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N
anostructured manganese dioxides
(MnO2) are among the promising
materials for high-performance elec-

trochemical energy storage devices includ-
ing high-capacity lithium-ion batteries,1�3

lithium�airbatteries,4�7 andsupercapacitors8,9

that represent the high demand for use in
electric vehicles and other consumer elec-
tronics.10�12 The use of MnO2 nanomater-
ials as active electrode components in en-
ergy storage devices has many advantages
in terms of their high specific energy capac-
ity, low fabrication cost, abundance of the
materials in the earth, and environmentally
friendly nature.8,13,14 Intensive studies in the
past have proven that the performance of
electrochemical devices is strongly affected
by the crystalline phase and morphology of
MnO2 nanostructures that depend on the
synthetic strategy and reaction conditions.13

For instance, various methods including co-
precipitation,15 sol�gel technique,16 hydro-
thermal reaction,17,18 etc. have been used for
the synthesis of nanostructured MnO2 with
various morphologies such as plates,19 urchin-
like structures,3,20 spheres,21,22 flowers,23

cubes,24 wires,25,26 rods,27 belts,28 tubes,29�31

etc. The as-synthesized MnO2 nanostructures
can be crystallized in different phases (e.g., R,
β,δ,γ, andλ) dependingonhowthe repeated
MnO6 octahedron units in MnO2 share their
faces and edges. The morphological and
structural complexity ofMnO2 nanostructures
makes the synthesis of MnO2 nanomaterials
with highly pure crystallographic phases and
uniform morphology to be challenging. On
the other hand, the availability of pure phase
MnO2 nanomaterials is essential for investi-
gating the correlation between the physical
parameters of the MnO2 nanoparticles and
device performance. Herein, we report the

use of a microwave-assisted hydrothermal
method to synthesize MnO2 nanostructures
with well-controlled morphology and crystal-
linity in high uniformity and purity. The use of
microwaves to drive solution-phase reactions
offers many advantages in comparison with
conventional heating processes, for example,
prompt start-up, uniform temperature distri-
bution in reaction solutions, efficient energy
conversion and delivery, easy control over
reaction conditions, and possible scaling
up.32�34 By appropriately controlling the
reaction conditions, we successfully synthe-
sized uniform δ-MnO2microflowers consist-
ing of assemblies of nanosheets, R-MnO2

nanowires, andR-MnO2nanotubeswithopen
ends. The detailedmorphological and crystal-
line evolutions have been studied at
the atomic resolution with time-dependent
X-ray diffraction, electron microscopy, and
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ABSTRACT Single-crystal R-MnO2 nano-

tubes have been successfully synthesized by

microwave-assisted hydrothermal of potassium

permanganate in the presence of hydrochloric

acid. The growth mechanism including the

morphological and crystalline evolution has

been carefully studied with time-dependent

X-ray diffraction, electron microscopy, and

controlled synthesis. The as-synthesized MnO2
nanostructures are incorporated in air cathodes of lithium�air batteries as electrocatalysts for

the oxygen reduction and evolution reactions. The characterization reveals that the electrodes

made of single-crystallineR-MnO2 nanotubes exhibit much better stability than those made of

R-MnO2 nanowires and δ-MnO2 nanosheet-based microflowers in both charge and discharge

processes.

KEYWORDS: microwave synthesis . nanostructured manganese oxide .
morphological control . electrochemical catalyst . lithium�air batteries
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controlled synthesis. The as-synthesized MnO2 nano-
structures have been incorporated into air cathodes in
lithium�air batteries to serve as catalysts for facilitat-
ing the electrochemical processes involving oxygen
reduction and evolution reactions. The results indicate
that the morphology and crystallinity of the MnO2

nanostructures indeed influence the performance of
the lithium�air batteries and the R-MnO2 nanotubes
represent the best in terms of energy capacity and
stability.

RESULTS AND DISCUSSION

The synthesis of MnO2 nanostructures has been
carried out through hydrothermal reactions between
an aqueous solution of potassium permanganate
(KMnO4) and hydrochloric acid (HCl) in an aqueous
solution at elevated temperatures that is achieved by
heating the reaction solution with a microwave reactor.
In a typical synthesis, an appropriate amount of concen-
trated HCl solution is first added to an aqueous solution
of KMnO4 in amicrowave reaction vessel (i.e., a glass tube
specially manufactured for CEM Discover microwave
reactor) at room temperature. The mixing process does
not induceanapparent reaction.Once the reactionvessel
is sealed, quickly heating the solution to 150 �C within
1minwith themicrowave reactor triggers a redox reaction

2MnO4
� þ 8Hþ þ 6Cl� f 2MnO2 þ 3Cl2 þ 4H2O

(1)

because the reaction MnO4
� þ 4Hþ þ 3e� fMnO2(s)

þ 2H2O exhibits a higher standard electrode potential
(1.70 V versus SHE, standard hydrogen electrode) than
that of the reaction Cl2(g) þ 2e� f 2Cl� (1.36 V versus

SHE). The release of Cl2 gas can be confirmed by the
following facts: an irritating odor can be smelt when a
synthesis is completed and the reactor is opened; the
copper pressure gauge head that holds the septum
caps to seal the reactors during the hydrothermal
reaction is found to be severely eroded after a number
of syntheses are performed. The corrosion of the
pressure gauge head is ascribed to its reaction with
the Cl2 gas released from reaction 1 that can penetrate
through the septum caps to attack the pressure gauge
head in humid atmosphere due to the high pressure
built in the reaction vessels. As highlighted in reaction
1, both Cl� ions and Hþ ions play important roles to
drive the reaction where Cl� ions are a reducing species
to reduce MnO4

� ions to form MnO2 solids and Hþ ions
provide an acidic environment to promote the redox
reaction. When the reaction solution is neutral, no
apparent reaction occurs. For example, there are no
MnO2 solids formed in a reaction solution containing
KMnO4 and NaCl. In contrast, the formation of MnO2

solids can also be boosted by adding H2SO4 to the
solution of KMnO4 and NaCl, confirming the impor-
tance of high acidity on accelerating the reaction
kinetics. In addition to the redox reaction shown in

eq 1, decomposition of MnO4
� ions possibly occurs

simultaneously to formMnO2 solids in an acidic solution:

4MnO4
� þ 4Hþ f 4MnO2 þ 3O2 þ 2H2O (2)

because black MnO2 powders can also be formed from
direct heating of an aqueous solution of KMnO4 and
H2SO4. However the reaction rate for producing MnO2 is
much lower than that from the reaction solution of
KMnO4 and HCl. Moreover, the MnO2 powders that re-
sulted from the solution of KMnO4 and H2SO4 exhibit
morphologies (bundles of thinner wires) different from
those from the reaction between KMnO4 and HCl. Com-
parison of the different reactions indicates that both reac-
tion 1 and reaction 2 contribute to the formation ofMnO2

powders although the significance of individual reactions
may be different. Apparently the contribution of reaction
1 is more significant in the solution of KMnO4 and HCl.
The reaction between KMnO4 andHCl is fast, leading

to the formation of precipitated black MnO2 powders
within several minutes. Figure 1A shows a scanning
electron microscopy (SEM) image of the powders
formed at the very beginning of the reaction, that is,
2 min that is normalized against the time when the
temperature reaches 150 �C. The image clearly shows
the formation of desert rose-like microflowers con-
structed with intersected nanosheets. As the reaction
proceeds, the purple color of the reaction solution
gradually diminishes, indicating that the MnO4

� ions
are reduced to form solid MnO2. Absorption spectro-
scopic investigation reveals that the reduction of
MnO4

� ions completes within 5 min after the reaction
temperature reaches 150 �C (Figure S1, Supporting
Information). The product formed at 5 min is shown
in Figure 1B with a slight increase in size of the micro-
flowers. Continuously heating the microflowers under
the hydrothermal condition gradually changes the
morphologies of the resulting nanostructures. As
shown in Figure 1C, a number of nanowires grow from
the flowers at 15 min, indicating a possible phase
transition of the MnO2 microflowers occurs under the
reaction condition. Once the morphological transfor-
mation is initiated, the microflowers can be converted
to nanowires quickly; for example, the product formed
at 30 min exhibits pure nanowires with diameters
of ∼100 nm (Figure 1D). Further annealing of the nano-
wires transforms them into hollow nanotubes with open
ends (Figure 1E,F, and Supporting Information Figure S2).
These sequential morphological changes indicate that
the MnO2 microflowers are in the form of a metastable
phase under the reaction condition. The X-ray diffraction
(XRD) pattern of the flowers formed at 2min exhibits the
characteristic diffractionpeaks corresponding to thepure
δ-phase MnO2 (Figure 2A). The (001) and (002) peaks
correspond to the layered structure of δ-MnO2. XRD
patterns of the nanowires and nanotubes formed at
times longer than 30min indicate these one-dimensional
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nanostructures are made of R-phase MnO2 (Figure 2A).
The phase transition from δ-MnO2 microflowers to
R-MnO2 nanowires/nanotubes is consistent with the
XRDpatternof theproduct formed in15min that exhibits
diffraction peaks of both δ- and R-MnO2 (cyan curve,
Figure 2A). The phase transition of MnO2 nanostructures
from the δ-phase to R-phase indicates that the layered
crystalline structure tends to convert into the 2 � 2
channeled crystalline structure under the reaction con-
ditions (Figure 2B). These observations indicate that
microflowers with pure δ-MnO2, nanowires with pure
R-MnO2, andnanotubeswithpureR-MnO2canbe readily
synthesized through the microwave-assisted hydrother-
mal approach by simply controlling the reaction time.

Characterization of MnO2 Nanostructures with TEM and
Electron Diffraction. Transmission electron microscopy
(TEM) and electron diffraction have been used to study
the detailed crystalline structures of MnO2 nanostruc-
tures at the atomic level. Figure 3 presents the TEM
images and selected area electron diffraction (SAED)
pattern of aMnO2microflower formed at the very early
stage of the reaction (i.e., 2 min). Similar to the SEM

image shown in Figure 1A, the TEM image also shows
that themicroflower is an assembly of nanosheets with
very thin thickness that is consistent with the low
image contrast of individual nanosheets at the edge
of the flower. The thin nanosheets tend to curl and fold,
resulting in the opportunity for us to directly mea-
sure their thickness from the vertical edges shown in
Figure 3B. The typical thickness of the nanosheets is
3�4 nm. The high-resolution TEM (HRTEM) image of
the edge (Figure 3B) shows lattice fringes (highlighted
by the lines) with spacing of∼7.1 Å that corresponds to
the (001) lattice of δ-MnO2. The HRTEM images re-
corded by aligning the electron beamperpendicular to
the basal surfaces of individual nanosheets show that
each nanosheet is polycrystalline and consists of many
tiny grains with sizes of 2�10 nm (Figure 3C). The
observed lattice fringes along this direction exhibit the
same spacing of ∼2.4 Å which corresponds to the
(�111) lattice of δ-MnO2. The appearance of (�111)
lattice fringes is consistent with the SAED pattern
(Figure 3D) over the area highlighted by the circle in
Figure 3A. Another diffraction ring originated from the

Figure 1. SEM images ofMnO2 products obtained at different reaction times: (A) 2, (B) 5, (C) 15, (D) 30, (E) 120, and (F) 360min.
The temperature of the reaction solutions and the atmosphere pressure above the reaction solutions were 150 �C and 70 psi,
respectively. The concentrationsof KMnO4andHCl in the reaction solutionwere0.05and0.2M, respectively, before the reactionwas
initiated. The insets are the high-magnification SEM images of the corresponding structures. The scale bars in F also apply to A�E.
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(020) reflection of δ-MnO2 is also observed in the SAED
pattern, although the corresponding lattice fringes are
not observed in the HRTEM image (Figure 3C) due to the
limited spatial resolution of the TEM. The absence of
diffraction rings of (001) and (002) ofδ-MnO2 in the SAED
pattern is attributed to the fact that the possibility of the
nanosheet surfaces parallel to the electron beam as
shown in Figure 3B is very low and the corresponding
contribution to the SAED pattern cannot be detected.

As discussed previously, the δ-MnO2 crystalline
nanodomains are not stable under the reaction condi-
tions, and they are transformed into R-MnO2 nano-
wires. Figure 4 presents the characterization results of
the sample formed at 15 min. The typical TEM image
clearly shows the existence of both nanosheets and
nanowires in the sample, indicating that the δ-MnO2

microflowers are partially converted to R-MnO2 nano-
wires. The nanowires are entangled with the nano-
sheets of the original microflowers. Each nanowire
has its one end embedded in the nanosheets, indicat-
ing that the growth of theR-MnO2 nanowire is initiated
by the formation of R-MnO2 nucleus in a δ-MnO2

nanosheet followed by an anisotropic growth. During
the phase transition process, the edges of the δ-MnO2

nanosheets become rough in comparison with those of
theoriginalmicroflowers (Figure 4B versus Figure 3C). The
change of the edge profile of the nanosheets indicates
that the δ-MnO2 nanodomains are gradually detached

from thenanosheets under the reaction conditions. From
these observations, we can conclude that once R-MnO2

nuclei are formed, the tiny δ-MnO2 nanodomains in the
nanosheets will diffuse to the thermodynamically stable
R-MnO2 nuclei to help them grow into nanowires. The
SAED pattern of the roughed nanosheets still exhibits
diffraction rings consistent with the δ-MnO2, indicating
that theδ-MnO2 toR-MnO2phase transition occurs on the
R-MnO2 nuclei and the derived nanowires. HRTEM images
recorded from the central portion of a nanowire exhibit
continuous lattice fringes with spacing of ∼4.8 Å which
corresponds to the (200) latticeofR-MnO2 (Figure 4C). The
corresponding SAED pattern agrees the pattern of
single crystalline R-MnO2 with [011] zone axis
(Figure 4D). The stretched shapes of the reflection
spots indicate that there are numerous stacking faults
along the nanowire. The contrast variation in Figure 4C
means there are small R-MnO2 crystalline domains
embedded in the nanowire. In contrast, the HRTEM
image of the end of the nanowire clearly shows a core/
shell structure (Figure 4E). The shell has a thin wall with
continuous lattice fringes with spacings of∼4.8 Å that
corresponds to the (200) lattice of R-MnO2. The core is
composed of many individual crystalline domains with
lattice fringes that are difficult to assign to either pure
R-MnO2 or δ-MnO2, indicating that the phase transi-
tion from δ-MnO2 to R-MnO2 nanodomains occurs in
the nanowires rather in the δ-MnO2 nanosheets. These
intermediate domains in the nanowiremay account for
the extremely stretched reflection spots shown in the
SAED pattern of Figure 4F. Apparently, the forefront
profile of the nanowire's end is very rough while the
side surfaces of the nanowire are smooth. The surface
roughness and polycrystallinity prompts the reactivity
of the end surface toward the attachment of additional
MnO2 domains that are diffused from the δ-MnO2,
leading to a continuous growth of the nanowire. The
side surfaces of the nanowire are less reactive due to
their smoothness and continuous lattices. In addition,
the lattices of the R-MnO2 nanowires exhibit an aniso-
tropic crystallographic space group symmetry (i.e., I4/m)
with their longitudinal axes along the [011] crystalline
direction with a corresponding interplanar distance
of 6.92 Å. This value is very close to the inter-
planar distance along the (001) direction in δ-MnO2

(i.e., 7.14 Å), leading to a preference to directly attach
δ-MnO2 nanodomains to the {110} facets of the
R-MnO2 nanowires via a quasi-epitaxial oriented attach-
ment. In contrast, the interplanar distance along the side
surfaces of the R-MnO2 nanowires is 4.89 Å (correspond-
ing to the (200) reflection in the XRD pattern shown in
Figure 2A) that is significantly different from the interpla-
nar distance along any crystalline direction in δ-MnO2.
Such mismatch prevents the nanowires from growing
fatter. According to these discussions, it is understandable
why thenanowires anistropically grow inone-dimensional
fashion rather than three-dimensional fashion.

Figure 2. (A) XRD patterns of the MnO2 products shown in
Figure 1. The sticks highlight the peak positions and relative
peak intensities of the standard powder XRD patterns of
R-MnO2 (black) and δ-MnO2 (red) for reference. Wavelength
of the X-ray beam was 0.10798 Å. (B) Schematic illustrations
of crystal structures of δ-MnO2 and R-MnO2 (tetragonal with
a = 9.8 Å, and c = 2.9 Å).
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As shown in Figure 1, the nanosheet-based micro-
flowers are completely converted to nanowires at 30min.
As the reaction time is long enough (i.e., >2 h), the
solid nanowires are transformed into hollow nanotubes.
Figure 5presents the characterization results of theMnO2

nanotubes formed at 6 h. Each nanotube has a rounded
end that is closed (Figure 5B) and a steepend that is open
(Figure 5C). As a result, eachMnO2 nanotube exhibits the
geometry of a test tube. The lattice fringes parallel to
the longitudinal axes of the nanotubes have a spacing of
∼4.8 Å corresponding to the (200) lattice of R-MnO2. The
growth direction of the nanotubes is determined as [011]
ofR-MnO2. The SAEDpatterns recorded at different spots
of an individual nanotube are essentially the same as
shown in Figure 5D which is consistent with the typical
electron diffraction pattern of a single crystallineR-MnO2.
In comparison with the SAED patterns shown in Figure 4
for the solid nanowires, the reflection spots in Figure 5D
are more symmetric. Also, in comparison to Figure 4
images C and E, the contrast in Figure 5 images B and C
ismore uniform. Thismeans the small crystalline domains
in the solid core/shell nanowires have fused with the
single crystalline shells, leading to the formationof single-
crystalline nanotubes.

Influence of Reaction Conditions. Reaction kinetics
is significantly influenced by the reaction conditions
including temperature, precursor concentration, etc.

and thus the morphology and crystallinity of the
resulting MnO2 nanostructures vary under different
reaction conditions. For example, Figure S3 (Supporting
Information) presents SEM images and XRD patterns of
theMnO2 particles formed after 6 h at different tempera-
tures, clearly showing the dependence of their morphol-
ogy and crystalline phase on temperature. When the
temperature is too low, such as 100 �C, the nanosheet-
based δ-MnO2 microflowers cannot be converted to
R-MnO2 nanowires/nanotubes (Figure S3A, Supporting
Information), indicating that the δ- to R-MnO2 phase
transition requires a temperature higher than 100 �C.
As the temperature increases to 130 �C, the reaction
can completely convert the δ-MnO2 microflowers into
pure R-MnO2 products (blue curve, Figure S3C, Support-
ing Information). Figure S3B (Supporting Information)
shows the formation of nanowires with very small open-
ings at their ends, indicating that 130 �C is still too low to
drive the hollowing process to form nanotubes as
shown in Figure 1F that are synthesized at 150 �C. As
a result, maintaining a high temperature (e.g., 150 �C) is
critical to promote the δ- to R-MnO2 phase transition
and ripening process for hollowing nanowires into
single crystalline nanotubes.

Varying reaction temperature can change the at-
mosphere pressure above the reaction solutions in the
sealed reaction vessels because both water and HCl

Figure 3. Characterization of an individual δ-MnO2 microflower made of nanosheets that was obtained at 2 min. (A) Regular
and (B, C) high-resolution TEM images of the microflower and its nanosheets. (D) SAED pattern recorded by focusing the
electron beam in the area highlighted by the circle in image A.
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have different vapor pressures at different tempera-
tures and the pressure contributions of Cl2 and possi-
ble O2 are also dependent on temperature. To check
the influence of pressure, the volume ratio between
the free space and solution in a reaction vessel is tuned
while the concentrations of both KMnO4 and HCl and
the temperature remain the same as those in Figure 1.
As shown in Figure S4 (Supporting Information), the
final products synthesized after 6 h under different
vapor pressures exhibit the same tube morphology
and similar diameters. The consistency of MnO2 nano-
tubes formed at different pressures indicates the pres-
sure above the reaction solutions barely influences the

chemical reactions and crystallization processes in the
solutions. The independence of pressure might be
because water is a condensed liquid and the pressure
on the scale less than 6 atm cannot induce apparent
influence on the behavior of the chemical species (e.g.,
MnO4

�, Cl�, Hþ, HCl, Kþ, MnO2 nanocrystals, etc.) in
water. This result confirms that the variation of MnO2

products shown in Figure S3 (Supporting Information) is
mainly ascribed to the change of reaction temperature.

Hydrochloric acid plays an important role in the
reduction of MnO4

� ions into MnO2 and modification
of solution acidity. When the ratio of the concentration
of HCl to that of MnO4

� (i.e., [HCl]/[MnO4
�]) is much

Figure 4. Characterization of the MnO2 product formed at 15 min. (A) Regular TEM image of the sample. (B, C, E) HRTEM
images taken fromdifferent areas highlighted by the squares in image A. Images D and F are the electron diffraction patterns
corresponding to images C and E, respectively.
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lower than the stoichiometric ratio (i.e., 3) in eq 1, only
nanosheet-based δ-MnO2 microflowers can be
formed, for example, at [HCl]/[MnO4

�] = 0.05/0.05 =
1 (Figure S5A and the green curve in Figure S5E,
Supporting Information). When [HCl]/[MnO4

�] in-
creases to 2 (that is still lower than 3), the product is
dominated by R-MnO2 nanowires (Figure S5B and the
blue curve in Figure S5E, Supporting Information). The
difference between these two samples indicates that
the redox reaction between MnO4

� and HCl can occur
to form solid MnO2 regardless of the acidity and that
the δ- to R-MnO2 phase transition requires a high
enough acidity of the reaction solutions. When
[HCl]/[MnO4

�] reaches 4, the resulting product is com-
posed of pure R-MnO2 nanotubes (Figure 1F), indicat-
ing the high acidity is beneficial for the ripening
process to convert the core/shell nanowires to single-
crystalline nanotubes. As shown in Figures S5C and
S5D (Supporting Information), further increase of the
acidity (e.g., [HCl]/[MnO4

�] = 8) leads to the formation
of single-crystalline R-MnO2 nanowires with diameters
much less than the nanotubes shown in Figure 1F.

Proposed Mechanism for the Nanophase Transition. The
characterization results of the products formed at
different times and reaction conditions confirm that
microflowers made of δ-MnO2 nanosheets can be
formed once the reaction is initiated regardless of

the reaction conditions. The nanosheets exhibit typical
thicknesses of 3�4 nm and consist of tiny crystalline
domains with sizes of several nanometers (Figures 6A
and 3C). Owing to the small size of the crystalline
domains, the δ-MnO2 nanosheets are not stable under
high temperature and high acidity and they tend to
transform into R-MnO2 domains with large sizes. As a
result, such a phase transition initiates the formation of
R-MnO2 nuclei in the nanosheets when the tempera-
ture and acidity of the reaction solution are high
enough. Because R-MnO2 is more thermodynamically
stable than δ-MnO2 in the hot and acidic environment,
the δ-MnO2 nanodomains in the nanosheets diffuse to
the stable R-MnO2 nuclei followed by a phase transi-
tion and anisotropic growth of the R-MnO2 nuclei into
one-dimensional nanowires (Figure 6B). This diffusion
and phase transition process continues until all the
nanosheets are consumed. During this process, the
R-MnO2 nanodomains on the surfaces of the resulting
nanowires undergo an Ostwald ripening process
to fuse them into highly crystalline (even single
crystalline) sheaths due to their direct contact with
the reaction solution that can promote the movement
and recrystallization of the surface R-MnO2 nano-
domains. In contrast, the nanodomains in the interior
of the nanowires are relatively unlikely to follow a ripen-
ing process. The different activity of nanodomains on

Figure 5. Characterization of the R-MnO2 nanotubes formed at 6 h. (A) Regular and (B, C) high-resolution TEM images of the
MnO2 nanotubes. (D) Electron diffraction pattern recorded from the end of the nanotube shown in image C.
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the surfaces and in the centers of the nanowires to-
ward the Ostwald ripening process leads to the forma-
tion of core/shell nanowires made of single-crystalline
sheaths and polycrystalline cores (Figure 6C). When the
nanowires are continuously heated in the acidic en-
vironment, the small crystalline nanodomains can also
undergo a slow ripening process due to the contact
between the ends of the nanowires with the reaction
solution (Figure 6D). This ripening leads the nanodo-
mains to recrystallize and grow into the single crystalline
sheaths, resulting in the formation of single crystalline
nanotubes (Figure 6E). Because the reaction solution can
only contact the core nanodomains from the ends of the
nanowires to promote the Ostwald ripening process, the
transformation of nanowires to nanotubes takes much
longer time than the formation of nanowires.

Lithium�Air Batteries with the Use the Synthesized MnO2
Nanostructures. Because of the unique crystalline struc-
tures, MnO2 has been widely studied as active compo-
nents in electrochemical energy storage devices.1,5,8

We have synthesized high-quality nanosheet-based
δ-MnO2 microflowers (Figure 1A), R-MnO2 core/shell
nanowires with highly crystalline shells, and cores
composed of small crystalline domains (Figure 1D),
and single-crystalline R-MnO2 nanotubes (Figure 1F)
by using the microwave-assisted hydrothermal ap-
proach. The purity of the crystalline phase and mor-
phology of these samples lends them as idealmaterials
for studying the relationship between device perfor-
mance and parameters of the MnO2 particles. For
example, the synthesized MnO2 powders are mixed
with carbon black and polyvinylidene fluoride (PVDF)
in a solvent (e.g., propylene carbonate þ acetone) and
cast to form air cathodes for lithium�air batteries. In a
typical battery cell, the cathode (in a circular shapewith
a diameter of 12.7 mm and a thickness of ∼25 μm) is
separated from the lithium�metal anode by a glass
fiber separator soaked with 1.0 M solution of LiPF6 in
propylene carbonate (PC). The whole system is sealed
in a glass cell filled with pure oxygen for performance
evaluation. Despite reported complications of carbon-
ate electrolytes,35,36 MnO2 appears uniquely effective
for the oxygen reduction and evolution reactions in
Li�O2 cells.

5,37 Figure 7A represents the dependence
of voltage on time for the typical lithium�air batteries

during the first four discharge/charge cycles. The cutoff
voltages for discharge and charge are set at 2.2 and
4.5 V, respectively. The maximum time for each dis-
charging and charging is 5 h. The current remains
constant at 0.05 mA that translates to a current density
of 0.04 mA 3 cm

�2. The vertical spikes presented at the
discharge and charge plateaus correspond to the
voltage changes when the area specific impedance
(ASI) of the system is measured periodically during
the discharge/charging cycles. The larger amplitude of
the spike indicates the system has a higher resistance.
The resistances of the cells containing R-MnO2 nano-
tubes (blue curve), R-MnO2 nanowires (green curve),
and δ-MnO2 nanosheets (red curve) are comparable. In
contrast to the control cell without MnO2 (Figure S6,

Figure 6. Proposedmechanism responsible for the nanophase transition from δ-MnO2 nanosheets toR-MnO2 nanowires and
single-crystalline nanotubes.

Figure 7. Electrochemical characterization of the lithium�
air battery cells with the incorporation of MnO2 nanostruc-
tures shown in Figures 1A (δ-MnO2 nanosheets), 1D (R-MnO2

nanowires), and 1F (R-MnO2 nanotubes) into the air cathodes.
(A) Recorded voltage as a function of time during the initial
discharge/charge cycles. (B) Variation of the discharge capa-
city against the cycle number.
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Supporting Information) that survives only one or two
discharge/charge cycles, all the battery cells containing
the synthesized MnO2 nanostructures exhibit signifi-
cantly improved stability for many operation cycles. The
discharge capacities of battery cells made of different
MnO2 particles are plotted in Figure 7B as a function of
cycle number. Their capacities increase and reach the
highest value of 0.25 mAh after the first 2�3 cycles. The
capacities of the batteries with the δ-MnO2 nanosheets
and R-MnO2 core/shell nanowires start to decrease at
cycle number of 10 and 7, respectively. In contrast, the
battery made of single-crystalline R-MnO2 nanotubes
remains the highest capacity for at least 30 cycles (i.e.,
the maximum number evaluated in our experiments).
The charge capacity of this battery also shows much
better stability than the other two batteries (Figure S7,
Supporting Information). Regardless of the crystallinity
and morphology of the MnO2 particles, the lithium�air
batteries with the MnO2 particles exhibit much higher
performance in terms of both discharge and charge
capacities in comparison with the battery cell without
MnO2, indicating the MnO2 particles indeed play an
important role in catalyzing theelectrochemical reactions
on the oxygen cathodes. Previous studies have shown
that MnO2 nanostructures can be used as low-cost
catalysts for oxygen reduction reaction in alkaline media
and their catalytic activities depend on their crystallo-
graphic structures following an order of R- > β- >

γ-MnO2.
38 This order is consistent with our observation,

that is, the electrodes incorporated with R-MnO2 nano-
tubes exhibit much better performance than the electro-
des without MnO2 and the electrodes made of
δ-MnO2 nanosheets. The lower catalytic activity of the
δ-MnO2 nanosheets than the R-MnO2 nanotubes might
be ascribed to the lowcrystallinity and small size domains
in the δ-MnO2 nanosheets. In addition, the morpholo-
gical dependence reveals thatMnO2 nanostructureswith
high surface areas outperform the counterpart particles
with lower surface areas.38 Therefore, it is reasonable to
observe that the electrodes with the polycrystalline
R-MnO2 nanowires performed worse than the single
crystallineR-MnO2 nanotubes because theR-MnO2 nano-
tubes can exposehigher surface areas to the surrounding
electrolyte. Moreover, the conductivity of Liþ ions and
electrons in the single crystalline nanotubes is higher
than that in the polycrystalline nanowires, benefitting
the charge-transfer reactions to enhance catalytic per-
formance. Figure S8 (Supporting Information) pre-
sents the SEM images of different electrodes after the
batteries have been measured for 30 cycles and com-

pletely discharged. Although the electrode with-
out MnO2 and those with δ-MnO2 nanosheets and
R-MnO2 nanowires exhibit similar morphology, there
are individual microparticles formed on the R-MnO2

nanotubes-based electrode. Even though the exact
composition of the microparticles cannot be precisely
characterized, they are most likely the discharge
products. Because of the high catalytic activity of
the R-MnO2 nanotubes, the discharge products tend
to form only at the active sites of the R-MnO2

nanotubes. In contrast, the discharge products are
formed on all the electrically conductive surfaces
including the porous carbon matrix because the low
catalytic activity of the δ-MnO2 nanosheets and the
R-MnO2 nanowires cannot provide selective deposi-
tion of the discharge products. Such nonselective
deposition of the discharge products can clog the
pores in the oxygen cathodes of the lithium�air
batteries, leading them to quickly die until the pores
are completely clogged. As a result, the selective
deposition of discharge products prompted by the
high catalytic activity is responsible for the enhanced
stability of the batteries with the R-MnO2 nanotubes-
based electrodes.

CONCLUSION

Although MnO2 nanoparticles can exhibit a large
variety of crystallographic structures (e.g.,R, β, δ, γ, and
λ forms) and morphologies, controlled synthesis of
nanostructured MnO2 with high crystalline purity
and uniform morphology is possible. For example,
high-quality nanosheet-based δ-MnO2 microflowers,
R-MnO2 nanowires, andR-MnO2 nanotubes have been
synthesized in large quantity through a microwave-
assisted hydrothermal reduction of potassiumperman-
ganate in the presence of hydrochloric acid. Time-
dependent studies reveal that the chemical reaction
determines the formation of δ-MnO2 microflowers, and
the two-step Ostwald ripening process dominates the
crystalline andmorphological transition from theδ-MnO2

nanosheets to R-MnO2 nanowires and nanotubes. This
understanding can help us better control reaction con-
ditions to synthesize MnO2 nanoparticles with more
precisely tailored properties and achieve better perfor-
mance in their applications. For instance, the single
crystalline R-MnO2 nanotubes exhibit much better
performance to catalyze the electrochemical pro-
cesses involved in lithium�air batteries, leading to
a significant improvement in energy capacity and
stability.

METHODS
Synthesis of MnO2 Nanostructures. The nanostructured MnO2

were synthesized in aqueous solutions using a CEM Discover

microwave reactor system. KMnO4 and concentrated HCl

(37% in v/v) were purchased from Sigma-Aldrich and used

without further purification. In a typical procedure, KMnO4
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(52.6 mg, 0.33 mmol) and 1.2 M HCl solution (1 mL) were
sequentially added to deionized water (5 mL) in a 10-mL
microwave reaction tube. The solution was then heated to
150 �C for 6 h under the sealed vessel mode with microwave
irradiation. The resulting brownish-black solid product was
centrifuged, washed with deionized water, and dried at 60 �C
in an oven. For the time-dependence study, the reaction was
stopped at different times and the corresponding brownish-
black precipitates were obtained accordingly.

Characterization of the Synthesized MnO2 Nanostructures. X-ray
diffraction patterns were collected with a high-energy
(115 keV, λ = 0.10798 Å) synchrotron X-ray beam at 11-ID-C of
Advanced Photon Source (APS). Scanning electron microscopy
(SEM) images were recorded on a JEOL JSM-7500F field emis-
sion scanning electron microscope. Transmission electron mi-
croscopy (TEM) images and electron diffraction patterns were
taken on a JEOL JEM-2100F microscope operating at a voltage
of 200 kV.

Assembly of Lithium�Air (Oxygen) Battery Cells and Performance
Evaluation. Oxygen cathodes incorporating the as-synthesized
MnO2 nanostructures were first prepared. In a typical process,
the as-prepared MnO2 powders (20 mg), carbon black (Super P
Li, 55 mg), polyvinylidene fluoride (PVDF, Kynar, 75 mg), and
propylene carbonate (PC, 275 mg) were mixed in acetone (3 g),
and themixture was continuously stirred overnight. Casting the
well-mixed paste resulted in the formation of a film with a
thickness of∼25 μm, and the filmwas then dried in a desiccator.
The dry film was punched into circular pieces with a diameter of
12.7 mm to serve as the air cathodes in lithium�air battery cells.
The complete assembly of a lithium�air battery cell consisted of
a lithium metal anode, a glass-fiber separator wetted with elec-
trolyte (1M LiPF6 in PC), and a circular air electrode supportedwith
an aluminumgrid. The cell layout andmore information about cell
assembly was reported previously.39 All the processes of assem-
bling thebattery cell and sealing it in aglass tubewas carriedout in
a glovebox filledwith argon. The enclosed glass cell was then filled
with pure oxygen for 30 min before electrochemical evaluation.
The electrochemical evaluation was carried out with a Maccor
tester system. A current of 0.05 mA was kept constant during the
measurement, while the cut off voltages for discharge and charge
cycles were 2.2 and 4.5 V, respectively. Themaximum duration for
each discharge and charge was limited by 5 h. Area specific
impedance (ASI) of the system was periodically measured during
the discharge and charge cycles.
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