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Solution: Chelation-Mediated Parallel Control of Reaction and
Morphology**
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In biomineralization, organic molecules and polymers fulfill
multiple roles in the crystallization process.[1–3] Examples of
these roles include templates or scaffolds for nucleation,
adsorption to growing crystals, coordination to metal ions,
and control of mass transport. An exquisite association of
these effects led to the emergence of biominerals with
hierarchical architectures from the nanoscopic to macro-
scopic scale. As well as biomineralization, tailoring the
interaction of organic molecules promises the realization of
biomimetic crystal design in a synthetic system. The morpho-
logical changes of crystals, including their growth mecha-
nisms, have been thoroughly investigated.[4–6] It has been
reported that a strong electrostatic interaction between
inorganic crystal faces and organic species resulted in
morphological evolution. Along with the fundamental stud-
ies, we believe that the next challenge will be the formulation
of new biomimetic routes for the preparation of hierarchical
structures and functional nanomaterials. We have previously
obtained hierarchically organized architectures by a concept
in which organic polymers played a dual role: the strong
interaction between crystal faces and polymers led to micro-
scopic hierarchies and mass-transport controlled macroscopic
shapes.[7]

On the other hand, the biomimetic synthesis and mor-
phological control of metal-oxide nanomaterials have not
been fully demonstrated in recent studies, especially in terms
of two-dimensional (2D) nanostructures. An improved strat-
egy for the simultaneous control of chemical reaction,
oxidation state, crystal phase, and morphology is required
for the next stage of biomimetic materials chemistry. Soft-
solution processing for the synthesis of metal oxides has
attracted much interest because of the relatively low temper-
atures.[8] However, hydrothermal and/or heat treatment and
multistep processing are performed in many cases. The

development of room-temperature and facile routes is also
an important challenge, which can be achieved through the
biomimetic pathway. We believe that the control of structure
and morphology would result from a proactive approach to
the coordination between metal ions and organic ligands in
the precursor solutions.[9] Moreover, the coordination can be
predicted from previous studies in complex and aquatic
chemistry, such as the combination of Lewis acid and base.
Manganese oxides have been thoroughly investigated by

several research groups because of their importance in
industrial applications, such as catalysis and electrodes in
lithium-ion batteries.[10–30] Among various crystal structures,
much attention has been given to the birnessite type, which
consists of 2D monolayers of edge-shared {MnO6} octahedra
and alkali-metal ions and/or water molecules between the
layers. Birnessite was synthesized by several methods, such as
the oxidation of Mn2+ or Mn(OH)2, the reduction of MnO4

� ,
or the redox reaction of Mn2+/MnO4

� at relatively low
temperature,[15–30] but morphological control on the nanoscale
was not fully achieved.
Here, we report the one-pot bottom-up synthesis of

manganese oxide nanosheets and their oriented thin films in
aqueous solution under ambient conditions. Neither hydro-
thermal treatment nor special equipment was needed for this
process. The addition of ethylenediaminetetraacetate
(EDTA) led to the generation of birnessite nanosheets less
than 10 nm in thickness. The nanosheets were deposited on
substrates with a specific orientation. The synthesis and
morphogenesis were controlled concurrently by the chelating
agent EDTA. Chelation to the divalent manganese ion and
interaction with the resultant oxide involved the formation of
birnessite nanosheets in aqueous solution at room temper-
ature, because the interaction was expected from the strength
of Lewis acid and base. In earlier studies, the exfoliation of the
layered structure, a typical top-down approach, resulted in the
formation of manganese oxide nanosheets or nanoflakes.[31,32]

However, to the best of our knowledge, neither bottom-up
synthesis nor thin-film formation of nanosheets was achieved.
Moreover, 2D nanostructures, including iron and cobalt
oxyhydroxides, were synthesized through the same proce-
dure. Such an approach that takes advantage of chelating
agents can be generalized as a novel green route to functional
nanomaterials.The reaction started upon mixing solutions
containing Mn2+/EDTA and NaOH (see Experimental Sec-
tion). A transparent light-yellow liquid was immediately
obtained, which gradually changed to a turbid dark-brown
liquid within approximately 3 minutes of mixing. Precipitates
were observed on the bottom of the sample bottle after about
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30 minutes, and the supernatant solution became clear and
colorless after about 90 minutes. The brownish powder was
precipitated at the bottom of the sample bottle. After 3 to
5 days, films were deposited on the substrates and the wall of
the sample bottle.
Figure 1a–c shows the field-emission scanning electron

microscopy (FESEM) images of nanosheets less than 10 nm
in thickness that were collected from the precipitates after
3 days. Interestingly, thin films of the nanosheets that were
around 10 nm in thickness and 2–5 mm in width were directly
deposited on the hydrophilic and hydrophobic substrates
through heterogeneous nucleation after 3 to 5 days: the

nanosheets were arranged perpendicularly to the fluorine-
doped tin oxide (FTO) and parallel to the polytetrafluoro-
ethylene (PTFE) substrates (Figure 1d–g).
According to the XRD pattern, the main product of the

dried precipitates was birnessite-type manganese oxide, even
though a small amount of the b-MnOOH phase was present
(Figure 2a,c).[33] The peaks assigned to birnessite were only
recognized from the deposits on the wall of the sample bottle
and the peak intensity ratio of (001), and the other planes
were varied by the orientation of the nanosheets on the
substrate (Figure 2a,b and the Supporting Information). The
selected-area electron diffraction (SAED) patterns of the

nanosheets showed lattice spacings of approximately 0.237
and 0.136 nm, which can be characterized as the (100) and
(110) planes of birnessite, respectively (Figure 3a). The
HRTEM images corresponded to monolayers of edge-
shared {MnO6} octahedra (Figure 3b–d). These results indi-
cate that the well-crystallized nanosheets were spread per-
pendicularly to the c axis of birnessite. The spotted SAED
pattern suggests that the nanosheets had a single-crystalline
structure (Figure 3a). The single-crystalline nanosheets were
stacked and aggregated in the c-axis orientation with each
other, whereas the a and b axes were not aligned in several
sheets. Peaks of carbon, oxygen, manganese, and sodium
appeared in the energy-dispersive X-ray spectrum (EDX; see
the Supporting Information). The presence of nitrogen was
sometimes detected by electron energy-loss spectroscopic
(EELS) analysis through the field-emission transmission
electron microscopic (FETEM) observation of several nano-
sheets (Figure 3e). It may be inferred that the resultant
birnessite nanosheets included a small number of EDTA
molecules. However, after the precipitates were washed
several times with purified water, no signals resulting from
the residual organic species were detected in the FTIR
spectra.
The oxidation state of manganese was also estimated from

the EELS analysis (Figure 3 f,g). An earlier work reported
that the EELS profiles of oxygen and manganese were
sensitive to the oxidation state of manganese.[34] The impor-
tant parameters were the energy separation in the oxygen
K edges around 540 eV and the intensity ratio of manganese
L2 and L3 edges around 650 eV. As shown in Figure 3 f,g, the
energy separation between peaks A and B in the oxygen K-
edge spectrum was 11.5 eV, and the intensity ratio L3/L2 in the
manganese spectrum was 2.23. In accordance with a previous
report,[34] the data mean that the manganese species in the
birnessite nanosheets adopted a state between trivalent and
tetravalent. The results were quite consistent with the
previous contribution regarding the oxidation states of
manganese in a birnessite structure.
A colloidal liquid containing the nanosheets was readily

prepared by dispersing the precipitates or thin films in water

Figure 1. FESEM images of the manganese oxide nanosheets and their
oriented films on the substrates. a) Precipitates; b,c) magnified
images of (a); d) nanosheets arranged perpendicularly on the FTO
substrate and their macroscopic appearance (inset); e) magnified
images of (d); f) nanosheets deposited parallel to the PTFE substrate
and their macroscopic appearance (inset); g) magnified images of (f).

Figure 2. XRD patterns of the nanosheets. a) Peak positions of birnes-
site-type manganese oxide; b) nanosheets removed from the FTO
substrate recorded in 2q/q scanning mode; c) peaks of the precip-
itates including birnessite and b-MnOOH (JCPDS #18-1804; indicated
by arrow; see also the Supporting Information).

Communications

4952 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 4951 –4955

http://www.angewandte.org


by an ultrasonic treatment (Figure 4). The liquid dispersion is
also an important precursor material for higher-ordered
architectures that contain the nanosheet as a building block.
The transparent brownish liquids exhibited Tyndall light
scattering and a broadened absorption band centered around
420 nm in the UV/Vis spectra, even though the absorption
band was not recorded in the bulk solid of birnessite by
diffuse-reflectance spectroscopy. Suib et al. reported that the
delamination of birnessite resulted in the appearance of a
broadened absorption band within 370–450 nm.[31] As both
the thickness and width of the nanosized birnessite varied
depending on the type of intercalated amines, the report did
not fully clarify which parameter determined the peak
positions. Sasaki et al. investigated an exfoliated birnessite
monolayer less than 1 nm in thickness and submicrometer in
width, which showed a broadened absorption band centered
around 374 nm.[32] The peak shift to approximately 410 nm in
this study is concluded to be a result of slightly thicker
nanosheets of about 10 nm, because the width in the

submicrometric scale would not contribute to the spectro-
scopic changes.
In this study, we successfully achieved the one-pot syn-

thesis of manganese oxide nanosheets and their thin films
through a bottom-up approach in an aqueous solution at
room temperature. To the best of our knowledge, a facile
route to metal-oxide nanosheets has not been demonstrated
in earlier studies. An understanding of the formation process
would lead to the widespread application to other metal-
oxide nanomaterials. The complexation of manganese species
and EDTA molecules results in the parallel control of the
reaction and morphogenesis, thus leading to birnessite nano-
sheets. Here, we selected a combination that considers the
strength of the Lewis acid and base in aqueous solution. It is
well-known that divalent manganese ions easily form
Mn(OH)2 and are oxidized to Mn3O4 by dissolved oxygen in
an alkaline medium under ambient conditions.[35] When the
precursor solution and sodium hydroxide were mixed in the
absence of EDTA, Mn(OH)2 and Mn3O4, which contain Mn

II

and MnIII, precipitated immediately (see the Supporting
Information). On the other hand, the presence of EDTA
mediated the formation of manganese oxide and oxyhydr-
oxide with MnIII and MnIV in the precipitates even before
drying (Figure 2 and the Supporting Information). It is
inferred that the chelation between divalent manganese ions
and EDTA molecules inhibited the rapid precipitation of the
hydroxide and resulted in oxidation to the trivalent and/or
tetravalent states with oxygen dissolved in the precursor
solutions. Thus, the formation of thin films was also achieved
by heterogeneous nucleation on the substrates. The nano-
sheets grown parallel to the substrate contact each other and
the subsequent growth proceeds in an upright direction. Thus,
the frequent nucleation on the FTO substrate resulted in the
preferential production of vertically standing nanosheets. On
the other hand, parallel growth was mainly observed on the
PTFE substrate because heterogeneous nucleation on the
chemically inert PTFE surface was not so frequent as that on
FTO. The mechanisms for the orientation of the nanosheets
are still unclear, although a similar orientation behavior was
reported in the case of layered hydroxide zinc carbonate
nanosheets.[36]

Figure 3. FETEM analysis of the nanosheets. a) Bright-field image of a
single-crystalline nanosheet; inset: the spotted SAED pattern acquired
around the image. b,c) HRTEM images and the fast-Fourier-transform
(FFT) image (inset in b) of the nanosheets corresponding to the
birnessite monolayer as represented in (d). d) Schematic model of the
birnessite monolayer consisting of {MnO6} octahedra. e–g) EELS
profiles: nitrogen K edge, which implies the presence of EDTA mole-
cules (e), oxygen K edges (f), and manganese L2 and L3 edges (g). The
energy separation between the two peaks in (f) and the peak intensity
ratio L3/L2 in (g) indicate the oxidation state of manganese in the
nanosheets. These EELS profiles were collected from a nanosheet and
the backgrounds were subtracted.

Figure 4. UV/Vis spectra of the nanosheet colloids with dispersion of
the deposits on A) FTO substrate and B) precipitates.
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The oxidized manganese species were transported with
EDTA molecules to generate nanosheets consisting of edge-
shared {MnO6} octahedra and interlayer sodium ions. Along
with control of the reaction, the interaction of EDTA
molecules led to the morphogenesis of birnessite nanosheets.
Specific interaction on the (001) faces of birnessite would
induce the formation of nanosheets with growth inhibition in
the thickness direction. In this way, the chelation between
inorganic and organic species can control not only the
reaction, including the valence of the metal species, but also
the morphology of the resultant materials. We reported that
mosaic nanoflakes of manganese oxide and cobalt hydroxide
were formed with incorporation of organic polymers under
ambient conditions.[37] Rapid precipitation was suppressed by
interaction of the polymers, as was the case with EDTA in the
present study. One of the differences is that the strong
adsorption of polymers resulted in growth inhibition and
subsequent restarting of growth. In contrast, EDTA, a small
chelating agent, preferentially promotes the reaction process
rather than crystal growth. Therefore, single-crystalline nano-
structures can be generated with association of EDTA, while
the strong interaction of organic polymers induced nanoflakes
with a mosaic interior.
We have also fabricated other 2D nanomaterials of iron

and cobalt oxyhydroxides (Figure 5).[38] These trivalent metal
oxyhydroxides were synthesized from divalent iron and cobalt
chlorides, instead of manganese chloride, by the same
procedure. The detailed structure and formation process are
now under investigation.

In summary, we successfully generated manganese oxide
nanosheets and their oriented thin films through a bottom-up
approach in an aqueous solution at room temperature.
Chelation between the manganese species and EDTA mol-
ecules resulted in the formation of birnessite-type nanosheets
and the deposition of thin films in a one-pot synthesis. Parallel
control of the reaction and morphogenesis was realized by the
EDTA molecules in the precursor solution. The synthetic
method can be widely applied to other systems of metal-oxide
nanostructures, because the formation of the complex
between metal ions and organic additives is predictable
from the strength of the Lewis acid and base. These findings
strongly indicate that a proactive approach to complexation in
materials chemistry realizes the design of structure, morphol-
ogy, and properties of functional nanomaterials. We believe

that the design of organic additives is also a significant
challenge for the next step of biomimetic processing.

Experimental Section
Stock solutions containing disodium dihydrogen ethylenediaminete-
traacetate (EDTA) dihydrate (20 mm ; Kanto Chemical, 99.5%) were
prepared in purified water at room temperature. Then, MnCl2·4H2O
(20 mm ; Kanto Chemical, 99.0%) was dissolved in the stock solution.
When these materials were completely dissolved, the precursor
solutions were poured into the sample bottles. The precipitates were
synthesized from the precursor solution (300 mL) in polystyrene
bottles (85 mm in diameter and 150 mm in height). FTO and PTFE
substrates (approximately 2-cm squares) were washed with HNO3
(1m), acetone, and purified water in a ultrasonic bath for 30 min.
These substrates were immersed in the precursor solutions (25 mL) in
polypropylene bottles (30 mm in diameter and 75 mm in height).
Then, an equal volume of NaOH (200 mm ; Junsei Chemical, 96.0%)
was added to the precursor solution without stirring. The sealed
sample bottles were maintained at 25 8C for 3 to 5 days. The resultant
precipitates were separated by centrifugation, rinsed with purified
water, and dried at 25 8C. The thin films were withdrawn from the
solutions, rinsed with purified water, and dried at 25 8C.

The morphologies were observed by FESEM (FEI Sirion micro-
scope operated at 2.0 kV) and FETEM (FEI Tecnai F20 instrument
operated at 200 kV) without any conductive treatment. The following
analyses were also performed in FETEM: HRTEM, SAED, EDX (r-
TEM 32), and EELS (Gatan, Imaging Filter model 607). For FETEM
observations, a copper grid supported by a collodion membrane was
immersed in a colloidal liquid containing the nanosheets (2 mg),
which was prepared in purified water (20 mL) by using an ultrasonic
bath. The resultant dispersions were also poured into a quartz cell and
were used for the measurement of UV/Vis spectra (JASCO, V560).
The crystal structure and orientation were characterized by XRD
(Bruker, D8 Advance, CuKa radiation, graphite monochromator). All
the samples were measured in the 2q/q scanning mode under ambient
conditions. FTIR spectroscopy (Bio-Rad, FTS-60A) and thermog-
ravimetry–differential thermal analysis (TG-DTA; Seiko, TG-
DTA 6200) were used to detect the remaining EDTA molecules.
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