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ABSTRACT: The intricate role of temperature in the structure—property

relationship of manganese oxide nanoparticles (Mn;O, NPs) remains an _0..:-/* ' eg
open question. In this study, we successfully synthesized Mn;O, NPs using R * . *
the hydrothermal method with two differing temperatures, namely, 90 and . Sy L A ot
150 °C. Interestingly, a smaller average particle size is found when Mn;0, — A 150°C BEA 2 s T
NPs are synthesized at 150 °C compared to 90 °C, corresponding to 46.54 ) S

and 63.37 nm, respectively. This was confirmed by the time variation of el B o1 D &

temperature setting of 150 °C where the size evolution was insignificant, i M- 90°C P

indicating a competing effect of nucleation and growth particles. Under __ e ..1:-. ? J%o 6; .
varying NaOH concentrations (2—6 M) at 150 °C, a reduction in the o e S:;J'f?"““"“ .V 4% 4

particle size is found at the highest NaOH concentration (6 M). The particle

grows slightly, indicating that the growth state is dominant compared to the MnSO, Il Mn,0,

nucleation state at low concentrations of NaOH. This finding implies that ‘

the high nucleation rate originates from the excessive monomer supply in the high-temperature reaction. In terms of crystallinity
order, the structural arrangement of Mn;O, NPs (150 °C) is largely decreased; this is likely due to a facile redox shift to the higher
oxidation state of manganese. In addition, the higher ratio of adsorbed oxygen and lattice oxygen in Mn;O, NPs at 150 °C is
indirectly due to the higher oxygen vacancy occupancies, which supported the crystallinity decrease. Our findings provide a new
perspective on manganese oxide formation in hydrothermal systems.

Bl INTRODUCTION nanowires were successfully synthesized by solvothermal
treatment in a polyol system for 24 h.'” Hausmannite thin
films were prepared by a chemical spray pyrolysis technique
with the size of 49 + 0.3 nm and a calculated microstrain of
529 X 107" One-dimensional Mn;O, nanorods were
obtained by high-temperature calcination of MnOOH."
Recently, several works on low-temperature-assisted meth-
ods”"*'® have been reported, such as the irregular block shape
of Mn;O, by the hydrothermal method at 180 °C'” and
monodispersed Mn;O, tetragonals with highly regular walls
using a simple mild solution route at 60 °C."*

Various methods to fabricate metal oxide nanoparticles have
been widely introduced in nanomaterial applications, such as
hydrothermal, coprecipitation, solid-state reaction, sol—gel
process, thermal decomposition, and the two-phase hydrolysis
approach.'*™*° Hydrothermal synthesis is preferred among the
others, which gives rise to the positive properties in

Manganese oxides have various applications in many fields,
such as ionic adsorbents,' catalysis,” supercapacitors,” and
batteries.* In addition to being an environmentally friendly and
relatively low-cost material, the wide range of technological
applications of manganese oxide is due mainly to the diversity
of structures and oxidation numbers of the materials.
Manganese oxides could exist in various types (i.e, MnO,
MnO,, Mn,0;, Mn;O,, and Mn;Og) with mixed-valence
complexes consisting of different oxidation states
(Mn,**Mn**)0, for Mn;O, and (Mn**),(Mn*"),04 for
Mn;Og. Among these forms, Mn;O, is considered to be
more stable, possessing a flexible structure and ease of
fabrication, making it promising for supercapacitor applications
in the electrochemical field.’

Practically, the fabrication of manganese oxide has been
explored through various methods. Several different precursors,
such as MnSO,, KMnO,, H,SO,, or K,S,0y4, have been proven
to affect the oxide allotrope, size, and crystal structure.’”"’ Received:  October 13, 2023
Another study reported that the hydrothermal oxidation Revised:  October 28, 2023
process resulted in pure single-phase spinel-tetragonal Accepted:  November 1, 2023
Mn;O0,.'"" Spherical manganese oxide with average sizes in Published: November 13, 2023
the range of 36—39 nm was obtained through an ultrasonic
irradiation-assisted coprecipitation method.” Manganese oxide
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Figure 1. SEM images and mapping of elemental analyses of manganese sulfate obtained from (a) the manganese ore and (b) commercial samples.
(¢, d) EDS mappings from the respective manganese ore and commercial samples. (e, f) EDS mappings from the elemental percentage in MO90

and MO150.

nanoparticle synthesis due to its simple preparation, low
energy, fast reaction, smaller particle size, and pure particle
form.”" In the hydrothermal process, size is strongly influenced
by three parameters, namely, nuclei formation, temperature,
and supersaturation. The first of the two mentioned are the
most signiﬁcant factors affecting the nucleation rate of
nanoparticles.”” Temperature or any “heating-up”*” methods
play an important role in the determination of the critical

45153

radius of nuclei, serving as a template for particle growth due
to the increase of the total free energy. However, unlike the
“hot-injection” process, where the underlying mechanism has
been well-studied through rapid injection to stimulate an
instant supersaturation,”” the underlying mechanism of size
distribution control in the hydrothermal method has not been
satisfactorily explained. Indeed, previous studies have proposed
several mechanisms within the phenomenon in hydrothermal
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Figure 2. X-ray diffraction pattern of (a) ore-derived Mn;0, obtained from the hydrothermal process at 90 (black) and 150 °C (red). (b) XRD

peak intensity comparison at 36.06°.

Table 1. XRD Parameter of the Synthesized Mn;0, Nanomaterial by Temperature Variation

temperature (°C)/time (h)

lattice parameter (A)

crystallinity (%)

crystallite size (nm) — Scherrer equation

particle size (nm) - SEM

a b c
90/18 5.767 5.767 9.386 §5.33
150/1 5.772 5.772 9.361 79.59
150/6 5.780 5.780 9.246 59.95
150/18 5.774 5.774 9.364 50.35

31.12 7523 £ 142
28.77 42.36 + 1.06
23.55 49.34 £ 0.75
27.02 57.87 + 1.88

systems, such as the MnO, growth mechanism through shape
evolution by increasing the precursor concentration,”
hematite nanoparticle growth by different types of inter-
mediate phases,” and iron-oxide nanoparticle growth by
kinetic approach as a temperature function, which mostly
supports the common trend of increased particle size.””
However, the opposite trend was also found in the synthesis of
ZrO, when the crystallite size reduction is mainly due to a
higher active site (seed) introduced by a larger chemical
reaction.”” To the best of our knowledge, the proposed
mechanism underlying the opposite trend of size evolution in
manganese oxide formation is still scarce.

As the physicochemical properties of Mn;O, are highly
dependent on the structure, a structural design is considered to
be a determinant factor of efficiency, especially in electro-
chemical applications. Structure modification of Mn3;0,, could
be achieved by adjusting various aspects, such as grain size™®
and particle size.””””*® Studies have shown that grain size,
along with the crystal growth direction, could affect the redox
reaction and promote the active surface site for oxide metal
formation, which correlates with the reactivity in an electro-
chemical system.””®*’ Studies have also reported on the
effectiveness of smaller particle size for enhancing the catalytic
and mechanical properties of Mn;O, due to the higher surface
area.”*””?* Crystal quality detail also useful to determine the
correlation between the defect structure of a material and the
oxygen vacancy,’’ which is useful for providing the surface site
in an oxide metal. Several studies have confirmed this finding
through XPS anal;rsis bgr calculating the ratio of the lattice and
adsorbed oxygen.”***

This study focuses on temperature, a physical parameter,
during the hydrothermal method of Mn;O, NP fabrication.
The raw materials were collected from Sumbawa manganese
ore and treated at a relatively low heating point (90 and 150
°C). We observed its influence on particle size, shape, and
crystallinity. Detailed characterizations were conducted

through analysis of crystallinity by X-ray diffraction (XRD)
and morphology and particle size by scanning electron
microscope (SEM) and transmission electron microscope
(TEM) profiles. Surface-sensitive techniques, such as XPS, are
carried out for the oxidation state elucidation of products at
each temperature set point. In addition, we propose a
structural insight to interpret the growth mechanism of
manganese oxide nanoparticles based on the resulting
phenomenon.

Bl RESULTS AND DISCUSSION

As manganese sulfate (MnSO,) plays an important role in
supplying Mn from the ore to the final result of manganese
oxide, the success of MnSO, synthesis needs to be evaluated to
observe its physicochemical characteristics. This study uses
manganese ore from Sumbawa as the starting material and
commercial MnSO, as a comparison. As depicted in Figure 1,
both commercial and manganese ores show the presence of
MnSO,. The sample obtained from the manganese ore (Figure
1(a)) displays a more concentrated aggregate, as shown by the
orange and red lines. On the other hand, commercial MnSO,,
has a smaller and more homogeneous particle distribution, as
shown in Figure 1(b). It is apparent that MnSO, from the
manganese ore is more centralized than the well-distributed
particle from the commercial source. Indeed, commercial
MnSO, possesses higher amounts of Mn (19.9%) compared to
those obtained from the manganese ore (3.3%). However, the
MnSO, from the ore contains a small amount of impurities.
Due to this, manganese sulfate derived from the manganese ore
is considered sufficiently effective for Mn;O, synthesis in this
investigation.

In the present study, Mn;O, was prepared by the
hydrothermal method under two distinct heating temperatures
at 90 (hereafter labeled as MO90) and 150 °C (MO150). The
diffraction patterns (Figure 2a) reveal peaks at 26 of 18, 29, 33,
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Figure 3. (a) SEM images, (b) TEM profile with the respective interlayer distance, and (c) particle size distribution of MO90 after the
hydrothermal method for 18 h. In comparison, MO150 has (d) a smaller particle size morphology in SEM images, (e) a lower interlayer distance,

and (f) a distribution of particles.

36, 38, 45, 52, 60, and 65° attributed to the Miller indices of
(101), (112), (103), (211), (004), (220), (105), (224), and
(400), respectively, confirming the hausmannite phase of the
Mn;0, spinel structure.” The formation of Mn;O, was also
confirmed by Raman spectra, as shown in Figure SI. Raman
spectra showed a strong peak at 658 cm™, which correlated
with hausmannite-Mn;O,, characterized by sharp and narrow
instead of broadening peaks, indicating the absence of MnO,.
The sequence of peaks at 314, 361, and 652 cm™ may be
attributed to Mn;O, rather than Mn,0;.”>*'~** The strongest
peak (~650 cm™') can be assigned to the asymmetric
stretching mode of bridging oxygen species (Mn—O—
Mn),*** which also slightly shifts to a lower figure in
MOI1S50. This is in line with the lower grain size of MO1S50,
where this correlation is also found in the literature.*

The tetragonal structure of Mn;O, is supported by the
extracted lattice parameters, as summarized in Table 1. This is
comparable to the standard ICDD 01-089-4837 (a = b = 5.762
A, ¢ = 946 A). As shown in Table Sl, the refinement
parameters show that the good fit (GoF) was less than 4,
indicating that the calculation is in agreement with the
observed data. According to Table S1, the lattice parameters
were determined by Rietveld refinement, with the lattice
parameters (a and b) for MO90 being relatively similar to the
standard data; however, the difference becomes larger in the
case of MO150. These findings are interesting, and we will
discuss them further in the following section.

In general, the crystallinity of manganese oxide will increase
with temperature due to the faster crystal growth rate.
However, in this study, MO150 is shown to have a lower
crystallinity than MO90, and both were heated for 18 h. Figure
2b displays the lower peak intensity at 36.05° of MO150

compared to that of MO90, with a relatively constant full
width at half-maximum (FWHM) area at 0.37 + 0.001 nm.
Additionally, Mn;0, is also supposed to be highly stable up to
+300 °C before undergoing phase transition at the temper-
ature range of 450—500 °C, © which aligns with the absence of
other new diffraction peaks. Therefore, this peculiar occurrence
opens more discussions on the behavior of Mn;O, when the
reaction mixture is heated at a relatively low-temperature
range.

Moreover, the crystallite size of MO150 is smaller than that
of MO90, further confirming the reduced crystallinity as the
temperature reaction is raised (Table 1). The crystallite size
was determined by following the Scherrer equation, as shown
in eq 1.

K
D=
Bsin 0 (1)

where D is the crystallite size, K is a constant (0.9), A is the
wavelength of the X-ray, B is the FWHM of the observed peak,
and 6 is the Bragg angle. The crystallite sizes were 31.12 and
27.02 nm for MO90 and MO150, respectively, as shown in
Table 1. We also compared the crystallite size determination
using the Williamson—Hall method™” and observed a similar
trend comparable to the Scherrer equation, as shown in Table
S1. The Williamson—Hall plot is shown in Figure S2, where
the values of the strain (&) as a slope and intercept (k1/D)
were calculated by linear fitting of 4esin@ vs f,cos6. B,
denotes strain broadening and & denotes microstrain as
shown in eq 2.

kA
0=— + 4esin @
ﬂt cos 5 + 4¢esin )
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Table 2. Published Work of Oxides Prepared by Several Methods, Especially Hydrothermal, for Comparable Temperature

Range Variation

result trend as temperature
increases

source synthesized material method temperature range (°C) particle size crystallinity

Zhao et al.’ MnO hydrothermal 100—160 - increase
Liu et al.” Mn;0, hydrothermal 60—180 similar increase
Wu et al.* MnO hydrothermal 100—-175 increase -

Liang et al.*® MnO hydrothermal, electrolysis 60—150 increase increase
Haris et al.*’ Manganese oxide nanowires hydrothermal 200-250 increase increase
Dunne et al.*’ Fe,0, hydrothermal 200—400 increase -

Liu et al.* LiMnO, hydrothermal 70—-190 increase increase
Lester et al.* Co;0, hydrothermal 200—-430 increase -

Wang et al’’ Al(OH)(H,BTEC)-(H,0) hydrothermal 120-240 increase increase
Malligavathy et al.* TiO, hydrothermal 120—180 similar increase
Xia et al.®* SiOC solvothermal 140—-180 increase -

Yamada et al.” BaTiO; solvothermal 150-200 increase increase
Lin et al.>* Mn,Zn,_,Fe,O, solvothermal 160—220 increase increase
Biswas et al."® MnS solvothermal 60—-250 increase increase
this work Mn;0, hydrothermal 90—150 decrease decrease

We believe that the smaller crystallite size following the
decrease in crystallinity indicates some restrictions in crystal
growth. This trend of smaller crystallite size was also found in
the ZrO, formation at sizes of 5.9—3.7 nm for 220 and 270 °C
due to the larger active site (seed) for particle formation.”® The
microstrain value (Table S1) correlates with the deformative
aspects that are present within the material such as
dislocations, line defects, and cleavages. These imperfections
then cause the crystal growth to be inhibited.”' >’ ="
Interestingly, an imperfection in the crystallization at higher
temperatures results in a significantly larger structural disorder,
evident in the 10-fold increase of strain (&) at 150 °C
compared to that at 90 °C. In hydrothermal processes, such a
strained crystal might be caused due to lattice oxygen vacancy
or a facile redox shift in the crystal structure, as observed in
cerium oxide.”” Therefore, the heating processes support the
incremental changes of microstrain, resulting in a deformative
structure of crystal quality.>*”*>*!

SEM images of MO90 and MO150 are presented in Figure
3(a),3(d), showing a perfectly spherical morphology for
MO150, in comparison to the pseudospherical shape in
MO90. A significant particle size decrease is also observed,
where MO90 and MO150 each have average particle sizes of
75.23 + 1.42 and 57.87 + 1.88 nm, respectively. These two
microscopy details imply that temperature greatly influences
the size and morphology of manganese oxide. The t test was
also performed to determine whether the average particle size
of MO90 and MO150 is significantly different or not. As
shown in Table S3, the ¢ jcuated > fable; thus, the null hypothesis
is rejected. This implies that the average of MO90 and MO150
is significantly different. Further, the TEM profile of MO90
(Figure 3(b)) shows a sharper and clearer lattice compared to
the blurred and evenly dispersed MO150 (Figure 3(e)). The
interplanar distance analysis also depicted a reduction trend
from 0.306 to 0.296 nm (d,;,) and from 0.473 to 0.470 nm
(dyp;) for MO90 and MO150, respectively. The numerous
grain boundaries generated by the smaller particles of MO150
(Figures 3(d) and S3) can provide more active sites for the
oxidation reaction, as will be further discussed in the XPS
analysis.

Table 2 shows a comparison with the published reports on
the synthesis of other nanoparticles that are mainly prepared
by the hydrothermal method. Indeed, we find that temperature
mostly governs the particle growth direction, which causes the
particle size to increase, as reported by various literature works
(Table 2). However, we also note a similar observation of an
unusual trend that was also reported by Machoke et al. related
to the synthesis of Al-zeolite using the hydrothermal method
with spray-drying and steam-assisted crystallization.”* Accord-
ing to their results, the particle sizes are deduced varying from
120 and 40 nm for heated samples at 300 and 400 °C,
respectively.”” A similar case was reported by Fievet et al,*
where the sizes of nickel, cobalt, and copper decreased along
with the temperature increasing, all falling below 200 °C and
suggesting a higher saturation level in such a polyol system
during the hydrothermal process. In our system, the saturation
level is as low as 150 °C, resulting in high solubility among
metal salt, distilled water, and reducing agent NaOH.

We propose that particle size reduction might be related to
the hydrolysis event of the corresponding metal salt. As the
temperature in the hydrothermal process increases, water in
the system reaches the supercritical state, promoting water
dissociation. This would lead to hydrolysis of the metal salt,
and subsequent nanoparticles will precipitate and form the
solution. Extensive precipitation promotes smaller nuclei to be
produced, thereby resulting in a smaller particle size.*’ This
greater nucleation rate is also evidenced by the thermodynamic
approach to particle growth. Based on the Arrhenius equation
(eq 3), where I is the nucleation rate and refers to yield/time,
E is the nucleation activation energy, A is the preexponential
factor, and C is the cluster concentration, the graph In I will
represent the nucleation rate versus 1000/ T, showing that the
nucleation rate increases with a higher temperature in our
system.

InI = —E +InA+InC
RT (3)
Additionally, the particle size distribution (Figure 3(c),3(f))
shows a more inhomogeneous and broadened distribution for
MO150, while MO90 exhibits a narrower distribution. This
has been further explained through the Ostwald ripening
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Figure S. SEM images of Mn;0, NPs synthesized by the hydrothermal process of MO150 for 18 h with NaOH concentrations of (a) 2, (b) 4, and

(c) 6 M, and its distribution in (d), (e), and (f), respectively.

mechanism, in which two regimes of self-sharpening and
broadening distribution have been well-demonstrated;** in
other words, more homogeneous particles were obtained
through distinct separation of the nucleation state and growth
state. This could be rationalized through the LaMer

mechanism of nanoparticle formation, which is defined as
the accumulation of monomers in the early stages, followed by
short burst nucleation with subsequent particle growth.
However, this has been difficult to clarify due to the
coexistence of both stages.n’55 Hence, the smaller size of
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MOI1S50 is associated with a greater nucleation rate, leading to
the preferred formation of heterogeneous particles, which
simultaneously support the growth process. On the other hand,
this effect somewhat hindered MO90 due to the possibility of
terminated nucleation, resulting in more homogeneous
particles as illustrated by Figure 6.

To investigate further, we carried out a deeper investigation
of the crystal growth mechanism at 150 °C by varying the
reaction time. Figure 4(a) displays the XRD diffraction pattern
of MO150 heated with varying reaction times from 1 to 18 h.
The peak shift was not observed in the diffraction patterns,
indicating that the heating period does not affect the formation
of the crystal phase. However, a prolonged heating period
significantly affects the peak intensity of XRD, where Mn;0,
heated for 1 h exhibits more pronounced and sharper peaks
than those heated at a longer duration. This phenomenon
further confirms that prolonged heating has a detrimental
effect on the crystallinity within the structure. On a similar
note, Table 1 shows an increase in the microstrain value
accompanied by a decrease in the crystallinity and crystallite
size as the heating period is increased from 1 to 18 h. The
increase in microstrain is indicative of the formation of strained
phases, which induce defects within the structure, hence
leading to the reduced crystallinity. These phenomena support
the calculation from XRD and Rietveld refinements, suggesting
that high temperatures facilitate defect formation.

Furthermore, an increase in the hydrothermal duration
promotes grain growth, resulting in bigger average particle
sizes shown in the SEM profile (Figure 4(b—d)) of 49.11,
42.31, and 65.07 nm for 1, 6, and 18 h, respectively, as shown
in Figure S4. However, this effect is not deemed significant, as
particle size differences in a similar study were reported as ~30,
50, and 200 nm for a comparable duration.”* It is suggested
that a highly nucleation-biased process does exist, which
inhibits particle growth during reaction at this temperature.
The competition between nucleation and grain growth is
thought to be the reason for the relatively similar grain size."”

As mentioned above, the formation of monomers could also
affect particle growth. In the current study, the use of NaOH as
a reducing and precipitating agent during the hydrothermal
process is investigated. Therefore, the influence of monomer
formation on the particle size of Mn;O, is carried out by
varying NaOH concentrations. Figure 5 shows the SEM
images of Mn;O, NPs as a function of NaOH concentration.
Figure S5d—f displays the smallest particle size of Mn;0, found
at a high concentration. Average particle sizes of 69.85, 54.26,
and 53.34 nm are obtained for 2, 4, and 6 M, respectively.

This phenomenon could be attributed to reduced particle
growth due to the abundant monomer supply. Metal oxide
nanoparticles are formed by an olation mechanism through a
hydroxy bridge in an aqueous solution by a condensation
reaction.”” As the hydroxylated metal is not stable, the
hydroxide ion from NaOH will act as a ligand. The
condensation process was then followed by the nucleophilic
attack of — OH through the hydroxyl bridge and water
elimination. Hence, [M(OH),(OH,)4_;,] emerges as the new
monomer.”* The monomer supply continues to increase until
the solution reaches a supersaturation level, in which nuclei
will start to form, followed by the growth stage to generate
bigger particles through the dissolution of smaller clusters or
remaining monomers in the solution. The nucleation process
persists as long as the system is at a supersaturation level as a
result of the high monomer supply.”” According to this

process, NaOH promotes nucleation via the formation of
Mn(OH),. Therefore, a higher amount of NaOH promotes a
higher rate of monomer supply; consequently, the nuclei
formation will be more prevalent, and smaller particles are
most likely formed due to the lower availability of the
precursor during particle growth. This phenomenon was also
observed in other metal oxides, such as hematite, with NH,OH
acting as the precipitating agent.24 In addition, Figure Sc,f
display a broadening distribution of particle sizes, indicating
that heterogeneous particles are formed when a high NaOH
concentration is used. This could be explained by the high
amount of monomer supply, which causes the nuclei formation
to persist, concurrent with particle growth. The overall
proposed mechanism of the developed Mn;O, NPs by the
hydrothermal process is depicted in Figure 6.

-
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Figure 6. Schematic illustration of the nucleation and growth of
Mn;0, NPs for (a) MO90 and (b) MO150. The more simultaneous
nucleation and growth stage occurs at 150 °C, and more distinct
separation in those stages possibly occurred at 90 °C; hence, bigger
and homogeneous particles of MO90 were obtained, while in the
former stage, smaller and heterogeneous particles were obtained.

As the temperature strongly affects the particle character-
istics, further investigation was conducted by means of surface-
sensitive XPS analysis. The core levels of Mn 3s, O 1s, Mn 2p,
and Mn 3p were obtained by the XPS survey scans (Figure
7(a)). The absence of sulfur (S) unambiguously indicated
profound complete reaction of MnSO, consumption or that
impurities were successfully removed during the rinsing
process. This means that the chemical purity of as-obtained
Mn;0, is relatively high even though the precursor was
obtained from a manganese ore. The Mn 2p peak shows
multiple splitting into Mn 2p, ;, and Mn 2p;,, with a splitting
peak distance at about 11.5 eV, in accordance with previous
studies.”'**?*%” In order to elucidate Mn species with
different oxidation states, further deconvolution of the Mn 2p
suggests four different species of manganese cations spanning
in the ranges of 638.84—640.91, 641.35—642.24, 643.69—
643.69, and 645.94—645.87 eV. These values correspond to
the different oxidation states of Mn2*,>*® Mn?*,>7° Mn**>>
and Mn"*,°”®" respectively. We attributed the extracted
binding energies to comgounds such as MnO or Mn(OH),,***
Mn,O; or Mn(OOH),”** MnO,, and MnO,~, respectively.

In general, the manganese species in MO90 is dominated by
Mn?*" and Mn**, while MO150 has the lowest amount of Mn®*',
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Figure 7. (a) XPS survey spectrum of synthesized Mn;0,. Fitted XPS spectra of deconvolution of Mn 2p of (b) MO90 and (c) MO150.

Deconvolution of O 1s for (d) MO90C and (e) MO150.

with a corresponding increase in proportion of Mn*" and
Mn’*. These indicate that the low valence state of Mn is more
accessible at low temperatures, while a higher oxidation state of
Mn dominates at 150 °C. Two plausible chemical forms of
Mn,O, as bivalence of Mn are MnO,-2MnO>"**°~%* with an
area ratio of Mn**/Mn*" at ~1.33 or MnO-Mn, 05 with the
ratio of Mn**/Mn®" at 1.8—2.>" According to this study, we
propose that the former cases share similarity to MO90 and
MO150, with the mixed-valence ratios of 1.13 and 1.18,
respectively. This data is also consistent with the chemical
shift, wherein Mn** had a more prominent role than Mn®* in
distribution intensity within the octahedral site of the crystal
structure (Table S4).

The heating process can be considered a closed system that
likely encourages the oxidation effect.””*" Based on the
literature, the manganese species for manganese oxide with
the MnSO, precursor usually comprises Mn**, Mn**, and Mn**
as the highest oxidation states.”’”**** The higher valence of
Mn, such as Mn®*, Mn®, and Mn”*, is considered to be less
stable.”**” The signature Mn’* in this work is considered to
exist due to the ex situ oxidation process that may occur along
with aging. Hausmannite consists of Mn*" occupancy in the
octahedra site and correlates with the d° state, which is very
stable due to the half-filled orbital rule. On the other hand, the
Mn®" species occupy the tetrahedral site with the d* state in
high spin, leading to several discrepancies, such as oxygen
vacancy and crystal defects.”® Additionally, it seems that the
oxidation effect occurred selectively, as shown by the
significant drop in Mn®" concentration at higher temperatures,
while Mn?* remained relatively the same.

The fitting results of XPS O 1s demonstrated that three
common oxygen species could be found in MO90 and MO150
samples. These are 528.48—529.5, 531.1-531.21, and 535.06—
534.0 eV related to the oxygen lattice (Oy,), adsorbed oxygen
(O,45), and physisorbed H,0.**°**> The higher amount of
H,O physisorbed in MO150 (Table S4) is due to the higher
reactivity as a result of particle size reduction along with the
aging before testing with the ambient conditions. The ratio of
O,4s and Oy, could be an indication of the oxygen adsorption
capacity, in which a higher ratio means that more species of
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active oxygen penetrate the lattice surface of the crystal
framework. The ratios of O,4, and Oy, for MO90 and MO150
are 1.61 and 2.00, respectively, implying that a higher
temperature translates to a higher capacity to adsorb active
oxygen on the lattice surface. Additionally, further advanced
techniques such as positron measurement using a high-
resolution synchrotron source could profoundly probe the
presence of oxygen vacancy or any defect lattice structure.
However, it has been reported that such an indirect approach
can be used through increasing the O,4/Opy ratio from
deconvoluted XPS, ;)redicting the higher concentration of
oxygen vacancy.”*"®" Furthermore, Barbero et al. (2006)
observed a similar trend, noting that higher ratio values were
correlated to the shift of the higher oxidation state of Fe** to
Fe*".%® In addition, oxygen vacancies have been associated with
decreased crystallinity and are considered crystal defects.”®
This is also found in metal oxide formations, such as Co;0, or
In—Ga—Zn oxide.””*° This increased oxygen vacancy,
contributing to a decrease in crystallinity as observed in
several studies, proves useful in catalytic performances due to
the more active sites being available.

B CONCLUSIONS

In this paper, we report on an anomalous behavior of the
synthesis of Mn;O, NPs from the Sumbawa manganese ore.
Based on morphological investigations, we found that
crystallinity and particle size were shown to decrease at 150
°C, in contrast to the existing literature. To interpret the
findings, two physical origins are proposed: the nucleation
state and oxygen vacancy. This strong dominance of nucleation
over the growth state is revealed to be due to the small particle
size of MO150. In addition, NaOH as a reducing agent can
influence the monomer supply during particle formation,
resulting in a particle size reduction. Based on the Arrhenius
analysis, a higher nucleation rate is realized when the
hydrothermal synthesis is carried out at 150 °C. A facile
redox shift in this setting temperature occurred, suggesting
temperature-induced defects within the structure. We shed
some light on the perspective of the unusual mechanism of
manganese oxide formation based on the hydrothermal
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method, and this might be beneficial for catalytic performances
corresponding to the probability of higher active site
availability.

B EXPERIMENTAL SECTION

Synthesis of Manganese Oxide. Manganese ore from
Sumbawa, Indonesia, was used as the starting material. The
manganese ore was leached with 4 M H,SO, (purity 95%,
Merck) at 70 °C, with the ratio between the solution and the
ore being 5:1. Next, to the mixed solution was added S g of 0.8
M H,0, carefully and stirred for 90 min. The mixed solution
was filtered by using a Buchner vacuum filter to separate the
sedimentation and solution. The color of the solution was red
wine, and it was mixed with NH,OH to adjust the pH to 6 to
obtain the MnSO, solution. NaOH with different molarities
was added drop-by-drop into the reaction vessel containing
MnSO, with a ratio of 1:1 in volume and stirred for 15 min at
ambient temperature. The mixed suspension was moved into
an autoclave and heated at 90 (MO90) and 150 °C (MO150)
at various times. Then, the precipitate from the hydrothermal
process was washed with demineralized water until the pH was
neutral, followed by filtering and drying at 105 °C for 2 h.

SEM Imaging. Sample micrographs were taken under 10
kV accelerating voltage in the secondary electron mode using a
Jeol JIB-4610F field emission scanning electron microscope
(FE-SEM) and equipped with energy-dispersive spectroscopy
(EDS). The average particle size of manganese oxide was
estimated by measuring the diameter of more than 100
particles with Image] software and analyzed statistically.

X-ray Diffraction. X-ray diffraction was performed using a
Rigaku MiniFlex 600 with a Cu-Ka source at 40 kV, while the
20 angle ranged from S to 80°.

Transmission Electron Microscope. The TEM image
was taken by Tecnai G2 20S-Twin, FEI with acceleration
voltage 200 kV.

Raman Spectroscopy. Raman spectroscopy was per-
formed using a DXR3xi Raman imaging microscope from
Thermo Fisher Scientific. The laser power was set up to 1 mW,
followed by an exposure time of 0.0222 s and 35 scans.

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) was performed on the samples with an
impingement area of about 1 mm in diameter using a
magnesium Ka X-ray source (excitation energy output of 1254
eV). The oxidation state was elucidated through XPS analysis
with CasaXPS software with a range of binding energies from 0
to —1000 eV.
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