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Alumina particles were grafted onto the surface of manganese oxide particles via the coprecipitation process
using surfactant and cosurfactant. The phase of Mn/Al salts (Phase 1) and the phase of precipitation agent
(Phase II) were prepared in aqueous surfactant solution, separately. Phase II was added into Phase I and the
reaction was performed to form the precursors of composites through hydrogen bonding between Mn(OH), and
Al(OH); prepared by the reaction of Mn/Al salts with the precipitation agent. The alumina-grafted manganese
oxide particles were obtained as a final product after calcination. The concentrations of Al salt and surfactant
were varied to investigate their effects on the formation and the crystallinity of composites. In addition, the
crystal structure of products could be controlled by changing the calcination temperature. Through thermal
analyses, it was found that the thermal stability of manganese oxide was improved by the introduction of

alumina on its surface.
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Introduction

Manganese oxide particles have been applied in many
industrial fields such as ion sieves, lithium-ion batteries,
high density magnetic storage media, magnetic resonance
imaging, drug delivery system, and catalysis due to their
unique physical and chemical properties.”® Among man-
ganese oxide materials having different Mn oxidation states,
Mn,Os is known as an inexpensive and an environment-
friendly catalyst for the decomposition of NO’ and N,O® and
the removal of organic pollutants.”!® Also, Mn,O;3 can be
used as a precursor for cathode material (LiMn,O4) in
lithium-ion battery systems.!""?

Alumina is a significant material in the fields of ceramics
and catalysts because it has good thermal, chemical, and
mechanical properties.'*!> Due to these characteristics,
alumina has been widely used as a doping or a supporting
material in order to improve the properties of other sub-
stances. Xu et al. found that the electrical conductivity of
silicate perovskite was enhanced by substitution of alumina
into its phase.'® Makarov and Trontelj investigated the effect
of alumina addition on the current-voltage (I-V) characteri-
stics and microstructure of (Na,Mn)-doped WO; ceramics.!”
Deraz prepared alumina-doped Mn/Fe oxide solids and
studied their thermal behaviors and phase transformation
processes.'”® Amini and co-workers synthesized alumina-
polyaniline nanocomposites via a template-guided polymeri-
zation of aniline using alumina nanosheets and analyzed
their conductivity and cyclic voltammetry." Logar et al.
fabricated alumina-TiO, composites through an in-situ sol-
gel reaction of TiO, precursor on the surface of alumina and
investigated their photocatalytic activity.?’ Kwon and co-
workers studied the improvement in thermal stability of
LiMn,O4 cathode material in a Li-ion battery by utilizing a

coating of alumina which inhibited Mn dissolution.?!

In this research, alumina-grafted Mn,O; particles were
synthesized through the coprecipitation method using Mn
nitrate and Al nitrate as starting materials and ammonium
hydroxide as a precipitation agent. In order to control the
formation and the crystallinity of alumina-Mn,>Oj3; composite
particles, polyoxyethylenesorbitan monolaurate (Tween 20)
and tert-butanol (#-butanol) were used as a nonionic sur-
factant and a cosurfactant, respectively. In our previous
works, we reported that the enhancement in crystallinity of
Mn oxide and the thickness-controlled formation of Mn
oxide on the surface of silica could be achieved by using a
mixture of surfactant and cosurfactant.>?> In addition, the
crystal structure and the degree of crystallization of compo-
sites were controlled by varying the calcination temperature
from 500 °C to 800 °C. The characterizations of synthesized
alumina-grafted Mn,O; particles were performed by using
XRD, FE-SEM, TEM, EDS, and XPS. Moreover, the thermal
properties of obtained products were analyzed with TGA
and DSC in order to confirm the effect of alumina on the
thermal stability of manganese oxide.

Experimental

Materials. As a manganese salt, manganese nitrate hexa-
hydrate was obtained from Junsei Chemical Company.
Aluminium nitrate nonahydrate as an aluminium salt was
purchased from Yakuri Pure Chemical Company. Polyoxy-
ethylenesorbitan monolaurate (Tween 20) and fert-butanol
(#-butanol), as a nonionic surfactant and a cosurfactant, were
obtained from Sigma-Aldrich Chemical Company. As a
precipitation agent, ammonium hydroxide (NH4OH, 25 wt %
ammonia solution) was purchased from Wako Pure Chemical
Industries. Acetone, used as a washing agent, was obtained
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from Duksan Company. All chemical reagents in this study
were analytical grade and used without any further purifi-
cation. The water used in all experiments was double-di-
stilled and deionized from the Milli-Q Plus system (Millipore,
France) having 18.2 MQ-cm electrical resistivity at 25 °C.

Synthesis of Alumina-Grafted Manganese Oxide Particles.
For the formation of alumina-grafted manganese oxide (AMO)
particles through the coprecipitation method, the phase of
Mn/Al salts (Phase 1) and the phase of precipitation agent
(Phase II) were prepared in water containing surfactant and
cosurfactant, separately. The Phase I included manganese
nitrate hexahydrate (3000 mM), aluminium nitrate nona-
hydrate (0, 3, 30, 60, 300, and 600 mM), Tween 20 (0, 50,
100, and 200 mM), and #butanol (0 and 500 mM). The
Phase II consisted of ammonium hydroxide (11.59 mL) and
the same concentrations of Tween 20 and #-butanol added
into the Phase I. The volume ratio of Phase I to Phase Il was
1:1. After the Phase II was added into the Phase I, the
reaction was performed under magnetic stirring at 25 °C for
5 h. The formed precursors of the composites were centri-
fuged and washed with acetone and water several times. The
obtained samples were dried in a vacuum oven at room
temperature for 24 h. Then, the powders were calcined in a
furnace at 700 °C for 6 h. Also, the calcination temperature
was varied (500, 600, and 800 °C) to control the crystal
phase of AMO particles. The reason for the heat treatment of
composite particles at 500 °C as the lowest calcination
temperature in this research is that aluminium hydroxide can
be transformed into alumina through calcination at 500
OC.24-29

Characterizations. The crystal structure and the crystal-
linity of the products were analyzed by using X-ray powder
diffraction (XRD, Rigaku D/MAX-2500) from 26 = 10° to
80° with Cu Ko radiation (A = 1.54056 A) measured at
40 kV and 100 mA. The morphology and the size of the
particles were examined by field emission scanning electron
microscopy (FE-SEM, JEOL JSM-6700F and JEOL JSM-
6701F). Before the FE-SEM analysis, the obtained powders
were coated with platinum by sputtering at 15 mA for 3 min
using a coating machine. For the investigation into the shape
of the alumina grafted onto the surface of manganese oxide
with transmission electron microscopy (TEM, JEOL JEM-
2100), a drop of sample dispersion was placed on carbon-
coated copper grids and dried in a drying oven at 40 °C for
24 h. The TEM analysis was performed at an acceleration
voltage of 130 kV. Energy-dispersive X-ray spectroscopy
(EDS), attached to FE-SEM, was used to confirm the chemical
composition of AMO composite particles. In order to iden-
tify the chemical state of AMO composites, the analysis with
X-ray photoelectron spectroscopy (XPS, Theta Probe Base
System, Thermo Fisher Scientific Co.) was carried out by
using Al Ka radiation as the excitation source. The binding
energy of C 1s level (284.5 eV) was used as the internal
reference for the data processing of XPS. The thermal
analyses, with thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC), were performed by using
the instrument (SDT Q600, TA Instruments) in the temper-
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ature range from 25 °C to 1200 °C, with a heating rate of 10
°C/min, using pure nitrogen gas at a flow rate of 100 mL/
min.

Results and Discussion

Effect of Al Salt Concentration. Since both Mn(OH),
and Al(OH); formed by the reaction between Mn/Al salts
and NH4OH have very low solubility in water, their pre-
cipitation occurs in aqueous solution.'3*¢ During this
precipitation process, the precursors of composites were
prepared through the hydrogen bonding between Mn(OH),
and AI(OH);. Then, alumina-manganese oxide composite
particles could be obtained after the calcination of precursor
powders. Figure 1 illustrates the XRD patterns of particles
synthesized by varying the concentration of Al salt in the
reaction medium from 0 to 300 mM. From these results, it
was confirmed that Mn oxide and AMO particles, formed
through calcination at 700 °C, had the single phase of Mn,Os
(JCPDS number: 41-1442). If aluminium was doped into the
inside of crystal structure of manganese oxide, the pure
phase of manganese oxide could not be achieved and the
other peaks including Al-related characteristic peaks should
be observed. However, the Al-related XRD peaks were not
found. These results confirm the separate formation of
Al(OH); and Mn(OH), and their hydrogen bonding inter-
action.

In addition, the characteristic peaks of alumina were not
observed in any XRD patterns of AMO samples. The first
reason for the absence of peaks for alumina is that the
smaller amount of Al salt (0-300 mM) was used than that of
Mn salt (1500 mM) in the reaction medium. The second
reason is the formation of small and finely dispersed alumina
particles on the surface of manganese oxide as reported in
other studies.*7** Also, the crystallinity of Mn,O; (XRD
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Figure 1. XRD patterns of particles synthesized by using different

amount of Al salt: (a) 0 mM, (b) 1.5 mM, (¢) 15 mM, (d) 30 mM,
(e) 150 mM, and (f) 300 mM (calcination temperature: 700 °C).
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Figure 2. FE-SEM images of (a) Mn,Os and (b) AMO prepared
with the addition of 300 mM Al salt (fixed parameter: 700 °C
calcination).

intensity of (222) plane) decreased as the amount of aluminium
salt increased. This indicates that the crystal growth of
Mn,0O3 was inhibited by grafting the alumina on its surface.
Figure 2(a) and (b) represent the FE-SEM images of
Mn,O3 and AMO particles prepared without Al salt and with
300 mM of Al salt, respectively. When aluminium nitrate
was not used, manganese oxide particles, having a larger and
irregularly agglomerated structure, were formed. However,
smaller and less aggregated particles were synthesized by
adding Al salt 300 mM for the formation of AMO com-
posites. This means that the prevention of crystallization of
Mn,Os; by alumina occurred with the addition of Al salt.
These experimental results are in a good agreement with the
previously mentioned XRD data. As illustrated in Figure
3(a), the pristine Mn,Os had a smooth surface. On the other
hand, it was confirmed that alumina particles were formed
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on the surface of manganese oxide through the addition of
aluminium nitrate 300 mM (Figure 3(b)). From these experi-
mental results, it was found that the concentration of aluminium
salt was a significant factor in controlling the crystallinity
and the size of alumina-manganese oxide composite particles.

Influences of Tween 20 and z-Butanol. In order to increase
the attractive interaction of hydrogen bonding between
Mn(OH), and Al(OH);, Tween 20 and 7-butanol were used
as binders. Tween 20 is a nonionic surfactant having three
hydroxyl groups in its molecular structure and 7-butanol is a
cosurfactant inducing a dramatic decrease in the surface
tension of water with surfactant.*® Due to these properties,
Tween 20 and 7-butanol in aqueous solution can interact and
adsorb onto the surface of hydrophobic Mn and Al hydr-
oxides and then AMO could be more successfully synthe-
sized than AMO prepared without surfactants as shown in
Figure 3(b) and (c).?****" Compared to Figure 3(b), it was
shown that the more amount of alumina particles were
formed on the surface of smaller Mn,O3 particles in Figure
3(c). This indicates that the smaller Mn,Os was synthesized
by using surfactant and cosurfactant and then alumina
particles were formed on the Mn,Os surface more efficiently.
Thus, the alumina particles could be introduced onto the
surface of manganese oxide particles more effectively by
using surfactant/cosurfactant mixture.

As shown in Figure 4, compared with the XRD intensity
of (222) plane of AMO synthesized without Tween 20 and -
butanol, the peak intensity decreased by 3.5% and 9.6%,
respectively, with an increase of the amount of Tween 20 in
the reaction solution (50 mM and 100 mM). When 200 mM
of Tween 20 was used, the lowest XRD intensity was
observed (decrease by 46.3%). This indicates that more and
smaller alumina particles inducing the inhibition of crystal
growth of Mn,Os were grafted onto the surface of Mn,O;
particles as the amount of Tween 20 was increased. How-
ever, characteristic peaks of Mn3;Os (JCPDS number: 24-
0734) were found in the XRD data of AMO formed by using
100 mM and 200 mM of Tween 20. From these results, it
was found that the calcination of samples at 700 °C was not
enough for the phase transformation from Mn3O4 phase into
Mn,Os phase when the AMO particles were prepared by
using Tween 20 100 mM and 200 mM with #butanol 500

Figure 3. TEM images of products calcined at 700 °C: (a) Mn,Os3, (b) AMO formed through the addition of 300 mM Al salt, and (c) AMO
synthesized by using 300 mM Al salt, 200 mM Tween 20, and 500 mM #-butanol.
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Figure 4. XRD patterns of AMO composite particles obtained by
using various concentrations of Tween 20: (a) 0 mM, (b) 50 mM,
(c) 100 mM, and (d) 200 mM (fixed parameters: Al salt (300
mM), #-butanol (500 mM), and 700 °C calcination). When Tween
20 was not used, z-butanol (500 mM) was not added into the
reaction medium.

mM. Therefore, the calcination temperature was varied to
obtain the pure phase of AMO composites.

Effect of Calcination Temperature. Figure 5 shows the
XRD patterns of AMO composite particles synthesized with
variations of calcination temperatures from 500 °C to 800 °C
at fixed amounts of Al salt (300 mM), Tween 20 (200 mM),
and #-butanol (500 mM). The crystal structure of manganese
oxide materials can be controlled efficiently by changing the
temperature of the heat treatment.* The single phase of
Mn;0O4 or the mixed phase of Mn,O; and Mn3O,; was
observed from 500 °C to 700 °C calcination. In this range of
calcination temperature, the XRD intensity of Mn3;Oy4 phase
decreased and the crystallinity of Mn,Os phase increased as
the temperature of heat treatment increased. However, the
formation of a pure Mn,Os phase could be accomplished
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Figure 5. XRD patterns of AMO composites calcined at (a) 500
°C, (b) 600 °C, (¢) 700 °C, and (d) 800 °C. The concentrations of
Al salt, Tween 20, and #-butanol were 300 mM, 200 mM, and 500
mM, respectively.
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Figure. 6. EDS spectrum of AMO prepared by using Al salt (300
mM), Tween 20 (200 mM), and z-butanol (500 mM) (calcination

temperature: 800 °C).

through the calcination of AMO composite particles at 800
°C. These results were attributed to the existence of a plenti-
ful amount of Tween 20 and #-butanol in the composites. In
other words, the higher calcination temperature was needed
to remove the entire amount of organic materials. The
chemical composition of AMO composite particles prepared
by using Al salt (300 mM), Tween 20 (200 mM), and #-
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Figure 7. XPS data of AMO composite particles synthesized by
using Al salt (300 mM), Tween 20 (200 mM), and #-butanol (500
mM) through calcination at 800 °C: (a) Mn 2p spectrum and (b) Al
2p spectrum.
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butanol (500 mM) through calcination at 800 °C was
investigated by using EDS (Figure 6). Peaks of Mn and Al
were observed clearly and the atomic ratio of Mn to Al in the
synthesized products was 34.23:9.65. Also, the chemical
states of Mn and Al in the composites were analyzed by
using XPS as illustrated in Figure 7. As shown in the Mn 2p
spectrum, the binding energies of Mn 2pi» and Mn 2psp»
were 655.78 eV and 643.89 eV, respectively (Figure 7(a)).
These values are higher than those of pristine Mn,Oj3 (653.7
eV and 641.9 eV).** This increase in the binding energy of
Mn 2p was caused by the interaction between manganese
oxide and alumina during the synthetic process.* In addition,
a higher binding energy of Al 2p (75.83 eV), compared to
that in the pure A1LOs (74.60 eV), was observed in the Al 2p
spectrum (Figure 7(b)).** This shift is attributed to the fine
dispersion of alumina on the surface of manganese oxide
particles.* From these results, it is clear that alumina particles
were grafted onto the surface of Mn oxide particles success-
fully.

Thermal Properties of the Synthesized Products. For
the verification of the effect of alumina on the thermal
properties of manganese oxide, thermal analyses were used.
TGA and DSC thermograms of the pristine Mn,Os and the
AMO powders are shown in Figure 8(a) and (b), respec-
tively. From 25 °C to 1200 °C, the weight loss of Mn,O;
particles was 5.53 wt % and its endothermic peak was found
at approximately 815 °C, which corresponds to the thermal
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Figure 8. TGA data (dotted line) and DSC data (solid line) of (a)
Mn,O3 calcined at 700 °C and (b) AMO calcined at 800 °C. The
AMO was synthesized with Al salt (300 mM), Tween 20 (200
mM), and ¢-butanol (500 mM).
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decomposition of Mn,0;3.* On the other hand, in the case of
AMO composite particles, 6.2 wt % of weight loss was
observed and thermal decomposition appeared around 855
°C. The decreased amount of Mn,O; during the heating of
the sample was similar to that of AMO. However, the shift
of thermal decomposition temperature was obvious when
alumina particles were introduced onto the surface of
manganese oxide particles. This indicates that the thermal
stability of Mn,Os was enhanced by grafting alumina onto
its surface.*’ Thus, the improvement in the thermal stability
of Mn,O; could be achieved by the immobilization of finely
dispersed alumina particles on the surface of Mn,O; using
surfactant and cosurfactant.

Conclusion

In summary, alumina-grafted manganese oxide composite
particles were synthesized successfully through the copre-
cipitation process involving hydrogen bonding between
Mn(OH), and AI(OH); and heat treatment at different
temperatures. By adding Al salt into the reaction medium,
the crystal growth of manganese oxide was inhibited and the
formation of alumina on its surface was observed. Also, the
introduction of alumina onto the surface of manganese oxide
could be controlled effectively by using Tween 20 and #-
butanol as a surfactant and a cosurfactant. However, a single
phase of Mn3O4 or a mixed phase of Mn,O; and Mn3O4
appeared when large amounts of surfactant and cosurfactant
were used. Through the change of calcination temperature,
the controls in the crystal phase and the degree of crystalli-
zation of products could be achieved. Furthermore, the
thermal decomposition temperature of Mn,Oj3 particles was
increased from 815 °C to 855 °C when the alumina particles
were introduced onto their surface via a surfactants-mediated
reaction in the coprecipitation process. This result means
that the enhancement in the thermal stability of Mn,O3 could
be accomplished by grafting alumina particles onto the
Mn,O; surface using surfactant/cosurfactant mixture. Also,
it indicates that the prepared Al,Os-grafted Mn,O; with the
improved thermal stability can be used as an advanced
material in various fields. For example, it is expected that the
Mn dissolution from LiMn,O4 which is a cathode material of
lithium rechargeable batteries at high temperature may be
decreased by using the Al,O3-Mn,O3 composite as a pre-
cursor of LiMn,Oy4. This may result in the enhancement of
the electrochemical performance of batteries.
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