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One of the main challenges that still needs to be overcome in
the design of nanotextured materials is the synthesis of
uniform complex architectures.?! Indeed, many properties
are known to be greatly modified by the size and shape of
nanostructures.? Other than size and shape tailoring,
however, control of the ordering between nanostructures
and the resulting texture is still difficult. Synthetic routes that
make use of organic solvents and templates (i.e., surfactants)
often require subsequent purification procedures which
significantly increase production costs.’! The development
of environmentally friendly, low-cost, and template-free
synthetic methods that produce complex architectures is
therefore key to enhancing both the control of the properties
and the viability of such materials.”

In this context, porous manganese oxide materials are
attracting great interest due to their applicability in domains
such as ion-exchange,™ catalysis,*® and energy storage in Li
batteries and supercapacitors.”*¥ Indeed, layered birnessite-
like manganese oxides (LMO) are particularly relevant due to
their lamellar structure, which contain layers of MnOg
octahedra between which different species can be intercalated
(see Figure S1 in the Supporting Information).’*® However,
the design of ordered LMO architectures remains a signifi-
cant challenge!®”! as their synthesis usually takes place in an
aqueous medium by sol-gel or precipitation methods,'*” both
of which result in fast and uncontrolled solid growth that
hinders the synthesis of well-ordered nanostructures.

Herein we present a low-temperature aqueous precipita-
tion of potassium-intercalated LMO with a peculiar hier-
archical core—corona architecture in the absence of both a
template and an organic medium. Particle formation takes
place in an easy “one-pot” process involving two distinct
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precipitation kinetic stages. The synthesis of similar inorganic/
inorganic core—corona morphologies generally requires two
steps for core formation and shell growth,™ and there are very
few reports concerning one-pot procedures that lead to fully
inorganic core-shell particles.’) Furthermore, these methods
are generally limited to metal-oxide structures. The approach
presented herein, which uses in situ seeding to control the
solid growth, significantly broadens the range of strategies
available for the elaboration of hierarchical inorganic struc-
tures and can be extended to the design of new functional
nanostructured materials, by taking advantage of the unique
oxide properties, in areas such as catalysis, energy harnessing,
and information storage.

The synthesis of birnessite (see the Experimental Section
and the Supporting Information) is based on the redox
reaction between MnSQ, and an excess of KMnO,*"**! (total
Mn concentration of 0.2molL™") in water according to
Equation (1). Mixing the acidic (pH2) solutions of the

2MnO,~ +3Mn*" +2H,0 — 5MnO, +4H" (1)

soluble precursors at room temperature led immediately to a
black precipitate and the mixture was then heated at 95°C for
between one and seven days. The resulting powder was
collected by centrifugation, washed several times with water,
and dried at room temperature. The procedure gave a
quantitative yield of product (approx. 4 g).

The powder X-ray diffraction (XRD) patterns (Figure 1)
clearly show that the initial precipitate is poorly ordered.
Phase ordering occurs upon aging at 95°C, however, and the
characteristic peaks (JCPDS file no. 80-1098) of K-birnessite-
type LMO (b-LMO) appear after 2 h. The composition of this
compound, as evaluated by elemental analysis and average
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Figure 1. Powder XRD patterns after different times of aging at 95°C.
Disordered early precipitate (A) and birnessite layered manganese
oxide (b-LMO) (o).
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oxidation state titration, is K;;oMnO; ,,(H,0)y3. A careful
examination of the XRD patterns reveals similarities between
the early disordered solid and the final birnessite: the only
peaks that are missing for the early precipitate are (00l)
harmonics, which suggests that the poorly ordered solid
already contains sheets of MnOg octahedra but that they are
not oriented with respect to each other.

The morphology of samples after different stages of
evolution was examined by field-emission scanning electron
microscopy (FESEM). Low magnification showed that a
unique morphology was obtained (Figures S2 and S3 in the
Supporting Information), with ball-like particles with an
average diameter of less than 100 nm being observed
immediately after mixing (Figure 2a). Elemental analysis

Figure 2. FESEM images of the early precipitate (a) and of b-LMO
obtained after aging for one day at 95°C (b).

indicated that the early precipitate contained around 3 mol %
K", in agreement with the mean calculated Mn oxidation state
(3.99). After aging for one day the particle diameter had
increased to around 400 nm (Figure 2b). This material is
nanotextured and exhibits a peculiar spongelike architecture,
with percolated radial walls with a thickness of approximately
10 nm. This value is in agreement with that determined with
the Scherrer formula from the broadening of the (001) XRD
peak. EDX confirmed that b-LMO contains larger amounts
of potassium than the early precipitate (Figure S4 in the
Supporting Information).
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Transmission electron microscopy (TEM) revealed the
uniform “crumpled paper ball” morphology of the early solid,
while selected-area electron diffraction (SAED) confirmed
that it is poorly ordered (Figure 3a). The characteristic

Figure 3. TEM images and the corresponding SAED patterns (insets)
of the disordered early precipitate (a) and of b-LMO obtained after
aging for one day at 95°C (b).

distances of the b-LMO structure, although without prefer-
ential orientation of the crystallites, could be seen after one
day of aging (Figure 3b (inset)). Interestingly, TEM per-
formed at this stage on ultrathin sections of an embedded
sample revealed a core—corona architecture (Figure 4) where
the 200-nm-diameter core is denser than the corona. Further
high resolution TEM (HRTEM) experiments showed that
this core is poorly ordered (Figure 4) and thus retains the
character of the early precipitate particles. However,
HRTEM also indicated that the corona (thickness of around
100 nm) is made of thin radial walls crystallized in the
birnessite structure, with MnOy layers in a radial orientation.
The d-spacing of around 0.61 nm is consistent with the spacing
between the (001) planes, which are dehydrated under the
electron beam. Similar investigations on the material
obtained after aging for seven days indicated an increase in

sponge-like corona
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Figure 4. Right: TEM and HRTEM images of ultrathin sections of b-
LMO with a core-corona architecture after aging for one day. Left:
schematic drawing of a core—corona b-LMO particle with a poorly
organized core and crystalline corona.
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the final particle diameter (Figure S3 in the Supporting
Information).

The results of a supernatant titration (see the Supporting
Information) performed to follow the reactant consump-
tion™ indicated that Mn?>* had reacted completely after one
hour. After 1day of aging, 70% of the initial quantity of
KMnO, had been consumed and a strong pH increase (pH of
around 12) was observed. This pH increase and the MnO,~
consumption, which is higher than that expected from the
reaction in Equation (1) (18 %), indicate that a secondary
reaction involving slow oxidation of water by the excess
MnO,™ takes place [Eq. (2)]. Slow precipitation of manganese
oxide is therefore accompanied by strong proton consump-
tion.

4MnO,” +4H" — 4MnO, +30, +2H,0 (2)

These results enable us to propose a formation mechanism
for this ordered architecture (Scheme 1). The initial reaction
between MnO,  and Mn*' ions is too fast to enable
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Scheme 1. Proposed reaction scheme for the formation of core—corona
particles of birnessite layered manganese oxide (b-LMO). © and @
represent interlamellar K* and H,0 species, respectively.

orientation between the sheets of octahedra and leads to
small, poorly ordered, ball-like particles. Fast growth of the
nuclei then occurs. As Mn species have a very low solubility in
the alkaline aging medium in the absence of a complexant the
early precipitate particles do not dissolve and therefore
conserve their shape and disordered structure. In the second
stage, these kinetically stable initial particles act as seeds for
decomposition of the excess MnO,~, which is slower than the
reaction in Equation (1). Thus, the slow precipitation that
occurs around the seeds enables the oriented growth of an
architecture consisting of high, thin crystalline walls due to
the two-dimensional lamellar structure of b-LMO. Similar
spongelike morphologies of layered manganese oxides have
been reported,” although as their syntheses involve decom-
position of a single precursor (KMnO, or a cyclen—-manganese
complex) there can be only one kinetic pathway, thus
hindering the formation of core—corona architectures. Inter-
estingly, the one-pot, two-step process developed herein can
be applied to the previously reported synthesis of other
oxide-oxide!! or metal-oxide!™! particles involving a cata-
lyzed fast initial step for core formation and a second, slower
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stage for shell growth. Additionally, Liz-Marzan’s group has
reported the formation of Ag-TiO, particles upon directly
mixing Ag' and Ti"V precursors under reducing conditions in
the presence of a strong Ti'" complexant.”™ Precipitation of
the Ag core occurred upon fast reduction, while the chelating
agent slowed the hydrolysis of Ti"V and led to the formation of
a TiO, shell. Such procedures involving two kinetic pathways
show the great potential of our approach for the design of
core—corona architectures.

In summary, hierarchical 3D architectures can be synthe-
sized by a simple one-pot method free of any organic
additives, which involves aqueous precipitation at low tem-
perature. The formation of uniform core—corona particles
occurs in two distinct precipitation steps: the first, fast stage
involves in situ seeding while the second step involves a slow
reaction for oriented growth. This synthetic route towards
elaborate architectures brings out new aspects of metal oxide
crystallization and is currently being investigated for appli-
cation to various compounds. The hierarchical textured
corona of these particles could greatly enhance the exchange
and electrochemical properties of the material.

Experimental Section

Nitrogen was bubbled through an aqueous solution of MnSO4,H,O
(30 mL, 6.5 mmol) for 30 min then the pH was adjusted to 2 by
addition of a 2m H,SO, solution. A KMnO, solution (200 mL,
43 mmol; pH2) was added whilst stirring and the volume was
adjusted to 250 mL by adding a pH 2 aqueous solution of H,SO,. The
suspensions were aged at 95°C and shaken once per day. Samples
were collected at different times over seven days and centrifuged. The
powders were washed three times with deionized water and dried at
room temperature under a nitrogen flow. Characterization of the solid
was performed by elemental analysis, oxidation state titration, XRD
(Cug,), FESEM (2kV) and EDX, TEM (100 and 200 kV), and
SAED. Titration of Mn*" and MnO,~ in the aging medium was
performed by an electrochemical method. Experimental details are
given in the Supporting Information, together with the structure of b-
LMO, low magnification FESEM images, EDX spectra, FESEM
images of truncated particles, TEM performed on an ultrathin section
of the initial precipitate, and an HRTEM image of an uncut particle.
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