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A B S T R A C T

Novel mesoporous MnO2/SnO2 catalysts were successfully synthesized via traditional and ultrasonic co-pre-
cipitation methods. Moreover, their catalytic efficiencies were evaluated in decomposition of hydrogen peroxide
(H2O2). Interestingly, it was found that the mixing of MnO2 with SnO2 catalyst led to a significant improvement
in their catalytic efficiencies compared with single oxides catalysts. However, the influence of ultrasonic power
and irradiation time on MnO2/SnO2 nanomaterials were compared to get optimum synthetic condition.
Subsequently, the catalysts were characterized by X-ray diffraction (XRD), N2 adsorption-desorption analysis and
high-resolution transmission electron microscopy (HR-TEM). Results represented that the effect of ultrasonic
power and irradiation time on MnO2/SnO2 catalysts exerted a great influence on the BET surface area and
average particle diameter. Furthermore, the results showed that the best catalytic efficiency was obtained for the
mesoporous MnO2/SnO2 catalyst which is sonicated at power of 60% for 30min as optimum conditions. Finally,
the outcomes appeared that the catalysts synthesized by ultrasonic co-precipitation method were more efficient
than those synthesized by traditional co-precipitation in catalyzing H2O2 decomposition.

1. Introduction

In former little years, huge efforts were devoted to the area of na-
notechnology [1–3] predominately on the metal oxide nanoparticles
due to their comparatively high chemical efficiency in addition speci-
ficity of interaction. These nanomaterials have many various properties
such as high surface area, adjustable size and shape of pores, several
different structures and compositions in comparison to their bulk
equivalents [4,5]. Among all the nanomaterials, the transition metal
oxides in the nanoscale were noticeable candidates from a scientific and
technological view point [6,7]. Further, transition metal oxides can
offer individual advantages which make them the most multilateral
category of substances with properties covering all sides of solid state
and materials science [8]. Manganese oxides are one of the most fa-
vorable transition metal oxide catalysts because of their good redox
properties and powerful oxygen storage/release capacity [9]. There are
many forms of manganese oxides MnO, Mn3O4, Mn2O3 and MnO2 [10].
Generally, MnO2 was found in nature as the form of pyrolusite mineral
[11]. MnO2 was thermally stable until a temperature around 500 °C,
above which thermal decomposition occur and MnO2 converts to
Mn2O3 [12,13]. MnO2 was vastly utilized in different industrial fields

such as sensors, in dry cell batteries as the primary component of the
cathode mixture, catalyst for ethylene hydrogenation, a great potential
in environmental cleanup due to its high catalytic activity, low toxicity
and thermal stability [12–14]. Among various metal oxide semi-
conductors, tin dioxide (SnO2), was considered as one of the smart
substances because of its superior stability, its wide band gap, its high
surface area, its porous nature, excellent optical and electrical proper-
ties, nontoxicity and low cost which are appropriate to apply SnO2 in
many fields [15,16]. It possesses a high position in the fields of gas-
sensing, energy storage, transparent conducting electrodes, antireflec-
tion coatings [17], and catalysis [18]. The catalytic properties of metal
oxides were strongly affected by the method of preparation, therefore
various methods were used to prepare metal oxides nanomaterials such
as co-precipitation [19], impregnation [20], electrochemical reductions
[21], thermal decomposition [22] microwave-assisted [23] and hy-
drothermal [24]. Co-precipitation as a traditional method normally
used for synthesis of metal oxides since it is easy, cheap and performed
without high temperature or pressure. This method affected by pH of
the medium, concentration of the starting materials and precipitating
reagents [25]. Through the quick progress of nanoscience and nano-
technology, it was necessary to apply new methods for nanomaterials
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synthesis such as ultrasonic irradiation, microwave heating and me-
chanochemical techniques. Ultrasonic technology is an environmentally
friendly method for preparing catalysts and can minimize the exhaus-
tion of chemical reagents and energy [26,27]. The physicochemical
influences of ultrasonic cavitation can accelerate the scattering of active
phase on the support surface, thus gaining catalysts with good disper-
sion on the surface and in nano-scale [26,28]. Hydrogen peroxide
(H2O2) is an environmentally friendly oxidant because its oxidation by-
products were oxygen and water, and thus it was generally used in
wastewater treatment, detergent, petrochemical and paper industries
[29–31]. Furthermore, the decomposition of H2O2 has been widely
investigated as a probe reaction for redox efficiency of both homo-
geneous and heterogeneous catalysts [29]. In the past, the reaction has
been under scanning of space agencies as a possible major ingredient in
several forms of propulsion systems regarding space technologies [32].
It has been reported that active metal catalysts became unable to resist
the setting-up of high temperature regimes in the adiabatic thrusters
frequently applied [33,34]. Thus, thermally very stable, although less
active, substitutional metal oxide catalysts were examined [34].

To the best of our knowledge, the influence of ultrasonic power and
irradiation time on mesoporous MnO2/SnO2 catalysts for catalytic de-
composition of H2O2 has not been reported. As well, the SnO2, MnO2

and MnO2/SnO2 nanomaterials were synthesized by traditional co-
precipitation method for comparison. Furthermore, the influence of
ultrasonic power and irradiation time on MnO2/SnO2 nanomaterials
were compared to get optimum synthetic condition. The prepared
catalysts were characterized by various physicochemical techniques
such as X-ray diffraction (XRD), N2 adsorption-desorption analysis and
high-resolution transmission electron microscopy (HR-TEM). Also, their
catalytic activities were investigated in decomposition of H2O2.

2. Experimental

2.1. Materials

All raw materials in this study were of analytical grade and used
without further purification. Tin chloride (SnCl2·H2O), manganese ni-
trate (Mn(NO3)2·4H2O), ammonium hydroxide (NH4OH, 28%) and
hydrogen peroxide (H2O2, 33%).

2.2. Preparation of single metal oxides

Manganese nitrate (Mn(NO3)2·4H2O) and tin chloride (SnCl2·2H2O)
were used as the starting precursors to prepare 0.5 M MnO2 and 0.5M
SnO2 nanomaterials as single oxides by precipitation method. In a ty-
pical preparation, certain amounts of (Mn(NO3)2·4H2O) and
(SnCl2·2H2O) were dissolved separately in 250mL of bi-distilled water
under magnetic stirring at a temperature of 80 °C for 10min then 28%
NH4OH was added drop-wise into each solution until pH=8. The ob-
tained precipitates were filtered, washed with bi-distilled water several
times until free from anion impurities then dried at 100 °C overnight.
Finally, the prepared powders were calcined in a muffle furnace at
500 °C for 3 h. Thus, to represent simply; the final products were de-
noted as MnOP and SnOP.

2.3. Preparation of mixed metal oxides

The MnO2/SnO2 nanomaterials were synthesized by traditional co-
precipitation method with equal molar ratio. In brief, the required
amounts of manganese nitrate and tin chloride were dissolved sepa-
rately in bi-distilled water then were mixed together with magnetic
stirring at 80 °C. Where after, 28% ammonia solution was slowly added
to the above solution under continuous stirring until pH=8. Finally,
the precipitate was filtered, washed with bi-distilled water several
times, dried at 100 °C overnight and then calcined at 500 °C for 3 h. The
obtained nanomaterial was denoted as MnSnOCP.

2.4. Preparation of MnO2/SnO2 nanomaterials by ultrasonic co-
precipitation method

The preparation was identical to that as afore said in Section 2.3,
where instead of stirring the mixture using magnetic stirrer, the nano-
materials were sonicated after adding ammonia solution using UP50H
sonication probe (30 kHz, 50W). In this study, two parameters were
investigated, one in which the samples were sonicated at room tem-
perature with different power levels (20%, 40%, 60%, 80% and 100%)
for 30min. In the other, the samples were sonicated at power of 60%
with different ultrasonic time (15, 20, 30, 40 and 60min). Finally, the
nanomaterials were washed, dried in oven at 100 °C, and then calcined
at 500 °C for 3 h. The prepared nanomaterials were denoted as
MnSnOUS(x)y, in which “X” and “Y” represented the sonication power
and time, respectively. This preparation method was named as “US”
method. For example, the nanomaterial which denoted as
MnSnOUS(20%)30 where (20%) refers to the sonication power and 30
refers to the sonication time for 30min. For comparison, the SnO2 and
MnO2 were also prepared by ultrasonic method at power of 60% for
30min and donated as SnOUS(60%)30 and MnOUS(60%)30.

2.5. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker Axs
D8 Advance X-ray diffractometer (Germany) using CuKα1 irradiation
(λ=0.15404 nm) at a scan rate of 2° in 2θ/min. The crystallite size of
crystalline phases of prepared catalysts was calculated using Scherrer’s
equation [35]:

=D kλ βcosθ (1)

where D is the crystallite size, k is the Scherrer constant and equal to
0.9, λ is the wavelength of radiation, β is the full width at half max-
imum (FWHM) of the diffraction peak and θ is the diffraction angle.

Nitrogen sorption experiments were performed at 77 K with a
Quantachrome NOVA 3200 automated gas-sorption apparatus model
10 (USA). The samples were pretreated at 200 °C for overnight under
vacuum. The surface areas were calculated using the
Brunauer–Emmett–Teller (BET) method. The pore volume, Vp was
evaluated by converting the volume of nitrogen adsorbed at P/Po of
about 0.99 to the volume of liquid nitrogen per gram of the material.
The pore size distribution was calculated from desorption branch of the
isotherm by the Barrett, Joyner and Halenda (BJH) method. The mor-
phology of the catalysts was observed by high-resolution transmission
electron microscope (HR-TEM) microanalysis system (JEM-2100CX
(JEOL)).

2.6. Catalytic reaction

The catalytic decomposition of hydrogen peroxide (H2O2) in pre-
sence of the prepared catalysts was determined. 100mg of catalyst was
mixed with (5mL H2O2+15mL distilled H2O) and stirred at room
temperature (20 °C) for 1 h. After this time, the reaction was stopped by
adding ice. The solution was filtrate, the filtrate was titrated with 0.1 N
KMnO4 solution under acidic media using H2SO4 (2 N, 10mL) at 90 °C.
The difference in values of the KMnO4 solution before and after the
catalyzed decomposition was determined. A blank test was as well si-
multaneously carried out without catalyst under the same condition.
Percentage of H2O2 that decomposed by these catalysts were calculated
by the following formula

= × −%H O decomposition 100 (a a ) a2 2 o t o (2)

where ao is the initial concentration of H2O2 and at is the concentration
of H2O2 at time (t).

To evaluate the stability of the catalyst, four consecutive run tests
were done after the catalytic decomposition of H2O2 the solid catalyst
was recovered and undergo to following run.
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3. Results and discussion

3.1. X-ray diffraction (XRD) analysis

Fig. 1A depicts the XRD patterns of SnOp, SnOUS(60%)30, MnSnOCP

and MnSnOUS(60%)30 nanomaterials. In the patterns of pure SnOp and
SnOUS(60%)30 catalysts, there are intense and sharp diffraction peaks at
2θ=26.67°, 33.94°, 37.98°, 51.86°, 54.85°, 57.91°, 62.0°, 64.82°,
66.10°, 71.32° and 78.71° which ascribed to (1 1 0), (1 0 1), (2 0 0),
(2 1 1), (2 2 0), (0 0 2), (3 1 0), (1 1 2), (3 0 1), (2 0 2) and (3 2 1) lattice
planes, respectively. All the diffraction peaks establish the formation of
the SnO2 nanoparticles in tetragonal rutile structures (JCPDS No. 41-
1445) [36]. As could be seen from Fig. 1A that the pure SnO2 sample
prepared by traditional precipitation method had high intense diffrac-
tion peaks than those prepared by ultrasonic precipitation method. The
average crystallite sizes of SnOp and SnOUS(60%)30 nanomaterials were
found to be 29.1 nm and 21.2 nm, respectively. Consequently, the so-
nication method led to decrease the size of the particles and the crys-
tallinity without any phase variation. This can be explained to the
ambiences generated through sonication and facilitating quicker reac-
tion, not permitting the nucleation and crystal development to take
place fully [37]. The cavitation influence of ultrasound can create high
local energy and micro mixing which acts as a reaction support, which
increases the randomness motion of the SnO2 molecules not permitting
regular crystal formation. This will decrease the crystal size and crys-
tallinity of synthesized catalyst due to changeable position of molecules
in the lattice [37,38]. Furthermore, the pattern of MnSnOCP nanoma-
terial was exhibited much more broadening diffraction peaks at
2θ=26.67°, 33.94° and 51.86° after mixing the SnO2 with manganese
oxide, which can be indexed to the SnO2 (JCPDS No. 41-1445) as shown
in Fig. 1A. Meanwhile, no manganese oxide phase was found in the
patterns, indicating that manganese ions could be incorporated into the
lattice matrix of SnO2 to form solid solution structure [39]. This can be
explained to comparable ionic radii of Mn4+ (0.54 Å) and Mn3+

(0.65 Å) which smaller than Sn4+ (0.69 Å) [40–42]. In addition, the
peaks broadening after mixing, implying the lowering in the crystal-
linity and crystallite sizes of catalysts [40]. Therefore, MnSnOCP sample
was appeared as amorphous material. Furthermore, the XRD patterns of
MnSnOUS(20%)30, MnSnOUS(60%)30, MnSnOUS(80%)30, MnSnOUS(60%)15

and MnSnOUS(60%)60 nanomaterials were shown in Fig. 1B. The analysis

of those patterns revealed that no diffraction peaks of any phases were
detected, indicating that all catalysts prepared by ultrasonic co-pre-
cipitation method with different sonication power and times were
amorphous materials.

3.2. Nitrogen adsorption-desorption analysis

To mark the influence of ultrasonic method on the surface area and
pore structures of the synthesized SnO2, MnO2 and MnO2/SnO2 nano-
materials, nitrogen adsorption-desorption isotherms were investigated
and represented in Fig. 2A. The isotherms of SnOUS(60%)30,
MnOUS(60%)30, MnSnOCP, MnSnOUS(20%)30, MnSnOUS(60%)30 and
MnSnOUS(60%)60 catalysts show type IV curves with H3 hysteresis loops
which were characteristics of mesoporous materials [43], having a slit-
shaped pores structures as seen in Fig. 2A [44,45]. Moreover, the BJH
pore size distributions of all nanomaterials were showed distributions
in the low mesoporous region with average pore diameters around 5 nm
as represented in Fig. 2B. The BET surface area, pore volume and pore
size of the synthesized catalysts were summarized in Table 1. It has
been reported that the BET surface area of SnO2 and MnO2 samples
prepared by traditional precipitation method was 28.0m2/g and
23.2 m2/g, respectively [46,47]. Furthermore, in our study, the single
oxides prepared by ultrasonic precipitation (SnOUS(60%)30) and
(MnOUS(60%)30) had BET surface area of 30.6 m2/g and 32.1 m2/g, re-
spectively. In addition, the specific surface area of MnO2/SnO2 catalysts
either prepared by traditional or ultrasonic co-precipitation method
were higher than that of single oxides with about 33%, 61% compared
to SnO2 and 44% and 59% compared to MnO2, respectively. Thus, the
mixing of MnO2 with SnO2 catalyst led to a significant improvement of
its specific surface area due to lowering the crystal size of mixed oxide
[48]. Interestingly, the BET surface area and pore volume of MnO2/
SnO2 catalysts prepared by ultrasonic co-precipitation at different so-
nication power and time were significantly higher than that catalyst
made by traditional co-precipitation. In other words, the surface areas
of MnSnOUS(20%)30, MnSnOUS(60%)30 and MnSnOUS(60%)60 catalysts were
40%, 47% and 34%, more compared to MnSnOCP catalyst, respectively.
The reason for enormous variation might be attributed to mechanical
effect of ultrasound [49]. Where, micro-jet and shock waves created by
ultrasound broke the catalyst particles to smaller particles [28]. It was

Fig. 1A. XRD patterns of SnOp, SnOUS(60%)30, MnSnOCP and MnSnOUS(60%)30 nanomaterials calcined at 500 °C.
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noteworthy that increasing the sonication power from 20% to 60%
increases the BET surface area of catalyst from 69.2 m2/g to 78.6 m2/g,
because increasing the ultrasonic power increases the temperature
which reduces the nucleation of the particles [50]. On other hand, in-
creasing the sonication time from 30min to 60min decreases the BET
surface area from 78.6 m2/g to 60.2 m2/g, this can be explained to re-
agglomeration of particles after increasing ultrasonic time [51]. Finally,
the MnSnOUS(60%)30 catalyst obtained under the best preparation con-
ditions (sonication power=60% and ultrasonic time=30min) had
the highest BET surface area and pore volume, which makes it attrac-
tive in the catalytic performance.

3.3. HR-TEM analysis

To study the morphological change due to ultrasonication effect,
HR-TEM analysis was investigated on MnSnOCP, MnSnOUS(60%)30 and
MnSnOUS(60%)60 catalysts and the images were presented in Fig. 3. The
HR-TEM images of catalysts were prepared by traditional and ultrasonic
co-precipitation methods showed spherical like structure with particles
agglomerated. Moreover, the average pore diameter was about
32.0 nm, 5.2 nm and 9.5 nm for MnSnOCP, MnSnOUS(60%)30 and
MnSnOUS(60%)60 nanomaterials, respectively. Thus, the catalyst parti-
cles size showed that sonication method produced obvious smaller
grains with weak agglomeration. This because of the shock waves of
ultrasound led to break the catalyst particles to smaller one [28]. Fur-
ther, the cavitation influence of ultrasound can create high tempera-
tures and pressures [52]. The high temperature and pressure break the
chemical bonds facilely and make the reactions to carry out. Since
collapsing of cavitation bubble occurs in lower than a nanosecond, the
temperature decreases speedily, this stops the agglomeration of parti-
cles [28]. On other hand, it was found that increasing the sonication
time from 30min to 60min increases the particles size and degree of
agglomeration; this can be attributed to re-agglomeration of particles
after increasing the ultrasonic time [51]. Furthermore, in this study
found that the ultrasonication for 30min showed the lowest particles
size and agglomeration. This analysis was confirmed by the following
BET results. Finally, the ultrasonic irradiation plays vital role in the
catalytic performance.

3.4. Catalytic decomposition of hydrogen peroxide (H2O2)

3.4.1. Effect of MnO2 mixing with SnO2 catalyst
The catalytic activity experiments at room temperature (20 °C) were

done to evaluate the efficiency of SnO2, MnO2 and MnO2/SnO2 nano-
materials to act as catalysts in H2O2 decomposition. Fig. 4 represented
the catalytic activity in absence the catalyst and in the presence of

SnOP, MnOP, MnSnOCP, SnOUS(60%)30, MnOUS(60%)30, MnSnOUS(60%)30.
The decomposition of H2O2 without catalyst which obtained under the
same conditions was negligible, since it was about 5.1%. Furthermore,
the catalytic efficiency for H2O2 decomposition of mixed oxides MnO2/
SnO2 either prepared by traditional or ultrasonic co-precipitation
method was greater than that of single oxides. In addition, the
SnOUS(60%)30, MnOUS(60%)30 and MnSnOUS(60%)30 were more active
catalysts in comparison to the SnOP, MnOP, and MnSnOCP in catalyzing
H2O2 decomposition. In other words, the percentage of H2O2 that de-
composed using SnOP, MnOP, MnSnOCP, SnOUS(60%)30, MnOUS(60%)30

and MnSnOUS(60%)30 was found to be 25.0%, 30.0%, 37.5%, 45.6%,
50.5%, and 84.4%, respectively. Thus, the results showed that the
prepared catalysts by ultrasonic co-precipitation method were more
efficient than those prepared by traditional co-precipitation in cata-
lyzing H2O2 decomposition.

The efficiency of ultrasound chemical reactions was generally due to
the cavitation of ultrasound [53]. When a certain intensity of ultrasonic
irradiation was applied to a liquid, many teeny bubbles were produced.
These teeny bubbles cause a group of physical and chemical changes
through their formation, vibration, growth, and constriction to collapse.
This influence is called cavitation [54]. When the cavitation bubble
collapses, a big quantity of energy was emitted inside and around the
cavitation bubble [55] which enhances the decomposition of H2O2.

It has reported that H2O2 decomposition involves the electron
transport from the catalyst surface to the H2O2 molecule [31]. The
higher catalytic activity of the mixed catalysts for H2O2 decomposition,
compared to the single one, was thus interpreted by the presence of
coupled ions in different oxidation states facilitates d-d electron ex-
change interactions [56]. The ion-couples expose at the surface of
mixed oxides possibly were Sn2+-Mn4+, Mn3+-Sn4+, Mn2+-Sn4+,
Mn3+-Mn4+, Mn2+-Mn3+ and/or Sn2+-Sn4+ [57–61] which produce
the optimal electron-mobile environment for surface redox catalysis
[62]. It has been reported that the multiple oxidation states of Mn
element (Mn4+, Mn3+ and Mn2+) in manganese dioxide (MnO2) pro-
mote its activity in heterogeneous catalysis [28,63].

3.4.2. Effect of sonication power
It was of interest to study the effect of different sonication power

from 20% to 100% on the decomposition of hydrogen peroxide at 20 °C
as shown in Fig. 5. Further, it was observed that the catalytic efficiency
of MnO2/SnO2 increases by increasing the sonication power reached to
a maximum at 60% then decreases by increasing the sonication power.
In other speech, the percentage of H2O2 that decomposed using
MnSnOUS(20%)30, MnSnOUS(40%)30, MnSnOUS(60%)30, MnSnOUS(80%)30

and MnSnOUS(100%)30 was found to be 50.0%, 75.0%, 84.4%,75.0% and
46.9%, respectively. So, the MnSnOUS(60%)30 catalyst was the most

Fig. 1B. XRD patterns of MnSnOUS(20%)30, MnSnOUS(60%)30, MnSnOUS(80%)30, MnSnOUS(60%)15 and MnSnOUS(60%)60 nanomaterials calcined at 500 °C.

H.R. Mahmoud, et al. Ultrasonics 95 (2019) 95–103

98



active one which catalyzes H2O2 decomposition while the
MnSnOUS(100%)30 was the lowest active catalyst. This could be attrib-
uted to the highest BET surface area and the lowest particles size which
resulting in a larger number of electrons donating active sites available
for H2O2 decomposition.

Additionally, as the intensity of the ultrasonic irradiation increases,

the cavitation bubble collapses more sharply, producing higher tem-
perature and pressure [64] which enhances the decomposition of H2O2.
It has been reported that different ultrasonic reactors had their better
ultrasound intensity, and the activity decreases with increasing ultra-
sound intensity when the sound is stronger than the optimal value [53].
This could be explained as a following: (i) higher ultrasound intensity

Fig. 2. (A) Nitrogen adsorption–desorption isotherms and (B) Pore size distribution of SnOUS(60%)30, MnOUS(60%)30, MnSnOCP, MnSnOUS(20%)30, MnSnOUS(60%)30 and
MnSnOUS(60%)60 catalysts calcined at 500 °C.
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can increases the cavitation bubbles in the solution, which led to the
diffusion of ultrasonic irradiation and reduction of some energy; (ii) as
well the increase in the ultrasound intensity makes the cavitation
bubble in the negative sound pressure phase expand very large to form
a sonic armor which reduces the energy of the ultrasound area available
to the system [53].

3.4.3. Effect of sonication time
The MnSnOUS(60%)30 catalyst which exhibited the highest catalytic

efficiency for H2O2 decomposition at 20 °C was selected for another
study, namely to study the effect of the sonication time on the H2O2

decomposition. The catalytic efficiency of the catalyst increased as the
sonication time was increased reached to a maximum at 30min then
decreased as shown in Fig. 6. In other terms, the percentage of H2O2

that decomposed by MnSnOUS(60%)15, MnSnOUS(60%)20,
MnSnOUS(60%)30, MnSnOUS(60%)40 and MnSnOUS(60%)60 was found to be
62.5%, 73.8%, 84.4%, 62.5% and 46.9%, respectively. Hence, the
catalyst which sonicated for 30min exhibited the highest catalytic ef-
ficiency nevertheless the catalyst sonicated for 60min showed the
lowest efficiency. It was reported that [65,66] with increasing the ul-
trasonic time, the nanoparticles became more homogeneous. However,
further increasing the ultrasonic time resulted in re-agglomeration.

Finally, the results confirmed that the best catalytic efficiency was
obtained for the mesoporous MnO2/SnO2 catalyst which sonicated at
power of 60% for 30min as optimum conditions in the preparation
method. Because of the highest surface area and the lowest particles
size which can be produced a larger number of electrons donating ac-
tive sites available for H2O2 decomposition.

3.4.4. Kinetic study
The decomposition of hydrogen peroxide was generally assumed to

be a pseudo first order reaction. To follow the kinetics, the most active
catalyst in H2O2 decomposition (MnSnOUS(60%)30) was selected to study

the effect of reaction temperature from 20 °C to 50 °C. And the per-
centage of H2O2 that decomposed at 20 °C, 35 °C and 50 °C was found to
be 84.4%, 97.5% and 99.4%, respectively. In other words, the catalytic
efficiency of the catalyst increased progressively with increasing the
reaction temperatures. Because of increasing the reaction temperature
accelerates the kinetics of H2O2 decomposition [67].

Furthermore, the pseudo first order rate constants were calculated
from Eq. (3)

Table 1
BET surface area, pore volume and pore diameter of SnO2, MnO2 and MnO2/
SnO2 nanomaterials calcined at 500 °C.

Catalyst SBET (m2/g) VP (cm3/g)a Pore diameter (nm)b

SnOUS(60%)30 30.6 0.076 4.5
MnOUS(60%)30 32.1 0.074 4.5
MnSnOCP 41.7 0.077 4.5
MnSnOUS(20%)30 69.2 0.099 4.5
MnSnOUS(60%)30 78.6 0.118 4.2
MnSnOUS(60%)60 60.2 0.089 3.6

a Pore volume determined around saturation pressure.
b Calculated by BJH method.

Fig. 3. HR-TEM images of MnSnOCP, MnSnOUS(60%)30 and MnSnOUS(60%)60 catalysts calcined at 500 °C.

Fig. 4. The catalytic efficiency for decomposition of hydrogen peroxide (H2O2)
in presence of SnOP, MnOP, MnSnOCP, SnOUS(60%)30, MnOUS(60%)30,
MnSnOUS(60%)30 catalysts and without catalyst.

Fig. 5. The effect of different sonication power of MnO2/SnO2 catalysts on
decomposition of hydrogen peroxide (H2O2).
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− − =ln(1 X) kt (3)

where k is the rate constant of reaction in min−1, X is the value of H2O2

that decomposed by the catalyst at time t. The corresponding graphs of
−ln (1− X) against t for MnSnOUS(60%)30 catalyst at various reaction
temperatures were given in Fig. 7. All graphs showed linear nature with
correlation coefficient (R2) higher than 0.99 that supported the reaction
followed pseudo first order kinetics. It was observed that the reaction
rate constant increases by increasing the temperature. However, the
pseudo first order rate constants from these graphs were found to be
0.038min−1 at 20 °C, 0.073min−1 at 35 °C and 0.105min−1 at 50 °C.
Furthermore, the activation energy which obtained for the catalytic
decomposition of H2O2 using the most active catalyst was calculated
from Arrhenius Eq. (4).

= − +ln k E RT ln Aa (4)

where Ea was activation energy (J/mol), T the absolute temperature
(K), A the pre-exponential factor (min−1) and R the gas constant
(8.314 J/mol K). The graph of ln k against 1/T was presented in Fig. 8,
and the values of Ea and A from this graph was found to be 26.7 kJ/mol
and 2.3× 103 min−1, respectively.

3.4.5. Reusability and stability of MnSnOUS(60%)30 catalyst
For industrial purposes the reusability and stability of the catalyst

play a significant role. To evaluate the stability of the most active
catalyst (MnSnOUS(60%)30) was reused in four consecutive H2O2

decomposition runs at 20 °C as represented in Fig. 9. After each run, the
catalyst was filtered, washed, dried and then reused with a fresh H2O2

solution. It was evident that there is no significant decrease in catalytic
efficiency even after four consecutive runs. In other words, the catalytic
efficiency on MnSnOUS(60%)30 was found to be 84.4% (Fresh), 83.8%
(1st reuse), 83.1% (2nd reuse), 82.3% (3rd reuse) and 81.5% (4th
reuse) %, respectively. This obviously refers that the mesoporous
MnO2/SnO2 catalyst sonicated at power of 60% for 30min has high
stability and catalytic efficiency for H2O2 decomposition.

3.4.6. Mechanistic explanation of H2O2 decomposition
It had been reported that the mechanism related to the decom-

position of H2O2 was extremely complex [31,68–70]. The most possible
reaction passage of catalytic decomposition of H2O2 was represented in
Eqs. (5)–(9) [13,71]. First, the H2O2 molecule was adsorbed on the
catalyst surface sites [72]. Then, the reaction beginning with electron
exchange (Eq. (5)) between the H2O2 molecule and metal oxides,
wherever a perhydroxyl radical (HO2

%) was created in the process [73].
The next step includes chain propagation, wherever hydroxyl radical
(HO%) (Eq. (6)) and supplemental HO2

% were created (Eq. (7)). At final
step the catalyst was refilled (Eq. (8)).

Mn++H2O2→H++Mn−1+HO2
% (5)

HO2
%+H2O2→H2O+O2+HO% (6)

Fig. 6. The effect of different sonication time of MnO2/SnO2 catalysts on de-
composition of hydrogen peroxide (H2O2).

Fig. 7. First-order plots of H2O2 decomposition on MnSnOUS(60%)30 catalyst at
various reaction temperatures.

Fig. 8. Arrhenius plots for the decomposition of H2O2 over MnSnOUS(60%)30

catalyst.

Fig. 9. The reusability of MnSnOUS(60%)30 catalyst towards decomposition of
H2O2.
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HO%+H2O2→H2O+HO2
% (7)

HO%+Mn−1→Mn++OH− (8)

Moreover, a water molecule was created as the reproduction of the
reaction between a hydroxide and a hydrogen ion as seen in Eq. (9).

H++OH−→H2O (9)

The reaction in Eq. (5) denotes a variation in the oxidation state of
the metal ion from Mn+ to Mn−1, as was shown in several literatures
[56,68,71].

4. Conclusions

In conclusion, novel mesoporous MnO2/SnO2 catalysts were suc-
cessfully synthesized by traditional and ultrasonic co-precipitation
routes. The catalytic efficiency for H2O2 decomposition of mixed oxides
MnO2/SnO2 either prepared by traditional or ultrasonic co-precipita-
tion method was greater than that of single oxides catalysts.
Furthermore, the percentage of H2O2 that decomposed by MnO2/SnO2

catalyst which sonicated at power of 60% after 30min as optimum
conditions was found to be 84.4%. Additionally, the mesoporous
MnSnOUS(60%)30 catalyst had the highest BET surface area and smallest
average particle diameter.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ultras.2019.03.011.
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