaks were observed around 486.9 eV and 495.4 eV in
all modified samples corresponding to Sn** [48] which is characteristic of SnO,. This is confirmed by
the Auger parameter value of 919.2 eV which is correspond to SnO;.

Thus, we know that all elements are in their expected oxidation state and chemical environment.

2.2. Optical Properties

The modification of the ZnCo,0y structure and the variation of its optical properties due to the
incorporation of tin dioxide were followed by UV-Vis absorption spectroscopy whose objective is the
determination of band gap energies. The normalized absorption spectra obtained are shown in Figure 7.
As described in [13,16], the absorption range of all ZnCo,O, materials are in the range of 250-800 nm.
Absorption in visible is well observed and so, a photoactivity with this type of illumination is expected
(see Section 3.3). Due to the large absorption, it is not possible to determine a band gap value with
the classical method (i.e., Kubelka-Monk functions). For comparison, the spectrum of Evonik P25 is
measured (Figure 7). For this material, no absorption in visible range is observed. The photoactivity is
thus expected to be lower than the ZnCo,0O4 materials (see Section 3.3). The direct and indirect band
gap values for P25 are 3.42 and 2.99 eV, respectively, as previously reported [28,49].
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Figure 7. UV-Visible absorption spectra of (®) pure ZnCo,Oy4, (W) ZnCoyO4/Sn0;-10%, (aA)
ZnCo0y04/Sn0,-20%, (#) ZnCo,04/Sn0,-30% and (X) Evonik P25.

2.3. Photocatalytic Performance

The study of the photocatalytic activity was studied by comparing the photocatalytic activities of
the four materials by using PNP solutions at 14 mg/L and confirmed by CR solutions with two different
concentrations (20 mg/L and 35 mg/L). The partial order of the reaction relative to the pollutant was
determined by comparing both CR degradation experiments. Let us consider the rate r [mol/L/h] as

_dCc . S c\'™

where C is the concentration of CR [mol/L], t is the time [h], k is the rate constant (whose unit depends
on &), « is the partial order of the reaction relative to CR, and Cj is the initial concentration of CR. The
coefficient of variation was calculated for each set of experiments, where the initial concentration was
varied using the same photocatalyst. The average coefficient of variation (across all experiments) was
minimized using a GRG nonlinear method and was equal to 0.003. We will consider that the reaction
is a zero-order one, since the value of 0.003 is very close to 0. While pseudo-first orders are often
reported for photocatalysis, zero orders are not unseen for congo red and could denote a very strong
adsorption of CR by the various photocatalysts [50,51]. The values of the constants for PNP and CR
are represented in Table 2.

Table 2. Zero-order rate constants for the degradation of p-nitrophenol and congo red.

kpnp kcr

Sample (107 mol/L/h) (107 mol/L/h)

No catalyst 0 0

P25 5 2.1
Pure ZnCo,04 13.3 5.9
ZnCoy04/Sn0O;-10% 17.9 7.1
ZIIC0204/81’102—20(VO 27.9 12.0
ZnCo0y04/Sn0;-30% 19.2 9.8

It is difficult to compare our photocatalysts adequately with other reports from the literature,
because many parameters are varied, like the nature of the catalyst, the nature of the degraded molecule,
concentrations, volumes, intensity and frequency of the spectrum of light, or temperature, amongst



Inorganics 2019, 7,77 9 of 21

the most obvious ones. Typical values are in the range of what we found for CR, with e.g., Shaban et
al. [52] finding a 21.5 X 107 mol/L/h rate with MCM48/Ni,O; concentrated at 0.2 g/L.

The results obtained on CR after 6 h of irradiation with visible radiation (A > 400 nm) at pH
= 8 and at room temperature (Figure 8) clearly show that the incorporation of tin dioxide (SnO;)
positively improved the photocatalytic activity of zinc cobaltite (ZnCo,04). Indeed, the degradation
percentages increased from 57% with pure ZnCo,0O4 to 91% with ZnCo,04/SnO,-20% samples for
a dye concentration of 20 mg/L and from 24% to 63% for a dye concentration of 35 mg/L. The
SnO, addition increases the activity in both cases. When the amount of SnO; increases to 30 wt %,
although the photocatalytic activity remains higher than the pure sample (82—47% versus 57-24% with
20 mg/L and 30 mg/L of dye solution, respectively), the photocatalytic activity decreases compared to
ZnCo0704/Sn0;-20% sample. This observation indicates that an optimal loading content is reached for
ZnCo0704/5n0,-20% sample.
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Figure 8. CR degradation (%) without catalyst and for all the samples under visible light (A > 400 nm)

after 6 h of illumination.

For the PNP degradation, similar observations can be made after 24 h of illumination (Figure 9),
the PNP degradation increased when the photocatalyst is modified with SnO,. An optimal degradation
rate is also observed when the amount of SnO; is 20%. A comparison with commercial Evonik P25
shows that the ZnCo,04 based catalysts are more active under visible light with a PNP degradation rate
three to six times higher than P25 for all samples (Figure 9). The PNP degradations can be compared
to previous modified-TiO; materials under similar photocatalytic conditions [53,54]: In these works,
visible activated TiO, doped with Fe and N reached 42 and 69% of PNP degradation respectively with
the best materials after 24 h of visible illumination. In this work, the highest PNP degradation was
obtained with ZnCo,0,4/Sn0,-20% reaching 67% after 24 h of illumination. As mentioned above, it is
difficult to compare our materials with other works as a lot of photocatalytic conditions were different
(lamp intensity, illumination time, concentration, etc.).
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Figure 9. p-Nitrophenol (PNP) degradation (%) without catalyst and for all the samples under visible
light after 24 h of illumination.

Concerning the improvement of the photocatalytic activity with the modification with SnO,
addition, two effects can be detailed: A modification of the textural and morphological property and
the formation of heterojunction between ZnCo,O4 and SnO;.

Concerning the formation of heterojunction, this mixed oxide can increase the photoactivity
by increasing the recombination time between the charges (electrons (e”) and holes (h*)). The
mechanism is described in Figure 10. Indeed, it is possible to calculate the conduction and valence
band potentials [55-57] of ZnCo,04 and SnO, with their estimated band gap (2.26 [58] and 3.63 [59] eV,
respectively). The calculated energy levels for both oxides are represented in Figure 10. The mechanism
in the mixed oxide is interpreted as follows: When the samples are illuminated with visible light,
the ZnCo,0O4 materials are excited producing photogenerated e~ and h*. Part of the photogenerated
electrons can be displaced on the SnO, conduction band (CB). The photogenerated electron-hole
pairs will be separated effectively in the ZnCo,04/SnO, mix oxide [60]. So, the recombination of
photogenerated species can be restrained. The efficient charge separation could increase the lifetime of
the charge carriers and gives enough time to react with the reactants adsorbed onto the photocatalyst
surfaces to improve the photocatalytic activity.

Moreover, as the CB of ZnCo,04 (—0.69 eV) is more negative than that of potential of O,/-O,~
(-0.285 V versus NHE) [60], the adsorbed O, was easily reduced to -O,~ by the ZnCo,04. But the
valence band (VB) potential of ZnCo,04 (1.57 eV) was insufficient to generate -OH radicals (-OH/H,O
potential, 2.30 eV versus NHE) [60]. Nevertheless, -OH can be produced from the -O,~ by reacting
with a proton in water [16].

On the other hand, the textural properties of ZnCo,04/Sn0O;-20% sample could also explain its
higher photocatalytic activity. Indeed, the specific surface area is the highest for this sample. Compared
to the Evonik P25 catalyst, ZnCo0,04/SnO,-20% sample presents a five to six times increase regarding
the degradation percentage (i.e., 17 an 10% of CR degradation regarding Evonik P25 catalyst for
20 mg/L and 30 mg/L of dye solution respectively and 12% of PNP degradation).



Inorganics 2019, 7,77 11 of 21

3T 0?
HT
ZnCo,0, e0, — OH*
2+
o1 7
2
= 0T
n
Z 1+
Z 27
=
£°7
T 4+
OH*
5 +
6 4

Figure 10. Mechanism of charge transfer in mixed SnO,-ZnCo, 0,4 sample. Electrons (e”) and holes (h*)
correspond to the photogenerated electron and hole, Ecg and Ecy stand for potentials of conduction
and valence band, Eg indirect corresponds to the indirect band gap.

For example, with CR, the photocatalytic activity can be divided by the specific surface area to
highlight the importance of this parameter (Figure 11a). It is observed that the activity is the highest
for the pure sample but the difference between samples decreases when the pollutant concentration
increases. Indeed, when the amount of pollutant increases, a lot of active sites are mandatory for
reaction and so, an increased specific surface area would favor the degradation activity. If the specific
surface area is low, even an efficient catalyst will have its activity limited by its number of active sites.
So, the specific surface area becomes a very crucial parameter to obtain an efficient photoactivity with
a high concentration of pollutant.

Moreover, the SnO, addition in the loaded samples seems to present a low crystallinity (Figure 1)
as the diffraction peaks are very weak. As this SnO, fraction probably has a low photocatalytic activity,
it can be suggested that the effect of SnO2 is not entirely linked to a photochemical phenomenon but
rather to a textural effect. In this optic, the photoactivity per surface area can be linked to the real mass
of ZnCo,04 present in the samples tanks to Equation (2) (Figure 11b).

. o 1 CR degradation (%)
CR degradation per m™* and 87, -, . = Sy S— 2
nCoy0y

where Mznco,0, corresponds to the mass of ZnCo,0Oy in the sample and can be calculated with
Equation (3).

MZI‘[C0204 = Mphotocatalyst - MSnOZ (3)
where Mphotocatalyst cOrresponds to the total mass of photocatalyst used for the catalytic experiment
and Mgno, corresponds to the mass of SnO; in the sample.
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Figure 11. (a) CR degradation per m? (% m™2) for all the samples under visible light (A > 400 nm)
after 6 h of illumination; and (b) CR degradation per m? and per g of ZnCop Oy (% m_2~g_1) for all the
samples under visible light (A > 400 nm) after 6 h of illumination. For the Evonik P25, the photoactivity
is reported to the mass of TiO;.

In this case, the CR degradation (with an initial concentration of 35 mg/L) is higher when the
sample is loaded with 20% of SnO, compared to the other samples. From these results, it can be
deduced that the SnO; loading increases the photoactivity of degradation by a modification of the
specific surface area and therefore by an increase in the contact surface area between the catalyst and
the pollutant. In other words, the photoefficiency of ZnCo,O4 per unit mass increases when the specific
surface increases. The SnO; increase to 30 wt % of SnO, leads to a small decrease of specific surface
area and consequently a loss of activity compared to the 20 wt % sample, this observation can reinforce
the fact that the activity is linked to the morphology of the sample.



Inorganics 2019, 7,77 13 of 21

A comparison with literature shows that CR degradation is widely studied [25-27] but the
conditions of testing are quite different from a work to another making the comparison difficult. In
Srivind et al. [25], the complete degradation of CR appears after about 3 h of illumination by light
containing UV parts. However, the catalyst and dye concentrations are different from our study and
the catalyst used is a nearly pure SnO,. In Ehsan et al. [26], the used catalysts are ZnO materials. The
degradation of CR is obtained after 40 min with a very low initial concentration (75 ppm) and an
UV-visible illumination. In Akika et al. [27], CR is degraded is about 3 h with Cu-NiAl,Oy catalyst
under solar light containing UV-part. Once again, the CR and catalyst concentrations are very different
from our test. Through literature, it is difficult to find exactly the same catalytic tests with similar
conditions, especially for the lamp.

2.4. Photocatalytic Stability

The photocatalytic activity stability of the samples were assessed on five consecutive photocatalytic
experiments on PNP degradation, for a total duration of 120 h. The mean PNP degradation is represented
on Figure 12 for all samples. For all photocatalysts, the activity in maintains on 120 h of illumination,
keeping at 90% of their initial activity. These experiments show the great stability of the ZnCo,O4
samples staying far more efficient than Evonik P25 on the PNP degradation.

100

O
<

80
70

60

50

40

30

20

.
0

Pure ZnCo,0, ZnCo0,04/Sn0, ZnCo;0,4/Sn0O, ZnCo,0,4/Sn0O,
10% 20% 30%
Samples

Mean PNP degradation after 120 h of illumination (%)
S

Figure 12. Mean PNP degradation (%) under visible light for all samples after the four recycling
cycles (corresponding to five catalytic tests of 24 h each, with isolation of the sample and drying stages
in between).

Moreover, the morphology and the crystallinity after the four recycling cycles for pure ZnCo,Oy4
and ZnCo,04/Sn0,-20% were also assessed (Figure 13). No modification was observed when
comparing the final SEM pictures and XRD diffractograms with initial morphology (Figure 3) and
crystallinity (Figure 1).
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Figure 13. SEM images of pure ZnCo,0;4 (a) and ZnCoyO4/Sn0;-20% (b) samples after the four
recycling cycles. (¢) XRD patterns of (O) pure ZnCo,O, and (A) ZnCoy04/Sn0,-20% after the four
recycling cycles. (Z) Reference pattern of cubic spinel ZnCo204 and (S) reference pattern of tetragonal
rutile SnO,.

3. Materials and Methods

3.1. Chemicals

All the reagents used in our experiments were of analytical purity and were used as received: Zinc
acetate dehydrates (BIOCHEM, Cosne Cours sur Loire, France), oxalic acid dihydrate (Chemopharma,
Cosne Cours sur Loire, France), lithium nitrate, sodium nitrate, potassium nitrate, and ethanol
(Sigma-Aldrich, St. Louis, MO, USA).

3.2. Material Synthesis

In order to develop the materials by sol-gel process [37,61], two solutions were prepared
separately. Solution 1 (ZnCo,04) was obtained by dissolving cobalt nitrate hexahydrate and zinc
nitrate tetrahydrate in ethanol. The compounds were sources of cobalt and zinc, respectively, and
produced Solution 1. Solution 2 (SnO;) was prepared from tin chloride dihydrate as precursor and
ethanol as solvent. The two solutions were mixed to obtain the SnO,/ZnCo,04 sample which, after
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evaporation, turned into a gel. Drying the gel at 110 °C and then calcining it at 450 °C led to a
crystallized powder. The detailed synthesis protocol is presented on the flowchart of the Figure 14.

Four materials were produced: Pure ZnCo,04, ZnCo0,;,04/Sn0;-10%, ZnCo,04/5Sn0,-20%, and
ZHCOZO4/SI’102-300/0.

!('-n(immns. stirving |:w=r;n.zl 1 Oomilimpas sticring I I Continuous stirring 1
Evaporation 1 Mistare
rower —— cmoecnon |
_ +
Dissolve in ett |
l*—[ Stirring + H,0 (50°C, 2h)
Solution 2 [ Solution 1 ]

L I

Final solution

Drying l
Calcination (450°C) l

l Crystalliﬁépowders |

Figure 14. Process for sol-gel synthesis of ZnCo,0, and SnO; loaded ZnCo0,0;.
3.3. Material Characterization

The actual amount of SnO, in the SnO;-loaded ZnCo,04 sample was determined by inductively
coupled plasma—atomic emission spectroscopy (ICP-AES), equipped with an ICAP 6500 THERMO
Scientific device (Thermo Fisher Scientific, Waltham, MA, USA). Solutions for analysis were prepared
as follows [62]: (i) 2 g of NayO,, 1 g of NaOH and 0.1 g of sample were mixed in a vitreous carbon
crucible; (ii) the mixture was heated beyond the melting point (up to 950 °C); (iii) after cooling and
solidification, the mixture was digested in 30 mL of HNOj3 (65%); (iv) the solution was then transferred
into a 500 mL calibrated flask that was finally filled with deionized water. The solution was then
analyzed using an ICP-AES device.

X-ray powder diffraction analysis was realized using a Bruker D8 Twin-Twin powder diffractometer
using Cu K« radiation (Bruker, Billerica, MA, USA). The XRD pattern was identified by comparison
with the JCPD standard. The crystalline size, dxgrp, was determined by using the Scherrer equation
based on line broadening analysis [63],

0,9A
3 cos O

)

dxrp =

where, A is the corrected wavelength of the X-radiation, 3 the full width at half-maximum corrected for
instrumental broadening, and 6 is the Bragg angle of the diffraction peak.
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SEM micrographs were obtained using a Jeol-JSM-6360LV microscope (JEOL, Peabody, MA,
USA) under high vacuum at an acceleration voltage of 20 kV. An elemental analysis by EDX was
also performed.

FTIR spectra were carried out using an IRAffinity-1S device from Shimadzu in ATR mode
(Shimadzu, Kyoto, Japan). The following instrumental settings were used: Absorbance, range from
4000 to 400 cm™!, 30 scans, and resolution 2 cm™1.

The sample textural properties were characterized by nitrogen adsorption-desorption isotherms
in an ASAP 2420 multi-sampler adsorption-desorption volumetric device from Micromeritics
(Micromeritics, Norcross, GA, USA). From these isotherms, the microporous volume was calculated
using Dubinin-Radushkevich theory (Vpr). The surface area was evaluated using Brunauer, Emmett,
and Teller theory (Spgt) [35].

The sample optical properties were evaluated by using diffuse reflectance spectroscopy
measurements in the 250-850 nm region with a Lambda 1050 S UV/VIS/NIR spectrophotometer
form PerkinElmer, equipped with an integrating sphere (150mm InGaAs Int. Sphere from PerkinElmer
Waltham, MA, USA) and using Al,Os as reference. The absorbance spectra were transformed using the
Kubelka—Munk function [10,64,65] to produce a signal, normalized for comparison between samples,
and so to calculated the band gaps (Eg,direct and Eg,indirect). The details of this treatment method
have been widely described elsewhere [53,54,66].

The chemical states of the elements present in the samples were determined by XPS analysis with
an Escalab 250Xi device from Thermo Scientific (Waltham, MA, USA). Spectra were acquired with
monochromatic Al Ko source (1486.6 eV) and using a spot size of 500 pm and pass energy of 20 eV (for
high resolution spectra). The photoelectrons were collected at an angle of 0° relative to the sample
surface normal. A flood gun using combined electron and low energy ions was also used during
analysis to prevent surface charging. The binding energies were corrected in order to have the Cls
binding energy at 285.0 eV.

3.4. Photocatalytic Activity under Visible Light

The degradation of PNP was studied under visible light (A > 400 nm) to determine the photocatalytic
activity of the synthesized material. The potential of the material was confirmed through the degradation
of congo dye (CR). The lamp was a halogen lamp covered by a UV filter (cutoff wavelength = 420
nm, intensity at 395 nm reduced by 95%), the lamp had a continuous spectrum from 400 to 800 nm
(300 W, 220 V), as measured with a Mini-Spectrometer TM-UV/vis C10082MD from Hamamatsu
(Hamamatsu, Japan).

Photocatalytic experiments were conducted in test tubes closed with a sealing cap. These tubes
were placed in a cylindrical glass reactor [67] with the halogen lamp in the center. The reactor was
maintained at constant temperature (20 °C) by a cooling system with recirculating water. The lamp
was also cooled by a similar system. Aluminum foil covered the outer wall of the reactor to prevent
any interaction with the room lighting. For each tested catalyst, three flasks with catalyst were
exposed to light to assess the CR and PNP degradation. A blank measurement had been performed to
ensure that Congo red did not degrade under illumination alone. For each catalyst, a dark test had
also been performed to ensure that the samples did not adsorb the dye significantly. The evolution
of the CR and PNP concentrations was measured by UV-Vis spectroscopy (GENESYS 10S UV-Vis
from Thermo Scientific, Waltham, MA, USA) between 300 and 800 nm, using a calibration curve
performed with different concentrations of CR and PNP to ensure the linearity of the absorbance and
pollutant concentration.

The initial concentrations of the Congo red dye were 20 mg/L and 35 mg/L. In each tube, the
catalyst concentration was 0.5 g/L. For the PNP, the initial concentration was 14 mg/L with a catalyst
concentration of 1 g/L. The commercial Evonik P25 was used as reference material.
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3.5. Recycling Study

To test the stability of the photoactivity of samples, photocatalytic recycling tests are made on
all samples under visible light for the PNP degradation. The same protocol as explained in the
above paragraph (Section 3.4) is performed on all catalysts. After this, the samples are recovered by
centrifugation (10,000 rpm for 1 h) followed by drying at 120 °C for 24 h. A total of four photocatalytic
tests as described above are applied to the re-used catalysts. So, each tested catalyst undergoes
five catalytic tests (120 h of operation), and a mean PNP degradation over the recycling tests is
then calculated.

The morphology and the crystallinity after the four recycling cycles are characterized with SEM
and XRD on two samples: Pure ZnCo,O4 and ZnCo;04/Sn0O,-20%.

4. Conclusions

In this work, pure and SnO; loaded ZnCo,0,4 photocatalysts have been synthesized by the
sol-gel process. Three different SnO, loading ratios were obtained: 10, 20, and 30 wt %. Their
photocatalytic activities were assessed on the degradation of two organic pollutants in water under
visible illumination.

The physico-chemical characterizations have shown that the materials are composed of crystalline
ZnCo,O4 matrix with a crystallite size that decreases with the amount of SnO,. For the loaded samples,
weakly crystalline SnO, is observed. The specific surface area is modified with the loading ratio.
Indeed, it increases with the loading content with an optimal value for the sample loaded with 20 wt %
of SnO,. The FTIR spectra confirms the existence of the spinel structure in the samples of the prepared
photocatalysts. The diffuse reflectance measurements show that all samples had a strong absorption
in the 250 and 800 nm range. The XPS measurements show that all elements are in their expected
oxidation state and chemical environment.

The evaluation of the photoactivity of the samples under visible light for the degradation of
p-nitrophenol shows that all materials are highly photoactive under visible light. They are also able to
degrade congo red efficiently. The SnO, loading increases the activity compared to the pure sample.
The main factor of this improvement can be due to the formation of a SnO,/ZnCo,0, mixed oxide
with an increased charge separation.

A second factor could be the addition of SnO, which also increases of the specific surface area.
Indeed, the best sample with 20 wt % of SnO; has a specific surface area three times higher than the
pure samples. The photoactivity has been reported to material surface area and the mass of ZnCo,04
present in all samples. It appears that, especially at high concentration, the increase of the specific
surface area becomes a crucial parameter to improve photoefficiency.

The photocatalyst activity stability has been also assessed under five consecutive photocatalytic
experiments (120 h of illumination) showing a constant activity over time. Moreover, the morphology
and the crystallinity stayed constant after 120 h of use.

A comparison with commercial Evonik P25 shows that the materials developed in this work have
a five to six fold increase in efficiency under visible light, leading to a promising photocatalyst material.
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