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Green sol—gel auto combustion synthesis and
characterization of double perovskite Tb,ZnMnOg
nanoparticles and a brief study of photocatalytic
activity
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In this work, new double perovskite Th,ZnMnOg nanoparticles were successfully synthesized by a sol—gel
auto combustion method. To synthesize these nanoparticles, three known sugars, lactose, fructose, and
maltose, and liquorice powder, which contains quantities of sugar and other organic compounds, were
used as fuel. Images obtained from Scanning Electron Microscopy (SEM) analysis implied that maltose-
based nanoparticles are homogenous and less in particle size. Further, different maltose ratios were
applied to get the best size and morphology. The optimum sample was used to continue the other
analysis to check other features of the nanoparticles. Also, the optimum sample was used for the
removal of dye contamination under the photocatalytic process. Photocatalytic tests were performed in
neutral and alkaline pH conditions under UV-light irradiation. It has been found that the decolorization
percent for methyl orange was about 35% and for methyl violet about 55% at neutral pH. Also, this value
for methyl violet was about 90% at pH = 8. The results obtained from the study of photocatalytic
properties introduce these nanoparticles as a desirable option for removing dye contaminants from
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1. Introduction

Due to the increase in pollution, and incredibly polluted water
resources, access to safe water has become one of the major
human activities in the present age." Also, existing organic
compounds from industrial wastewater in water sources are
a concern for human health.> Different methods have been
employed to remove water pollution and for wastewater treat-
ment. For example, coagulation-flocculation, chemical precip-
itation, ion exchange, adsorption, membrane filtration,
electrochemical treatments and photocatalytic methods can be
mentioned.*>* One of the green and useful procedures is using
nanoparticles under the photocatalytic process. Many
parameters affect the photocatalytic properties of materials,
such as the amount of catalyst,'* active sites," the specific
surface area of the catalyst,” the desired contamination
concentration,™ and the pH of the environment.*® However, the

10,11

main feature of materials to study their application in the
photocatalytic process is their optical and electronic proper-
ties."”” In the photocatalytic process, the unique electronic and
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optical properties of the nanoparticles can be lead to a produc-
tion electron-hole pair and consequently increasing the free
radicals. Produced free radicals could destroy organic contam-
ination."®'* With their attractive physical and chemical prop-
erties, the perovskites materials are a proper candidate for the
photocatalyst process.>®

Perovskites are a large family of materials with unique and
broad properties. In the meantime, double perovskites with the
Re,ABOg formula (that Re is the rare earth and A and B are
transition metal) are of great interest because of their electronic
structure and unique features, including magnetic, dielectric,
magneto-dielectric, and magneto-caloric.?** It should be noted that
the cation capacity and oxygen vacancy concentration play an
essential role in the physical and electrochemical properties of these
perovskites.** Various applications have been reported for double
perovskites, including solar cell,”® capacitors and piezoelectric,*
anti-counterfeiting labels,” anode materials for solid oxide fuel
cells,”® oxygen carrier,” water splitting,* catalysts® and photo-
catalyst.*” Single perovskites have long been considered an active
catalyst. As a subset of the perovskite family, double perovskites are
evolving options that can compete with single perovskites.*

Employing double perovskites in the photocatalytic process
had many reports in the literature. For example, Shirazi et al.
synthesized La,MnTiOs double perovskite nanostructures using
a simple sol-gel method in the presence of citric acid. They
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utilized photocatalytic properties of the nanoparticles to
remove the acid blue dye and reported 72% degradation under
visible irradiation.** Li et al. prepared Ca,NiWOg by the solid-
state method and used these double perovskites for the gener-
ation H, and O, in the photocatalytic process under visible light
irradiation. The decrease in photocatalytic activity because of
the oxygen vacancies in the compound, which acts as the elec-
tron-hole recombination centre.** In another report, Hu et al.
investigated the photocatalytic properties of La,FeTiO¢ for p-
chlorophenol degradation under visible light. They showed that
the photocatalytic activity of La,FeTiOs under visible light was
superior to that of LaFeO;.*® According to the results of these
reports, the photocatalytic properties of these nanoparticles can
be recorded as one of the attractive and widely used properties
for these nanoparticles.

There are several methods for preparing double perovskites,
such as solvothermal,® sol-gel technique,®® solid-state,
microwave-assisted combustion.? In this study, the synthesis of
double perovskite of Th,ZnMnOg nanoparticles for the first time
was reported. The nanoparticles were prepared by sol-gel auto
combustion using several sugars as fuel. The nanoparticles were
analyzed for size and morphology as well as purity. Because of the
optical and electrical properties of these nanoparticles, the pho-
tocatalyst test was performed against two dye solutions, con-
taining methyl orange and methyl violet under UV light.

2. Experimental

2.1. Materials and characterization

All the materials used in this work except liquorice were
commercially available and employed without further purifica-
tion. Tb(NO,); - 6H,0 with a molecular weight of 453.03 g mol %,
Mn(NO;),-4H,0 with a molecular weight of 251.01 g mol ',
Zn(NO;),-6H,0 with a molecular weight of 297.49 g mol " with
a purity of over 99% were purchased from Merck company. XRD
(X-ray diffraction) patterns were collected from a diffractometer
of the Philips Company with X'PertPro monochromatized Cu Ko
radiation (A = 1.54 A). The microscopic morphology of the
products was studied by FESEM (Field Emission Scanning
Electron Microscopy) (Mira3 Tescan) and TEM (Transmission
Electron Microscopy) (HT-7700). EDS (Energy Dispersive Spec-
trometry) analysis was studied by XL30, Philips microscope.
Magnetic properties were measured using VSM (vibrating
sample magnetometer) (Meghnatis. Daghigh Kavir Co.; Kashan

Table 1 Different conditions of synthesis procedure
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Kavir; Iran). The N, adsorption/desorption analysis (BET) was
performed at —196 °C using an automated gas adsorption
analyzer (Tristar 3000, Micromeritics).

2.2. Synthesis route

Tb,ZnMnOg double perovskite nanoparticles were synthesized
by sol-gel auto combustion method. In the beginning, trans-
parent solutions containing 2 mmol of Tb(NOj3);-6H,0, 1 mmol of
Zn(NOj3),-6H,0, and 1 mmol of Mn(NOs),-4H,0 was prepared in
distilled water separately. An aqueous solution containing 2 mmol
maltose was also prepared simultaneously. Afterward, the maltose
solution was added dropwise to the solution containing terbium
ions under magnetic stirring at room temperature (S1). The zinc
solution was then added to the manganese solution (S2). After 5
minutes of stirring, the S2 solution was added to the S1 solution
which containing terbium and maltose. The obtained solution was
then homogenized for 50 minutes at 50 °C on the stirrer. Then the
temperature was raised to 110 °C, and after 30 minutes by evap-
oration of the solvent, a soft powder was obtained. The resulting
powder was dried in an oven at 80 °C. The powder was then
calcined for five hours at 900 °C. Other conditions were applied to
examine the particle size and morphology listed in Table 1.

2.3. Preparation for photocatalytic tests

The photocatalytic performance of Tbh,ZnMnOg nanoparticles
was explored by the degradation of methyl orange and methyl
violet as organic pollutants under UV irradiation. The decoloriza-
tion reactions were done in a quartz photocatalytic reactor. 0.05 g
of the as-synthesized Tb,ZnMnO, nanoparticles were mixed as
a photocatalyst in 100 ml of dye solution at a concentration of
5 ppm. This mixture was aerated for 30 min to reach adsorption
equilibrium in a dark room. After that, the solution was exposed to
UV-light. The photocatalytic tests were done at room temperature.
Samples are taken at the appropriate time and analyzed by UV-vis
spectrometer. The degradation percent was calculated as follows:

% decolorization = (4g — A,)/Ag x 100

where 4, and A, are the absorbance value of dye solution at
0 and ¢ min, respectively.'

The effect of pH was also investigated as one of the factors
affecting the photocatalytic activity of nanoparticles by adjust-
ing the pH to 8 for methyl violet dye. 10 ppm for methyl violet

Mole ratio of

No. Tb:Zn:Mn Fuel Ratio of fuel to Tb Calcination temperature °C
1 2:1:1 Lactose 1:1 900
2 2:1:1 Fructose 1:1 900
3 2:1:1 Maltose 1:1 900
4 2:1:1 Liquorice 0.5 g powder 900
5 2:1:1 Liquorice 0.5 g powder 800
6 2:1:1 Maltose 1:2 900
7 2:1:1 Maltose 3:2 900
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Fig.1 XRD pattern of sample no. 3.

(as higher concentration) and 2.5 ppm for methyl orange (as
lower concentration) were prepared and used to investigate the
effect of dye concentration on photocatalytic activity.

3. Result and discussion

Because this compound was synthesized for the first time, there
is no reference pattern to compare with the pattern obtained
from that. Hence, the diffraction pattern obtained was
compared with the diffraction pattern of the possible side metal
oxide products. Given that there is no evidence of the formation
of side metal oxide products, this pattern is introduced as the
double perovskite pattern of Tb,ZnMnOg, as can be seen in
Fig. 1. By comparing the XRD pattern obtained with other
patterns reported such as Gd,CoMnOs,** Tb,NiMnOg,* and
Dy,CoMnOg,** many similarities are observed which confirm
the formation of the product. To confirm these observations,
the reference peaks of the Gd,CoMnOg compound (JCPDS = 01-
085-0960) was showed with the pattern obtained sample no. 2 in
Fig. 2. Crystallite size was obtained for the product (sample no.
4) of 33 nm using XRD pattern data and the Scherrer equation.*®

40 50
20 (degree)

The XRD pattern of sample no. 5, which was calcined at
800 °C, is shown in Fig. 3(a). As can be seen, the peak of the
TbO, index is exactly above 29 degrees, which decreased sharply
with increasing temperature to about 900 °C in the other
samples. As a result, growing the temperature enhances the
purity of the compound. One possible mechanism for the
synthesis of this product could be related to the formation of
separate metal oxides of the present compounds before calci-
nation and the subsequent arrival of the final product after
calcination. Fig. 3(b and c) shows the X-ray patterns of samples
no. 6 and 7, which synthesized with the molar ratio of (b) 1 : 2
and (c) 3 :2 of maltose to terbium precursor. The calculated
crystallite size is 35 and 31 nm, respectively.

Different fuels in the synthesis pathway of Tb,ZnMnOsq
nanoparticles can lead to studying particle morphology,
homogeneity, and size. Fuels release heat, carbon dioxide,
and water during the combustion process and homogenize
the solution by forming complexes with metal ions. Forma-
tion of fuel complex with ions in the first step transforms the
fuel as a capping agent to prevent the ions from reacting and
forming by-products. The type of fuel also affects combustion
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Fig. 2 XRD pattern of sample that used fructose as fuel sample no. 2.
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Fig. 3 XRD pattern of (a) sample no. 5 (b) sample no. 6 and (c) sample no. 7.

intensity, and proper combustion leads to better results and
sometimes better purity.*>** The surface morphology and size
of prepared nanoparticles were first analyzed by SEM analysis.
In Fig. 4(a-h), SEM images of nanoparticles synthesized with
different fuels are presented at two magnifications (Sample
no. 1-4).

Due to the high calcination temperature and high reactivity
of the nanoparticles, particles were agglomerated, and the
particle size was relatively large. However, in a partial exami-
nation of the histogram (Fig. 5(a-d)), the particle size distribu-
tion in sample no. 3 that used maltose as a fuel showed a higher
percentage of particle size than the rest of the samples below
100 nm. When the images were magnified, this claim is closer to
the truth that particles in sample no. 3 are more uniform than
in the other samples. Fig. 4(g and h) illustrates the sample
synthesized in the presence of Liquorice as fuel. Although the
particles have a particular shape, they are larger than the other

© 2021 The Author(s). Published by the Royal Society of Chemistry

samples, and in Fig. 4(h) (1 pm scale image), the particle
aggregation is quite clear.

Two different molar ratios of terbium to maltose were
applied to obtain nanoparticles with smaller size. Fig. 6(a-d)
shows SEM images of nanoparticles synthesized at different
molar ratios using maltose. As can be seen from the images, the
nanoparticles were arranged sequentially as chains. It is clear
that when the highest amount of maltose was used, the particles
have a better morphology and structure (Fig. 6(c and d)). In
Fig. 7, the histogram of the particle size distribution for these
two samples is plotted. What comes out of the details of the
histogram diagram is confirmation of selecting the sample
containing the most amount of maltose as the optimal sample.
The TEM analysis was applied for sample no. 7 to analyze the
particle size and morphology more thoroughly. As shown in
Fig. 8, relatively spherical particles with sizes 30 to 40 nm are
stuck together.

RSC Adv, 2021, 11, 8228-8238 | 8231
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Fig. 4 SEM images of samples prepared with different fuels, (a and b) lactose, (c and d) fructose, (e and f) maltose, and (g and h) liquorice.

FT-IR analysis is used to investigate the functional groups of
organic compounds further. Fig. 9 shows the FT-IR spectra of
the Tb,ZnMnOg nanoparticles prepared in the presence of
maltose as fuel (sample no. 7). The absorption peaks at 3451
and 1628 cm ™" are attributed to the moisture on the surface of
the Tb,ZnMnO, sample.'® The absorption bands at about 605
and 463 cm ™" are assigned to metal-oxygen bonds, which can
be related to Mn-O and Zn-O, respectively. The EDS analysis
was applied for sample no. 7 (Fig. 10) to confirm the purity of
the synthesized nanoparticles. The EDS analysis reveals that the
elements in the product are Tb, Mn, Zn, and O. Considering the
values of 20, 10, 10, and 60% of Tb, Zn, Mn, and O elements in

8232 | RSC Adv, 2021, 11, 8228-8238
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Tb,ZnMnOg structure and considering the quantitative inac-
curacy of EDS analysis, comparing these values with the results
obtained from EDS analysis confirms the formation of these
nanoparticles. The approximate EDS calculations give the
product Tb; 5Zny sMng 5 Oy s.

The magnetic properties of Tb,ZnMnOg nanoparticles were
evaluated at 300 K. According to the graph obtained from VMS
analysis (Fig. 11(a)), the paramagnetic behavior can be consid-
ered for these nanoparticles. The magnetic behavior of the
nanoparticles used in the photocatalyst process is an advantage
because of their easy recycling.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The histogram graph of the particle size distribution from sample no. 1-4, (a) lactose, (b) fructose, (c) maltose, and (d) liquorice.
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Fig. 6 SEM images of the effect of maltose content on the size and morphology of Tb,ZnMnOg nanoparticles, (a and b) sample no. 6 and (c and
d) sample no. 7.
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Fig. 7 The histogram graph of the particle size distribution from sample no. (a) 6, (b) 7.

Fig. 8 TEM image of Tb,ZnMnOg nanoparticles sample no. 7.
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The DRS analysis was used to identify the optical properties photocatalyst process. The band-gap was calculated from the
of the synthesized nanoparticles, and the results can be seen in  Tauc's equation.*” The optical energy band-gap of the nano-
Fig. 11(b). The spectra obtained from DRS analysis was used to  particles was defined using the following relation:

calculate the band-gap, which is an essential operative for the
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Fig. 9 FT-IR of as-synthesized nanoparticles after calcination at 900 °C sample no. 7.
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Fig. 10 EDS spectra of Tb,ZnMnOg nanoparticles sample no. 7.

where Av is the photo energy, « is the absorption coefficient, C is
a constant relative to the material, and n is either 2 for a direct
transition or 1/2 for an indirect transition.
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Fig. 11 (a) Magnetization versus applied magnetic field at room
temperature and (b) diffuse reflectance spectra (DRS) of Tbh,ZnMnOg
nanoparticles sample no. 7.
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BET calculation was performed to estimate surface area and
pore volume in the structure synthesized by nitrogen adsorption/
desorption isotherms measured at 77 K. Fig. 12(a) and (b) shows
adsorption/desorption isotherms and BJH plots of Tb,ZnMnOq
nanoparticles, respectively. As is clear from the figure, the type III
isotherm with a type H3 hysteresis loop for Tb,ZnMnOg nano-
particles was obtained from the BET method. The specific surface
areas, total pore volumes, and mean pore diameters obtained
from the BET were 6.7316 (m> g '), 0.016529 (cm® g '), and
9.8216 (nm), respectively.

The aqueous solutions containing methyl orange and methyl
violet were used to evaluate the photocatalytic properties of
Tb,ZnMnO, nanoparticles. The simultaneous testing was per-
formed on the nanoparticles under dark conditions to investigate
the amount of dye absorption on the nanoparticles. The obtained
results, along with the results of the BET analysis, indicates that
the physical absorption at the nanoparticle surface has a negli-
gible effect on the photocatalyst results. Subsequently, the
samples were analyzed under UV light for 90 min. As shown in
Fig. 13(a), after 90 min, the decolorization percent for the sample
containing methyl orange and methyl violet was calculated 34%
and 52%, respectively. Cationic dyes are preferred over negatively

15
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Fig. 12 (a) N, adsorption/desorption isotherms and (b) BJH pore size

distributions of Tb,ZNMnOg nanoparticles.
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charged photocatalytic materials in alkaline media. Since methyl
violet is a cationic dye, and also in alkaline environments, the
surface of photocatalyst material is negatively charged, thus
increasing the pH value, increases the dye contact with the
nanoparticle, which promote the photocatalytic activity by elec-
tron transfer.***® By considering these points, the photocatalytic
test for the sample containing methyl violet was performed at pH
= 8. After adjusting the pH, the photocatalytic test was performed
for the sample containing methyl violet, and about 90% decol-
orization was obtained. The possible mechanism in the path of
the photocatalyst process is as follows:

Tb,ZnMnOg nanoparticles + iv — Tb,ZnMnOg nanoparticles™
+e +h"

h* + H,0 - H" + OH"

e + 02 - 027

View Article Online

Paper

Although the decolorization percentage was not significant
at neutral pH, by changing the pH and increasing the dye
contact with the nanoparticles, an acceptable decolorization
percentage was obtained for Thb,ZnMnO, nanoparticles.

A concentration of 10 ppm of methyl violet (in pH = 8) and
a concentration of 2.5 ppm of methyl orange was used to
investigate the effect of dye concentration on the efficiency of
the photocatalyst process (Fig. 13(b)). After performing the
photocatalytic process, dye degradation was about 61% for
methyl violet and 56% for methyl oranges. Increasing the
concentration of dye and enhance their adsorption on the
catalyst surface, reducing the absorption of OH and its
conversion to hydroxyl radicals. The reduction of hydroxyl
radicals is directly related to the decrease of photocatalytic
efficiency. According to Beer-Lambert law, the path of the
photons entering the solution is reduced, resulting in less
photon absorption and reduced photocatalytic reaction rate.*
Several results of the photocatalytic activity of other double

Dye solution + OH’ + O,~ — decolorization solution perovskites are presented in Table 2 to compare the
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Fig. 13 Photocatalytic activity of Tb,ZnMnOg nanoparticles on decolorization of methyl orange and methyl violet (a) dye concentration 5 ppm
(b) dye concentration 10 and 2.5 ppm for methyl violet and methyl orange respectively.
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Table 2 Photocatalytic activity of double perovskites for different dye
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Double perovskites Band-gap (eV) Dye Photocatalytic activity Reference
Cs,AgBiBrg 2 Rhodamine b 98% 50
Dy,ZnMnOg 3.2 Methyl violet 90.44% 32
Sm,NiMnOg 1.41 Rhodamine b 87% 51
Gd,CoMnOg 3.2 Eriochrome black T 85% 52
La,MnTiOg 2.8 Acid blue 113 72% 34
Gd,ZnMnOg/ZnO 3.4 Methyl violet 60% 53
Tb,ZnMnOg 3.3 Methyl violet 90% This work

photocatalytic activity of Tb,ZnMnOg nanoparticles. As it is
known, double perovskites are developing their application
field in close competition with single perovskites as one of the
most widely used structures.

4. Conclusion

In summary, the nanoparticles of Tb,ZnMnOs double perov-
skites were successfully synthesized by the sol-gel auto combus-
tion method via maltose, fructose, lactose, and liquorice powder as
fuel. In the first step, the type of fuel was optimized considering
the suitable size and morphology of the product obtained. Next,
two molar ratios of optimum maltose fuel with terbium precursors
were used for the synthesis. The optimum sample was selected
after performing the relevant analyses. Ft-IR and EDS analyses
were used to confirm the purity of the prepared particles. The
band-gap was calculated at about 3.3 eV for Thb,ZnMnOg double
perovskites, which is a good value for the photocatalytic process.
The photocatalytic activity of this nanoparticle was investigated in
the presence of methyl orange and methyl violet as an organic dye.
The photocatalytic test results under UV light for a sample con-
taining methyl violet at alkaline pH showed 90% decolorization.
The results of the BET analysis confirmed that this amount of
decolorization was obtained only from the photocatalytic proper-
ties of these nanomaterials. The obtained results introduce Tb,-
ZnMnOg double perovskites as a suitable candidate as
a photocatalyst to remove organic dyes in effluents.
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