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Nanocrystalline manganese oxide powders have been prepared at 25 °C by
precipitation from Mn(NO3)2 aqueous solution. The presence and addition sequence of
H2O2 significantly influence particle characteristics of the resulting manganese oxides,
including crystal structure, particle size and morphology, and surface area, depending
upon molar ratio of H2O2 with respect to Mn. The precipitation from preoxidized
manganese solution by H2O2 results in flakelike-shaped amorphous hydrous manganese
oxide (MnO2 ? xH2O). In the absence of H2O2, on the other hand, amorphous
Mn(OH)2 is obtained, and a part of Mn(OH)2 subsequently transforms into crystalline
Mn3O4 by oxidation in air. Relative population of amorphous Mn(OH)2 decreases by
dissolution when post-treated with H2O2. At Mn:H2O2 4 1:4, the well-defined
16-nm-sized nanocrystalline Mn3O4 with homogenous particle morphology is prepared.
The treatment with excess H2O2, however, destroys crystalline Mn3O4 and leads to
further oxidation of the aqueous manganese species. Under these conditions, a mixture
of needlelike Mn2O3 and cubelike Mn3O4, including amorphous MnO2 ? xH2O, is
obtained.

I. INTRODUCTION
Manganese oxides are technologically important ma-

terials with a variety of applications. They have been
used as oxidative catalysts, electrode materials for re-
chargeable lithium batteries, starting materials in ferrite
production, and colorants and corrosion inhibiting agents
for paints.1–4 Recent research also demonstrated that ul-
trafine manganese oxides can be utilized as an abrasive in
chemical mechanical polishing (CMP).5,6 Hanawaet al.
reported that the manganese oxides behave similarly as
CeO2 in the CMP process of Si and SiO2.

7 Even for
metals such as W or Cu, the enhanced polishing effect
was observed owing to oxidation capability of the man-
ganese oxides.

Another advantage of the manganese oxide in the
CMP process is its ease for cleaning. In general, various
foreign contaminants including abrasives, metals, and
chemicals are introduced to a wafer to aid rapid polishing
during the CMP processing. Post-CMP cleaning of these
contaminants is thus a key step in successful CMP proc-
essing. The typical method involves a combination of
chemical cleaning, ultrasonic cleaning, and mechanical
brush scrubbing.8 However, the particles adhere to pol-
ished surfaces by strong intermolecular forces such as
van der Waals force and electrostatic double layer inter-
action. The removal of such particulate materials often
poses a significant challenge in both practical and tech-
nological aspects. In contrast, the manganese oxides are

usually stable in acidic solution but become readily
soluble below pH 6 in the presence of reducing agents.7

This unique dissolution behavior makes the manganese
oxides easily cleaned after polishing without applying
external forces.

Significant research has been conducted on the prepa-
ration of both porous and dense manganese oxides,
which includes sol-gel, precipitation, hydrothermal, and
solid-state reactions9–12. For instance, various fine man-
ganese oxides (MnO, Mn2O3, Mn3O4, MnO2) were syn-
thesized by precipitation of manganese salts followed
by calcination at temperatures ranging from 300 to
650 °C.13–16 Reduction of KMnO4 by either precipita-
tion, hydrothermal, solvothermal,g-ray radiation, or so-
nochemical reactions can produce both mesoporous and
dense crystalline manganese oxides.11,12,17–19Electro-
lytic oxidation of MnSO4 at the cathode has also been
widely used to synthesize MnO2 for dry cells.20 These
previous chemical syntheses have usually produced the
manganese oxides with improved characteristics. How-
ever, most of methods are cost ineffective and cannot
lead to uniform nanocrystalline particles.

In the present study, nanocrystalline manganese oxides
with controlled particle size and shape are prepared by
precipitation of manganese nitrate solution at room tem-
perature followed by drying at 120 °C. The resulting sol-
ids show different phases, crystallinities, and particle
morphologies depending upon synthesis procedure. Spe-
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cial emphasis is directed onto studying the roles of hy-
drogen peroxide on the particle characteristics of the
synthesized manganese oxides.

II. MATERIALS AND METHOD

Various manganese oxides were prepared by varying
synthesis conditions. Mn(NO3)2 ? 6H2O (Wako Chemi-
cals, 98%) was used as a precursor. Preliminary study
indicated that other manganese salts such as sulfate, chlo-
ride, and acetate resulted in similar manganese oxides,
but the nitrate salt gave rise to the most well-defined
manganese oxides. First of all, manganese nitrate was
dissolved in deionized water. The standard concentration
of aqueous manganese solution was 0.3 M. Manganese
hydroxide was precipitated at room temperature by ad-
dition of NH4OH. The pH of the precipitate suspension
was around 9.5.

The precipitation was also achieved in the presence of
hydrogen peroxide to control the oxidation state of the
manganese species. Hydrogen peroxide was introduced
in two different ways. H2O2 was added either to manga-
nese nitrate solution prior to precipitation or to the sus-
pensions of the precipitated manganese oxides. The
amount of H2O2 added was also varied from a molar ratio
of Mn:H2O2 4 1:1 to 1:10 to study its influence on the
particle characteristics of the manganese oxides.

After precipitation and post-treatment with H2O2, the
resulting solids were aged at 25 °C for 1 h under rigorous
stirring. The precipitates were then recovered by repeated
washing and decantation to remove undesired impurity
species. The recovered solids were dried in an oven at
120 °C for 18 h.

The phase of the manganese oxides was characterized
by X-ray diffraction (XRD, Phillips APD1700). Thermal
stability was also studied in air at a rate of 10 °C/min
using thermogravimetric differential thermal analysis
(TG-DTA, Rigaku, Thermoplus TG8120). The particle
characteristics such as particle morphology and specific
surface area were analyzed by transmission electron

microscopy (TEM, JEOL JEM-4000FX) and Brunauer–
Emmett–Teller analysis (BET, Coulter, Omnisorp 360),
respectively.

III. RESULTS

The presence of hydrogen peroxide and its addition
sequence result in significant differences in properties of
the manganese precipitates. Particle characteristics of the
manganese oxides prepared in the present study are sum-
marized in Table I. Neutralization of manganese nitrate
solution in the absence of H2O2 gave rise to brown pre-
cipitates (sample CMP06). Precipitation from hydrogen
peroxide added manganese solution (Mn:H2O2 4 1:1 in
molar ratio), on the other hand, produced black solids
(sample CMP01).

Post-treatment with H2O2 produces different results
depending upon the conditions at which the manganese
oxides are prepared. Addition of the hydrogen peroxide
to a suspension of the precipitates obtained from the
H2O2 present solution (sample CMP01) prior to washing
and drying did not cause any significant reaction. When
H2O2 was introduced to the precipitates prepared in the
absence of H2O2 (sample CMP06), however, vigorous
exothermic reaction accompanied with evolution of gas
occurred. The brown color of the precipitates turned into
black as the amount of H2O2 increased (from sample
CMP02 to CMP05).

XRD analysis indicated as shown in Fig. 1 that brown
precipitates wereg–Mn3O4 (hausmanite), whereas black
precipitates were amorphous hydrous manganese oxide
with a minor phase of (NH3)2Mn8O16. It should be noted
that x-ray reflection patterns forg–Mn3O4 (JCPDS 24-
0734) andg–Mn2O3 (JCPDS 18-0803) are very similar,
but they can be distinguished by comparing relative in-
tensities for the first 6 peaks.

H2O2 post-treatment of the sample CMP01 did not
give any change in phase composition as compared to the
untreated one. For the manganese oxides prepared in the
absence of H2O2, post-treatment alters to a great extent

TABLE I. Summary of the characteristics of the synthesized manganese oxides.a

Sample ID

CMP01 CMP02 CMP03 CMP04 CMP05 CMP06

Mn:H2O2 ratio 1:1 1:1 1:4 1:7 1:10 N/Ac

Order of addition before pptb after ppt after ppt after ppt after ppt
Color of powders Black Chocolate brown Black Black Black Brown
Major phase Amorphous Mn3O4 Mn3O4 Mn3O4 Amorphous Mn3O4

Minor phase (NH3)2Mn8O16 Mn2O3 Mn3O4, Mn2O3

Surface area (m2/g) 100.1 25.3 46.1 49.2 51.2 23.4

aAll the powders were prepared at room temperature followed by drying at 120 °C for 18 h.
bppt: precipitation.
cN/A: not applicable.
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the crystal structure of the synthesized manganese ox-
ides. Crystallinity of Mn3O4 decreased with an increas-
ing amount of H2O2 as shown in Fig. 2.e–Mn2O3

(pyrolusite) was observed as a minor phase when excess
hydrogen peroxide above the molar ratio of Mn:H2O2 4
1:7 was used in the post-treatment process. A mixture of
Mn3O4 ande–Mn2O3 with reduced crystallinity was de-
tected in the sample CMP05.

Figure 3 shows the results of TG-DTA analysis for
various manganese oxide powders. The samples CMP06

and CMP02 slightly gained weight up to∼500 °C after
initial weight loss. In contrast, the samples CMP01 and
CMP05 lost their weight gradually, followed by abrupt
loss at 525 °C. All the manganese oxides underwent
phase transformation twice at∼525 and 945 °C, accom-
panying endothermic reactions. Weight loss at low tem-
peratures is attributed to removal of structural water.
Weight gain observed in both samples CMP06 and
CMP02 is supposedly due to oxidation of the manganese
oxides with lower valence Mn2+ species to those with
higher valence. X-ray analysis indicated that high-
temperature-calcined samples for all the synthesized
manganese oxides at 600 °C were Mn2O3 (bixbyite-C,
JCPDS 41-1442), and the samples calcined at 1000 °C
was Mn3O4 with a minor phase of Mn2O3, as shown
in Fig. 1.

Surface area of the powders is a function of H2O2.
Surface areas of amorphous manganese oxide (CMP01)
and Mn3O4 (CMP06) were 100.1 and 23.4 m2/g, respec-
tively. Variation of hydrogen peroxide concentration
from 1:1 to 1:7 in a molar ratio during post-treatment

FIG. 1. X-ray diffraction patterns for the synthesized and calcined
manganese oxides.

FIG. 2. X-ray diffraction patterns of manganese oxides as a function
of H2O2 post-treatment. FIG. 3. TG-DTA curves for the various manganese oxides.
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increased the surface area of the resulting manganese
oxides from 25.3 to 49.2 m2/g. Further addition of H2O2

above 1:7 did not involve significant change in sur-
face area.

Particle morphologies of the synthesized manganese
oxides are also different depending upon synthesis pro-
cedure. Amorphous manganese oxide (CMP01) has a
flakelike shape, and its particle size is in the range 30–
50 nm in length, as shown in the TEM micrograph of
Fig. 4(a). On the other hand, the sample CMP06 is a
mixture of cubelike particles of size∼14 nm and rela-
tively spherical particles of∼80 nm [Fig. 4(b)]. On the
basis of analyses of selected area diffraction by TEM and
x-ray, the smaller particles are crystalline Mn3O4 and the
larger precipitates are amorphous Mn(OH)2. When hy-
drogen peroxide was introduced after precipitation,
larger amorphous particles disappeared and the number
of crystalline Mn3O4 increased [Fig. 4(c)]. At a molar
ratio of Mn:H2O2 4 1:4, only the well-defined cubelike
Mn3O4 were monitored as presented in Fig. 4(d). Particle

morphology was homogeneous, and no other shape was
detected. The average particle size of the sample CMP03
is approximately 16 nm.

Upon further addition of H2O2, the average sizes of
cubelike particles become larger (∼21 nm) and a few
needle-shaped particles with much higher aspect ratio are
also present [Fig. 4(e)]. It is believed that needle-shaped
particles aree–Mn2O3 according to analyses of x-ray
(Fig. 2) and TEM. The sample CMP05 displays both
larger irregular-shaped and needle-shaped particles, and
the number of needle-shaped particles increases as
shown in Fig. 4(f).

IV. DISCUSSION

In manganese oxides, the cations exist in multiple oxi-
dation states (Mn2+, Mn3+, and Mn4+), and the oxides
exhibit high structural complexity with a wealth of meta-
stable polymorphs.21 Numerous studies concerning vari-
ous aspects of the manganese oxide system have been

FIG. 4. TEM micrographs of the manganese oxides: (a) CMP01, (b) CMP06, (c) CMP02, (d) CMP03, (e) CMP04, (f) CMP05.
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reported. In particular,g–Mn3O4 occurs in nature as the
mineral hausmannite in a distorted tetragonal spinel
structure. The unit cell contains Mn4Mn8O16 in which the
O atoms are closed packed with Mn2+ ion in the tetra-
hedral site and Mn3+ in the octahedral site.19

Neutralization of manganese nitrate solution in alka-
line conditions in the absence of hydrogen peroxide re-
sults in rapid precipitation of Mn2+ species. The color of
the resulting solids is light brown when precipitated and
turns into dark brown when aged. It is believed that hy-
drolysis of Mn2+ gives rise to amorphous Mn(OH)2 ac-
cording to the Eq. (1). A part of this precipitate can
undergo oxidation in air as described below, which
causes a change of color.22,23

Mn2+ + 2OH− → Mn(OH)2 (1)

4Mn(OH)2 + O2 + 2H2O → 4Mn(OH)3 (2)

The precipitates from aqueous manganese solution
thus consist of amorphous Mn(OH)2 and amorphous
Mn(OH)3. As shown in Fig. 5, the manganese oxides in
the very early stage that were collected at 2 min after
precipitation at 25 °C without drying have an open amor-
phous structure.

Aging of these precipitates leads to further oxidation
in air, resulting in crystallization of Mn3O4 [Eq. (3)]. It is
considered, however, that aging and drying at 120 °C are
not sufficient to oxidize all the Mn(OH)2, and the pre-
cipitation in the absence of H2O2 produces the mixed
manganese oxides of crystalline Mn3O4 and amorphous
Mn(OH)2 as present in Fig. 4(b).

Mn(OH)2 + 2Mn(OH)3 → Mn3O4 + 4H2O (3)

When hydrogen peroxide is added to an aqueous man-
ganese solution, on the other hand, Mn2+ is oxidized to
Mn4+ as shown in Eq. (4). Hydrolysis of Mn4+ may result
in amorphous hydrous MnO2 ? xH2O [Eq. (5)]. The ex-
istence of the impurity phase, (NH3)2Mn8O16, in the
sample CMP01 supports that H2O2 effectively converts
the oxidation state of the manganese aqueous species
from +2 to +4 as shown below.

Mn2+ + H2O2 + 2H+ → Mn4+ + 2H2O (4)

Mn4+ + xH2O + 2OH− → MnO2 ? xH2O + 2H+ (5)

When H2O2 is introduced to the manganese oxides
after precipitation, it can oxidize the lower valence man-
ganese species located in both crystalline and amorphous
solids accompanying violent endothermic reactions ac-
cording to the following reactions:24

>Mn2+ + H2O2 ↔ >Mn3+ + OH− + OH˙ (6)

>Mn2+ + OH˙ ↔ >Mn3+ + OH− (7)

H2O2 + OH˙ ↔ H2O + HO2̇ (8)

HO2̇ ↔ H+ + O2 (9)

H2O2 + O2 ↔ OH− + OH˙ + O2 (10)

where > indicates surface-bound species. This reaction
cycle is terminated when the last radicals produced in
Eq. (10) are consumed in Eq. (7). The evolved oxygen
also enhances oxidation, and the pH of the medium in-
creases. The absence of such oxidation reactions when
H2O2 is added to amorphous MnO2 ? xH2O (CMP01),
however, indicates that H2O2 is ineffective as an oxidiz-
ing agent since the valence of the manganese species
already reaches +4.

It can be speculated that H2O2 preferentially attacks
amorphous Mn(OH)2 as compared to Mn3O4 due to its
lower crystallinity and open structure. As presented in
pictures from Figs. 4(c) to 4(f), the particle morphologies
of the manganese oxides undergo gradual modification
depending upon the amount of H2O2 added. Larger
spherical amorphous Mn(OH)2 disappears continuously
due to its dissolution with the increasing amount of oxi-
dation agent H2O2. Dissolved Mn(OH)2 transforms into
crystalline Mn3O4 under this oxidizing atmosphere. At
the condition of Mn:H2O2 4 1:4, cubelike nanocrystal-
line Mn3O4 with uniform particle shape is obtained. Such
additional particle nucleation and growth of Mn3O4 led
to an increase in the average particle size of Mn3O4 from
14 to 21 nm as shown in TEM micrographs from
Figs. 4(c) to 4(e).

When the amount of H2O2 exceeds a limit that is suf-
ficient for dissolution and oxidation of all the amorphous
Mn(OH)2, further oxidation of the aqueous manganese
species from +3 to +4 may occur, and even the crystalline
structure of Mn3O4 could be destroyed as indicated by
reduction in x-ray intensity in Fig. 2. In the excess H2O2

conditions, needlelike Mn2O3 reprecipitates from the so-

FIG. 5. TEM micrograph of the as-precipitated manganese oxide in
the absence of H2O2. The sample was collected and prepared 2 min
after precipitation at 25 °C.
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lution of oxidized manganese species. TEM pictures
[Figs. 4(e) and 4(f)] show increased population of
needlelike Mn2O3 and decreased number of cubelike
Mn3O4 with the increasing H2O2. The formation mecha-
nism of various manganese oxides depending upon the
synthesis scheme is schematically illustrated in Fig. 6.

To verify dissolution behavior of Mn(OH)2 by H2O2,
Mn3O4 was prepared at three different precursor concen-
trations (0.1, 0.2, and 0.4 M) followed by post-treatment
with H2O2 at the identical molar ratio (Mn:H2O2 4 1:4).
If our hypothesis is valid, the particle size of the resulting
manganese oxides should depend on the precursor con-
centrations. Concentrated conditions can set up higher
supersaturation of dissolved Mn solution, from which a
greater number of nuclei can form and grow rapidly,
resulting in smaller particle sizes. At less concentrated
conditions, on the other hand, the driving force for nuclea-
tion is relatively low and the dissolved species reprecipi-
tate on the pre-existing Mn3O4, making particle size
larger. As presented in Fig. 7, the particle sizes of the
manganese oxides decrease with an increasing precursor
concentration from approximately 32 to 13 nm as pre-
dicted. The particle morphologies are somewhat elon-
gated rectangular shape at 0.1 M, whereas the equiaxed
particles are observed at 0.4 M. It should noted here that
secondary nucleation and growth generally lead to a
wider distribution of particle size. It is expected, how-
ever, that the rate of nucleation is sufficiently faster than
the rate of growth, allowing relatively uniform particle
distributions in the current system.

Different thermal stability of the manganese oxides
can also be understood from the details of the influence
of H2O2 post-treatment on the particle characteristics. In

lower temperature ranges, all the samples lose their co-
ordinated waters as shown in Fig. 3. Further thermo-
gravimetrical behavior depends upon the phase and its
relative composition existing in the mixed manganese
oxides. The samples that contain the manganese oxides
of oxidation state lower than +4 show gradual weight
gain afterT > 200 °C due to oxidation. The difference in
the amount of weight gain in the samples from CMP02 to
CMP06 implies that the relative ratio of Mn2+, Mn3+, and
Mn4+ in the manganese oxides is modified by H2O2 post-
treatment. With the increased amount of H2O2, the oxi-
dized Mn species increase, and less weight gain is
observed as shown in the sample CMP05. Eventually, no
weight gain occurs in the sample CMP01. All the man-
ganese oxides transform into metastable Mn2O3 (bixby-
ite-C) at ∼545 °C regardless of relative amount of
manganese species with different oxidation states. Fur-
ther heat treatment at higher temperatures also makes
metastable Mn2O3 transform to the high-temperature
stable form, Mn3O4.

25

This phase transformation behavior can be utilized to
produce Mn2O3 with uniform phase and particle mor-
phogy. Figure 8 shows the calcined sample CMP03. The
brown color of the powder turns to black when calcined
at 550 °C for 1 h. The resulting Mn2O3 has cubelike par-
ticles of 20 nm size, still maintaining uniformity in par-
ticle shape.

V. CONCLUSIONS

The presence and addition sequence of H2O2 signifi-
cantly influence particle characteristics of the synthe-
sized manganese oxides including crystal structure,

FIG. 6. Schematic picture illustrating formation mechanism of the manganese oxides.
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particle size and morphology, and surface area. X-ray
analysis indicated that the precipitation from H2O2-
added manganese solution resulted in flakelike-shaped
amorphous hydrous manganese oxide (MnO2 ? xH2O),
whereas amorphous Mn(OH)2 was obtained in the ab-

sence of H2O2. A portion of amorphous Mn(OH)2 can
rapidly crystallize into Mn3O4 in alkaline conditions by
oxidation in air, and the final precipitate is a mixture of
relatively spherical Mn(OH)2 of 80-nm size and cubelike
Mn3O4 of 14 nm. The post-treatment of these mixed
manganese oxides with H2O2 modifies phase and particle
morphology depending upon molar ratio of H2O2 with
respect to Mn. It is believed that H2O2 preferentially
dissolves amorphous Mn(OH)2 at the lower concentra-
tion of Mn:H2O2 4 1:1 and causes additional nucleation
and growth of Mn3O4 from the solution of Mn3+ species.
At Mn:H2O2 4 1:4, the well-defined 16-nm-sized
nanocrystalline Mn3O4 with homogeneous particle mor-
phology was prepared. The treatment with excess H2O2

destroyed crystalline Mn3O4, on the other hand, and
caused further oxidation of aqueous manganese species,
from which needlelike Mn2O3 precipitated out. TEM mi-
crostructural evidence and thermogravimetrical analysis
support our hypothesis of the influences of H2O2 post-
treatment on the manganese oxide characteristics. The
current synthesis approach would find it useful in cost-
effective preparation of nanocrystalline Mn3O4 and
Mn2O3 for a variety of applications including catalyst
and CMP.
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