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Hausmannite (Mn3O4) nanoparticles have been prepared by mixing aqueous solutions of manganese
nitrate and hexamethylenetetramine from 20 to 80°C. Activation energy for the particle formation increases
from 0.5 to 0.8 kJ/mol with nitrate concentration. Nanoparticles (18-41 nm) with a faceted structure are
prepared by this method. We describe synchrotron in-situ time-resolved XRD experiments in which Mn3O4

nanoparticles are reduced to MnO and subsequently reoxidized in ramping temperature conditions. The
temperature of Mn3O4 to MnO reduction decreases as Mn3O4 particle size decreases. On oxidation, 18
nm and smaller MnO nanoparticles formed the intermediate phase Mn5O8 (MnO f Mn3O4 f Mn5O8 f
Mn2O3), while larger MnO particles oxidized to Mn3O4 then directly to Mn2O3. Formation of Mn3O4

occurred at lower temperature for smaller MnO nanoparticles. Further oxidation to Mn2O3 required higher
temperatures for the initially smaller MnO nanoparticles, indicating that the kinetics of forming the new
oxide phases is not controlled by diffusion, where smaller distance favors faster reaction, but by nucleation
barrier.

1. Introduction

Manganese is the tenth most abundant element in the
earth’s crust1 and occurs in nature in the+2, +3, and+4
oxidation states. Manganese oxides are commonly used in a
wide range of applications including dry-cell batteries,2

pigments,1 catalysts,3-7 and water-purifying agents.1 The
greatest percentage of the world’s manganese production is
consumed in steel production, where it is added for increased
strength.1 Manganese oxides are active catalysts in several
oxidation and reduction reactions, including oxidation of
methane and carbon monoxide and selective reduction of
nitrobenzene.8 Chang and McCarty found the oxygen ab-
sorption and desorption behavior of manganese oxide as an

oxygen storage component to be superior to that of cerium
oxide.9 Manganese forms the stable oxides MnO,R-Mn3O4,
R-Mn2O3, andâ-MnO2 as well as the metastable Mn5O8. The
structural properties of these oxides are listed in Table 1.
Reduction and oxidation of manganese oxides are reversible
up to Mn2O3; formation of MnO2 in pure oxygen requires
pressures greater than 3000 bar.1

The manganese oxide hausmannite is a black mineral that
forms the spinel structure with tetragonal distortion due to a
Jahn-Teller effect on Mn+2. In the Mn+2(Mn+3)2O4 structure
the Mn+2 and Mn+3 ions occupy the tetrahedral and
octahedral sites, respectively.10 Mn3O4 is ferromagnetic below
43 K.11 Hausmannite has been shown to be an active catalyst
for reduction of nitrobenzene to nitrosobenzene,3 decomposi-
tion of NOx,8 and oxidation of methane and carbon monox-
ide.8 Hausmannite has a tetragonal crystal structure with
lattice parametersa ) b ) 5.762 Å andc ) 9.4696 Å and
space groupI41/amd.

Nanocrystalline Mn3O4 has been synthesized by a number
of methods that produce relatively monodisperse particles
and rods. Solvothermal methods have resulted in 9-1512 and
50 nm Mn3O4 particles,13 microwave irradiation of KMnO4
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dissolved in ethanol produced 30 nm Mn3O4 particles,14

thermal evaporation of Mn powders resulted in 42 nm Mn3O4

particles,15 and thermal decomposition of manganese oxalate
in N2 produced 100 nm Mn3O4 particles.16 Formation of
Mn3O4 nanorods has also been reported: single-crystal
nanowires 40-80 nm wide and up to 150µm long by molten
salt synthesis17 and 6 nm by 17 nm rods by dissolution of
manganese(II) acetate and an amide in water at room
temperature.18

Metastable Mn5O8 has been observed to form by oxidation
of Mn3O4 at 723 K in air19 by reacting manganese nitrate
and sodium hydroxide20 and from oxidation of 32 nm Mn3O4

particles.21 In the latter study oxidation of lower surface area

Mn3O4 particles and heating rates of 600°C resulted in
formation of Mn2O3 particles rather than Mn5O8.21 Previous
studies on formation of Mn5O8 have not offered an explana-
tion for formation of this phase.

The aim of the present work is 2-fold: to prepare Mn3O4

nanoparticles by low-temperature aqueous synthesis and
characterize the products resulting from reduction of nanos-
cale Mn3O4 in 5% CO/He and oxidation of nanoscale MnO
in 100% O2. We use in-situ time-resolved X-ray diffraction
(TR-XRD) to monitor formation of reduction and oxidation
products. The combination of high-intensity synchrotron
radiation and rapid data collection devices allows for
detection of phase changes during the reaction in real time
and with great sensitivity. To the best of our knowledge, no
systematic studies using in-situ XRD and synchrotron
radiation have been reported for reduction of nanoscale
Mn3O4 by CO gas or oxidation of MnO using pure oxygen.
Such studies are important in determining reduction and
oxidation profiles in manganese oxides as a function of
nanoparticle size and in developing a fundamental under-
standing of the manganese oxide nanoparticle system in
catalytic operating conditions.

2. Experimental Procedure

2.1. Nanoparticle Synthesis.Mn3O4 nanoparticles were prepared
from aqueous solutions of manganese nitrate hydrate Mn(NO3)2‚
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xH2O (99.98% purity, Alfa Aesar) and hexamethylenetetramine
(C6H12N4) (99+% purity, Alfa Aesar). Two methods were used in
the synthesis of Mn3O4. In the first method (standard method) the
two chemicals are mixed separately with equal quantities of
ultrapure water to concentrations of 0.02 and 0.1 M Mn(NO3)2

solution and 0.5 M hexamethylenetetramine (HMT) solution. The
separate solutions were stirred for 30 min and then combined and
heated using a water-jacketed beaker connected to a heating
circulator (ThermoElectric Corp. Neslab EX10) to synthesis tem-
peratures ranging from 22 to 80°C for 30 min to 4 h. In the second
method (injection method) the same mass of HMT used in the
standard method was dissolved into the total quantity of ultrapure
water and stirred for 30 min at the synthesis temperature. The mass
of manganese nitrate used in the standard method was dissolved
into 5 mL of ultrapure water and injected into the HMT solution
after 30 min of stirring. In both cases the particles were harvested
by filtering the solution through a 0.22µm microcellulose filter
using an aspirator. The particles were rinsed with ultrapure water
to remove HMT and allowed to dry in air.

Intermediate-sized Mn3O4 nanoparticles were synthesized by
calcining manganese nitrate in air at 1050°C for 0.5, 2, and 6 h.
Micrometer-sized Mn3O4 was synthesized by calcining manganese
nitrate in air at 1050°C for 12 h.

2.2. Particle Characterization.Transmission electron micros-
copy (TEM) samples were prepared by extracting a small amount
of the metal oxide nanoparticle-HMT solution, diluting with water,
and adding several drops of isopropyl alcohol. A copper grid
covered by a carbon film was then dipped into the diluted solution
and allowed to dry in air. Shape, size, and size distribution of
nanoparticles were examined by TEM (JEM 100C). High-resolution
TEM (HR-TEM) samples were prepared by the same preparation
technique on a copper grid covered with lacey carbon film and
examined using a JEOL 4000EX TEM. HR-TEM work was
performed at Brookhaven National Laboratory using facilities at
the Center for Functional Nanomaterials.

X-ray diffraction (XRD) measurements were taken of the dried
powders using a Scintag X2 diffractometer with a Cu KR anode to
verify the phase purity of the products at a scan rate of 0.02°/step
and 5 s/step. Crystallite size was calculated by fitting the synchro-
tron XRD results using the Scherrer equation,d ) 0.941λ/(B cos
θB), whereλ is the wavelength,B is the full width at half-maximum
(FWHM) of the peak, andθB is the Bragg angle. A correction was
made for instrumental peak broadening using the corresponding
peaks in micrometer-sized powder. The crystallite sizes measured
from the four peaks (112), (103), (211), and (224) were averaged
to obtain the Mn3O4 crystallite size, and the spreads among sizes
from different peaks were expressed as error bars.

The particle size of the intermediate and bulk Mn3O4 samples
was measured from SEM using a JEOL 5600LV instrument.

2.3. Redox with in-Situ XRD.Time-resolved XRD (TR-XRD)
data were collected at beamline X7B at the National Synchrotron
Light Source at Brookhaven National Lab (λ ) 0.922 Å).
Diffraction patterns were collected using a MAR345 area detector
at 3 min intervals. The loose powders were loaded into an open
sapphire capillary with an inner diameter of 0.5 mm. Quartz wool
was inserted into each end to secure the sample position while gas
flowed. One end of the capillary was connected to a gas inlet, while
the other end was connected to a flow meter. A flow rate of about
15 cm3/min was maintained throughout the process. The powder
was heated using a Kanthal wire that wrapped around the capillary.
A thermocouple was inserted directly into the capillary near the
sample to maintain accurate temperature during the XRD measure-
ments.

Reduction and oxidation experiments were conducted using a
constant heating rate of 400°C/h up to 800°C. For reduction
experiments, a gas mixture of 5% CO/He (99.99% purity) was used
to reduce Mn3O4 powders to MnO. After reduction, MnO samples
were reoxidized by heating at 400°C/h in 100% O2. Oxidation
experiments were also conducted on bulk MnO powders using a
heating rate of 400°C/h in 100% O2.

3. Results

3.1. Synthesis.The initially clear, colorless HMT-nitrate
solution changes within several minutes to a light orange
color and gradually becomes darker orange-brown and
cloudy as the reaction proceeds. XRD shows that the
product is Mn3O4 with no other phases present, as shown
in Figure 1. The sample presented in Figure 1 was prepared
using a manganese nitrate concentration of 0.1 M at 80°C,
synthesized for 50 min. The method of synthesis,
standard or injection, did not result in any apparent difference
in the purity, size, size distribution, or morphology of the
product.

Manganese oxide nanoparticles sizes range from 18-41
nm as calculated from XRD depending on synthesis condi-
tions (reaction time, manganese nitrate concentration, and
synthesis temperature). Crystallite size measured from XRD
was at the lower end of the particle-size range measured from
TEM. This is expected as the XRD measurement represents
a weighted mean of the actual crystallite sizes. Throughout
this paper we use the term particle size to refer to the

Figure 1. Synchrotron XRD pattern of Mn3O4 from nitrate-HMT synthesis.

Figure 2. TEM image of Mn3O4 nanoparticles prepared from 0.1 M Mn-
(NO3)2 and 0.5 M HMT at 50°C for 150 min.
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crystallite size measured using XRD. Figure 2 is a TEM
image of Mn3O4 synthesized using 0.02 M Mn(NO3)2 at 50
°C for 60 min. From XRD this sample had a particle size of
29 ( 6 nm, while the particle size measured from TEM
ranged from 25 to 100 nm. Particle morphology varied within
each sample, as shown in Figure 2. Individual Mn3O4

nanoparticles observed in TEM by tilting the specimen
showed complex faceted structures.

High-resolution TEM images show that the particles are
highly crystalline (Figure 3) with a thin amorphous layer
surrounding each particle that was observed to disappear over
several minutes with the beam focused on the sample.

Particles were observed to grow as the reaction time
increased but reached a maximum size after several hours.
Nitrate concentration did not show a significant effect on
particle size. Of the reaction variables, synthesis temperature
had the greatest effect on Mn3O4 nanoparticle size, as shown
in Figure 4, which includes particles made from 0.02 and
0.1 M manganese nitrate and with reaction times ranging
from 30 to 240 min. Particles made from 0.1 M Mn(NO3)2

and harvested after 150 min were 28( 3 nm when
synthesized at 35°C and 41( 8 nm when synthesized at
22 °C.

A study of Mn3O4 nanoparticles synthesized at tempera-
tures ranging from 22 to 70°C for 150 min also showed a
decrease in median particle size with an increase in synthesis
temperature, as shown by the solid symbols in Figures 5 and
6 using 0.02 and 0.1 M Mn(NO3)2, respectively. The largest
Mn3O4 nanoparticles formed were 41 nm, from 0.1 M Mn-
(NO3)2 at 22°C for 150 min. The smallest Mn3O4 nanopar-
ticles, at 23( 2 nm, were formed using 0.02 M Mn(NO3)2

at 70 °C. No particles were formed after 150 min with a
reaction temperature of 10°C and manganese nitrate
concentration of 0.1 M.

In general, the spread in the Mn3O4 nanoparticle size
measurement decreases with increasing synthesis tempera-
ture, as illustrated by the error bars in Figures 5 and 6.
Particle size difference for the set of samples synthesized at
150 min over a range of temperatures was determined by
calculating the absolute value of crystallite size obtained from

Figure 3. HR-TEM image of Mn3O4 prepared from 0.02 M Mn(NO3)2

and 0.5 M HMT at 40°C for 50 min.

Figure 4. Mn3O4 nanoparticle size as a function of reaction temperature:
(b and×) 0.02 and 0.1 M Mn(NO3)2, respectively. Synthesis time ranges
from 30 to 240 min.

Figure 5. Mn3O4 particle size as a function of synthesis temperature from
0.02 M Mn(NO3)2 and reaction time of 150 min. (9) Average particle size
obtained by XRD. (×) Size difference as determined from peaks (004) and
(220).

Figure 6. Mn3O4 particle size as a function of synthesis temperature from
0.1 M Mn(NO3)2 and reaction time of 150 min. (9) Average particle size
obtained by XRD. (×) Size difference as determined from peaks (004) and
(220).
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the (004) peak subtracted from that of the (220) peak and is
identified by × in Figures 5 and 6. Anisotropy decreases
initially as the synthesis temperature increases with the most
equiaxed particles forming at 50°C for both 0.02 and 0.1
M Mn(NO3)2 concentrations.

The higher Mn(NO3)2 concentration (0.1 M) resulted in a
lower relative yield compared to the 0.02 M Mn(NO3)2

reactions. Yield, in terms of percent of theoretical yield, is
shown in Figure 7. Theoretical yield is calculated as the total
mass of Mn3O4 that would result if all manganese ions
present in Mn(NO3)2 reacted to form Mn3O4. In terms of
mass of Mn3O4 powder, the amount of product obtained from
the higher nitrate concentration condition was approximately
double that obtained from the lower concentration. The yield
increases as reaction temperature increases.

Activation energy (Ea) for the reaction is calculated using
the Arrhenius relationship,r ) A exp(-Ea/RT), wherer is
the rate,R is the ideal gas constant (8.314 J/mol K), and
temperature isT. In Figure 8 the reaction rate, calculated as
the yield per unit time, is plotted against 1000/T. The slope
of the linear fit is used to determineEa for formation of
Mn3O4 nanoparticles from 0.1 and 0.02 M Mn(NO3)2 using
0.5 M HMT and a reaction time of 150 min. Activation
energy is 768 J/mol (7.96 meV) for 0.1 M Mn(NO3)2 and
514 J/mol (5.33 meV) for 0.02 M Mn(NO3)2.

Larger manganese oxide particles obtained by calcining
Mn(NO3)2 in air at 1050°C for 0.5, 2, and 6 h were measured
by XRD to be 160, 265, and 345 nm, respectively.

3.2. Mn3O4 Reduction. During in-situ TR-XRD experi-
ments in 5% CO/He gas Mn3O4 particles reduce to MnO.
Reduction temperature is observed to decrease as initial
Mn3O4 particle size decreases, as shown in Figure 9. The
dashed lines are included to guide the eye. The dashed lines
connect temperatures at which MnO is initially observed in
reducing Mn3O4 nanoparticles of specific initial sizes (9)
and the temperature of complete reduction of Mn3O4 to MnO
(0). Smaller Mn3O4 nanoparticles reduce to MnO at lower
temperature than larger nanoparticles and bulk Mn3O4. The
smallest Mn3O4 particles evaluated, 16 nm, began to form

MnO at 310°C, while bulk Mn3O4 began reduction to MnO
at 450°C. Full reduction to MnO was completed at about
430-450°C for the approximately 20 nm Mn3O4 particles;
larger Mn3O4 particles required heating to 570°C to reduce
completely to MnO. The positive slopes of the dashed lines
in Figure 9 illustrate the characteristic of nanoparticle systems
to react more readily than bulk material due to faster kinetics
and shorter diffusion distances.

Several of the bulk and nanoparticle samples examined
were heated to 800°C, and no further reduction was
observed. MnO particles formed from reduction of Mn3O4

nanoparticles ranging in size from 14 to 18 nm with smaller
Mn3O4 nanoparticles forming smaller MnO nanoparticles.
MnO particles formed by reduction of bulk and nanoscale
Mn3O4 exhibited the rock salt structure.

3.3. MnO Oxidation. MnO nanoparticles from reduced
Mn3O4 nanoparticles were heated in 5% O2/He and 100%
O2 during TR-XRD experiments. No phase change was
observed when 5% O2 was used as the oxidizing gas. In

Figure 7. Yield of Mn3O4 synthesis by the aqueous HMT-nitrate method
using 0.5 M HMT and 150 min: (b and×) 0.02 and 0.1 M Mn(NO3)2,
respectively.

Figure 8. Activation energy for formation of Mn3O4 calculated using the
rate in terms of yield per time: (b and ×) 0.02 and 0.1 M Mn(NO3)2,
respectively.

Figure 9. Mn3O4 nanoparticles reduce to MnO in 5% CO/He gas: (9)
formation of MnO; (0) complete reduction of Mn3O4 to MnO.
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100% O2 oxidation environment the MnO nanoparticles
smaller than 18 nm were observed to form Mn3O4, then
Mn5O8, then Mn2O3. Larger MnO particles (50 nm and bulk
MnO) oxidize to Mn3O4 and then directly to Mn2O3 with no
trace of Mn5O8 formation. The temperatures at which Mn3O4,
Mn5O8, and Mn2O3 are initially detected are presented in
Figure 10, with dashed lines included to guide the eye. As
in Figure 9, the positively sloped lines indicate that faster
kinetics in the nanoscale is present in the oxidation process.
A negative slope, as in formation of Mn2O3 from Mn5O8,
indicates a barrier to nucleation of the oxidation product.
The temperature at which Mn3O4 is first detected is indicated
with 4, the temperature of initial formation of Mn5O8 with
b, and the temperature at which Mn2O3 is first observed
with ×.

Oxidation of nanoscale MnO (<50 nm) does not proceed
in a simple stepwise fashion, with MnO oxidizing to form a
two-phase mixture of MnO/Mn3O4, then becoming pure
Mn3O4 with increasing temperature, and then forming
Mn3O4/Mn5O8, etc. Rather, it was observed that trace MnO
peaks remained visible even while more highly oxidized
phases formed, and nearly all of the samples evaluated
exhibited three phase regions. Figure 10 is a simplified view
of the pathways observed in the oxidation of MnO in which
only the initial formation of each phase is presented.

The temperature at which MnO begins to form Mn3O4 is
observed to increase with increasing MnO particle size,
similar to the results of Mn3O4 reduction experiments.
Initially 14-18 nm MnO particles formed Mn3O4 at 190°C,
while oxidation to Mn3O4 was not apparent in the bulk MnO
particles until the temperature reached 390°C.

After formation of Mn3O4, the intermediate phase Mn5O8

forms from the initially 14-18 nm MnO particles in the
430-470°C temperature range. Formation of Mn2O3 begins
at approximately 510°C in the initially 14-18 nm MnO
nanoparticles, while the initially 50 nm MnO particles
oxidized to Mn2O3 at 390-410 °C. The bulk MnO used in
this study formed Mn2O3 at 450°C.

4. Discussion

4.1. Synthesis.According to our previous work,22 HMT
acts as an ammonia agent and a surfactant in the aqueous
synthesis of ZnO nanoparticles. In contrast to the ZnO
nanoparticle synthesis by this method, in which Zn(OH)2

formed at lower temperatures, no manganese hydroxide
phases were observed to form under the conditions studied.
Also, in contrast to aqueous nitrate-HMT synthesis of ZnO
and CuO23 nanoparticles, Mn3O4 nanoparticles show a low
aspect ratio rather than the ZnO nanorods or CuO nanowires
formed. Low aspect ratio CeO2 nanoparticles were also
prepared by this method.24 As anticipated for these four
processes, shape isotropy increases as lattice symmetry
increases: CeO2 is cubic, Mn3O4 is tetragonal, ZnO is
hexagonal, and CuO has a monoclinic structure.

Two explanations for the decrease in Mn3O4 particle size
with increasing synthesis temperature are considered. It is
suggested that nucleation is more active at higher tempera-
tures, consuming manganese ions initially and limiting the
number of ions available in the solution for subsequent
growth of individual particles. Another factor may result from
the effect of temperature on the decomposition of HMT in
water, as given in reaction 1

HMT dissociates to ammonium and hydroxide ions in water.
An increase in the concentration of OH- ions with temper-
ature may result in more rapid hydrolysis of Mn+3 ions from
dissociated Mn(NO3)2. The subsequent condensation of
manganese hydroxide to form Mn3O4 would then take place
in a solution depleted of manganese ions required for growth.

Average size is controlled by the synthesis conditions,
although TEM shows a rather wide range of particle sizes
in each batch, suggesting that nucleation does not occur in
a single event but that particles are nucleated and grow
throughout the initial synthesis process. It is possible that as
the particles grow particular planes grow preferentially,
which could explain the nonuniform morphology observed.

Use of standard and injection methods of synthesis did
not result in an appreciable difference in Mn3O4 nanoparticle
size, size distribution, or morphology. This indicates that the
more rapid introduction of reactants via the injection method
does not cause a single nucleation event. Since there is a
similar distribution of nanoparticle sizes in the standard and
injection methods, we expect that the initial nucleation is
not instantaneous in either case but continues with initial
particle growth until the reactants are depleted upon a certain
level. This is a marked contrast to formation of CeO2

nanoparticles by aqueous HMT synthesis,24 where nucleation

(22) Wu, P.-Y.; Pike, J.; Zhang, F.; Chan, S.-W. Low-Temperature
Synthesis of Zinc Oxide Nanoparticles.Int. J. Appl. Ceram. Technol.
2006, 3 (4), 272-278.

(23) Pike, J.; Chan, S.-W.; Zhang, F.; Wang, X.; Hanson, J. Formation of
stable Cu2O from reduction of CuO nanoparticles.Appl. Catal. A2006,
303, 273-277.

(24) Zhang, F.; Jin, Q.; Chan, S.-W. Ceria nanoparticles: Size, size
distribution, and shape.J. Appl. Phys.2004, 95 (8), 4319-4326.

Figure 10. Phases formed from oxidation of MnO bulk- and nanoparticles
in 100% O2 gas. First indication by XRD of formation of (4) Mn3O4, (b)
Mn5O8, and (×) Mn2O3.

C6H12N4 + 6H2O T 6H2CO + 4NH3

NH3 + H2O T NH4OH T NH4
+ + OH- (1)
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occurred as a single event at the beginning of the process,
as indicated by a narrow size distribution of the ceria
nanoparticles.

An increase in yield as the reaction temperature increases
indicates that the temperature required for nucleation plays
a significant role in the amount of product formed. By
increasing the synthesis temperature, the number of particles
nucleated increases, resulting in a higher Mn3O4 yield. With
an increase in manganese nitrate concentration, more man-
ganese ions are available, resulting in a larger quantity of
Mn3O4. The lower activation energy calculated for the
lower nitrate concentration (0.02 M) condition suggests that
the ratio of manganese ions to ammonium hydroxide
produced from the dissociation of HMT also affects the
reaction.

4.2. Mn3O4 Reduction. Mn3O4 nanoparticles reduce in
5% CO/95% He to form MnO nanoparticles, with smaller
nanoparticles reducing at lower temperature than larger
particles. This is expected in nanoparticle systems where
kinetics are typically faster due to shorter diffusion distance
and higher surface to volume ratio.

4.3. Mn5O8 Formation. Two different oxidation pathways
are observed for MnO oxidation in 100% O2 gas. MnO
nanoparticles in the 14-18 nm size range oxidized according
to Pathway 1, forming the intermediate phase Mn5O8. Larger
MnO nanoparticles (50 nm) and bulk MnO oxidized accord-
ing to Pathway 2, which does not include formation of Mn5O8

as an intermediate

The critical size for formation of Mn5O8 in these conditions
is between 18 and 50 nm. In Pathway 2 the Mn oxidation
state increases from Mn+2 in MnO, to mixed-valence Mn3O4

[(Mn+2)(Mn+3)2O3], to Mn+3 in Mn2O3. In Pathway 1 the
net valence of the manganese ion increases from Mn+2 f
Mn+2.67 f Mn+3.2 f Mn+3 to include the Mn5O8 [(Mn+2)2-
(Mn+4)3O8] intermediate phase. Formation of Mn5O8 requires
that oxidation of the Mn3O4 Mn+3 ions to Mn+4 precedes
oxidation of the Mn3O4 Mn+2 ions. It is proposed that the
higher surface area in the smaller nanoparticles allows for
oxidation of the Mn3O4 octahedral Mn+3 ions preferentially
over Mn+2, perhaps by the presence of a higher concentration
of surfaces containing the Mn+3 ions, which oxidize to
Mn+4 and stabilize the Mn+2 ions. In this scenario for
formation of Mn5O8 from Mn3O4 oxidation of Mn+3 to Mn+4

is more active than oxidation of Mn+2 to Mn+3. As the
particle size increases, oxidation of Mn+2 to Mn+3 becomes
more active than oxidation of Mn+3 to Mn+4, resulting in
formation of Mn2O3 from Mn3O4. Formation of an interme-
diate phase is also observed by in-situ TR-XRD in the
reduction of CuO nanoparticles23 with Cu2O forming from
reduction of CuO nanoparticles while bulk CuO reduces
directly to Cu.

4.4. Mn2O3 Formation. Formation of Mn2O3 during
oxidation required higher temperature for the 14-18 nm
MnO particles than for the 50 nm MnO particles rather than
the lower temperature oxidation observed in formation of

Mn3O4. This suggests that interfacial energy acts as a barrier
to nucleation and is responsible for the “sluggish” oxidation
to Mn2O3 in smaller nanoparticles. The temperature of
formation of Mn2O3 for the smaller nanoparticles is also
greater than that required in the oxidation of bulk MnO. Bulk
MnO particles formed Mn2O3 at temperatures 40-60 °C
higher than formation of Mn2O3 from 50 nm MnO, indicating
that in oxidation of these two sets of samples the kinetics
are faster for smaller particles.

Oxidation of the smaller nanoparticles to Mn2O3 requires
oxidation of the monoclinic Mn5O8 to cubic Mn2O3, while
cubic Mn2O3 forms directly from the tetragonal Mn3O4 when
Mn5O8 is not formed as an intermediate phase. Earlier, we
determined that formation of the interface acts as a barrier
to nucleation of the reduced phase, making direct reduction
to Cu less thermodynamically favorable than reduction to
of CuO to Cu2O.25

5. Conclusions

Nanoparticles of Mn3O4 ranging in size from 20 to 40 nm
have been prepared by aqueous synthesis using HMT and
manganese nitrate as precursors at temperatures between 22
and 80°C. Synthesis temperature has a greater effect on the
resulting nanoparticle size than manganese nitrate concentra-
tion or reaction time with particle size decreasing with
increasing temperature. The most isotropic particles were
obtained using a synthesis temperature of 50°C. The yield
of the reaction increases with increasing reaction temperature.
Yield as a function of temperature is used to determine the
activation energy of the reaction for 0.02 and 0.1 M
manganese nitrate concentrations. Mn3O4 nanocrystals do not
nucleate in a single event followed by particle growth;
nucleation continues for a short while as initial growth
occurs.

We use synchrotron radiation to perform in-situ TR-XRD
ramping temperature reduction experiments to study reduc-
tion of Mn3O4 nanoparticle and oxidation of MnO nanopar-
ticles. In reduction using 5% CO/He, smaller Mn3O4

nanoparticles reduced to MnO at lower temperature than
larger nanoparticles and bulk Mn3O4 due to faster kinetics
and shorter diffusion distance in the nanoscale system.
Oxidation of MnO to Mn3O4 follows a similar trend with
smaller MnO nanoparticles forming Mn3O4 at lower tem-
peratures than larger MnO particles in 100% O2 gas in
ramping temperature.

The intermediate phase Mn5O8 is observed to form in the
oxidation of MnO only in particles smaller than 18 nm and
not from 50 nm MnO particles or bulk MnO oxidation.
Formation of Mn2O3 from these smaller MnO nanoparticles
requires greater temperature than that required to form Mn2O3

from bulk MnO, suggesting that nucleation of the new phase
in very small, defect-free particles requires greater temper-
atures to overcome the excess surface or interfacial energy
of the product particles.
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