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Abstract: We have synthesized nano-
structures of iron and cobalt oxyhy-
droxides and manganese oxides in
aqueous solution containing a chelating
agent. Nanosheets of FeOOH and
Na,MnO, and nanoflakes of CoOOH
were generated from the corresponding

phogenesis leading to two-dimensional
nanostructures. Coordination to the di-
valent metal ions inhibited rapid pre-
cipitation of metal hydroxides and
mediated oxidation to tri- and tetrava-
lent species by dissolved oxygen. Along
with the deposition, the two-dimen-

sional and single-crystal nanostructures
were also associated with interactions
of the chelating agent. Therefore, this
approach can be regarded as a combi-
nation of ligand-controlled oxidation
and ligand-cooperative morphogenesis.
Parallel control of the reaction and the

divalent metal salts and ethylenediam-
inetetraacetate (EDTA) by one-pot
synthesis under ambient conditions.
The chelating agent fulfilled multiple
roles in the reaction process and mor-

Introduction

Biomineralization, a classical method of materials process-
ing, has inspired researchers to develop novel green routes.
The unique structures, formation process, and properties of
biominerals have been investigated in fields ranging from
biology to materials science.! For example, the concepts of
bridged crystals,” mesocrystals,”! and transient amorphous
phases! are new aspects for the understanding of biominer-
alization that can be applied to the synthesis of functional
materials. It is widely recognized that bioinorganic materials,
well-designed organic/inorganic composites, are formed by
association of organic molecules and/or polymers in an
aqueous medium through self-organization. Biological mole-
cules derived from vital activities are deeply entwined in the
mineralization process. However, we cannot manipulate or-
ganic molecules for designing inorganic materials like living
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morphology was achieved by a simple
approach. The model cases suggest that
tailoring chelation can facilitate the
design of other metal oxide nanomate-
rials.

synthesis
- chelates

organisms do. We believe that the key to solving this prob-
lem lies in multiple roles of organic molecules during the
mineralization process.

Biomimetic synthesis of inorganic materials with tailored
structures, morphologies, and properties has been explored
in recent years. Control of morphology and polymorphism
has been demonstrated, especially in the case of calcium car-
bonate.F! These studies suggested that tailoring of appropri-
ate organic molecules or polymers has widespread applica-
tion in materials processing. Designing functional nanomate-
rials by biomimetic routes is a current challenge in materials
science. One general concern with typical high-temperature
processes is that they cause a loss of structural features on
the nanoscopic scale. Although soft-solution and mild-condi-
tion routes have been reported, thermal or hydrothermal
treatments and multistep processing are required in many
cases. By mimicking biomineralization, simple, room-tem-
perature, aqueous-solution processing will expand the range
of materials synthesis.

In the present study, we synthesized nanostructures of
iron and cobalt oxyhydroxides and manganese oxides in an
aqueous solution containing divalent metal ions and a che-
lating agent. Neither hydrothermal treatment nor special
equipment was needed in the synthetic process. The chelat-
ing agent ethylenediaminetetraacetate (EDTA) fulfilled
multiple roles in the generation of nanomaterials. Chelation
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prevented the divalent metal ions M** (M=Fe, Co, Mn)
from undergoing rapid precipitation of M(OH), and mediat-
ed oxidation to tri- and/or tetravalent states to afford oxy-
hydroxide and oxide materials (route D in Scheme 1), while

valence chemical species and synthetic routes
M(“) Mn2+ C°2+ Fe2+
‘A VA ‘A
Mn(OH), Co(OH), Fe(OH), c
|8 8B
--------------- Mn,0, ~--—--------------  Fe,0, -

M(1IT) MnOOH CoOOH FeOOH

Scheme 1. Overview of synthetic routes and compounds.

conventional methods correspond to a combination of rou-
tes A and C. Moreover, the morphogenesis of two-dimen-
sional nanostructures was also accompanied by interaction
of the chelating agent. In biomineralization, various crystal
forms of iron compounds, including magnetite (Fe;O,), goe-
thite (a-FeOOH), lepidocrocite (y-FeOOH), and ferrihy-
drite, are selectively produced under certain conditions.'*€
Compared to other biominerals, such as carbonates and
phosphates, the oxidation state of iron is exactly controlled
in an aqueous medium under ambient conditions, as were
morphology and size of the crystals. We also controlled both
the morphology and the oxidation sate of metal ions by one-
pot biomimetic synthesis in aqueous solution. In other
words, the ligand was involved in both controlled oxidation
and cooperative morphogenesis. Parallel control of the reac-
tion and morphology is a significant technique for biomim-
etic crystal design of metal oxides. Furthermore, coordina-
tion between metal ions and organic ligands can be predict-
ed from the large body of research available in coordination
chemistry. The chelation-mediated approach will be applied
to other systems to give functional nanomaterials. The syn-

Abstract in Japanese:

A T-OBRNLIZE - T, AKBR P IZ 3T 2 LS S FERERZ A
ZRBRICHIET 2T, Vo Ry TEBAF U AB LD BLO
Bt /v — e R THZEICRBI LT, Bk % EO KSR
Iz N T, AL — NRAE THAEDTAZ V., EX10
nmEg D8 Vv B OB /L — AL, Fh
LOBEDEMBL O T A oW TSt a 1T ~72, EDTA
ED &R A A DEETRRIC LY KBV D Tk I A R S DA
SN, BEMREICLLEME LA~ DO B LRSS EI TL, A
KB B LOBALOFT AR B 2D, FIFIZ, EDTADVAE
DR RAR ISR ST HILICED ., T — MEE SR ES
N=EZEZLND, ¥ — RELER A4 O AEDHOEEERE
THIET, e DBTIvI AT /MBI ORR - EIR T ATO
BERBIOERED T VA2, I6IZIEF OB HFEFE T,

Chem. Eur. J. 2007, 13, 8564 -8571

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

thesis of iron (goethite, a-FeOOH) and cobalt oxyhydrox-
ides (heterogenite, CoOOOH) and manganese oxide (birnes-
site, Na,MnO,) and oxyhydroxide (feiktnechtite, [3-
MnOOH) are presented below, after which mutual forma-
tion mechanisms are discussed.

Results and Discussion

Iron oxyhydroxide nanosheets: The synthesis of goethite has
long been studied, especially in colloid chemistry, because of
its scientific and technological importance.” ™ In a typical
method, acicular goethite was obtained from trivalent iron
precursors (Fe’*) by mixing with an alkaline solution.’"
The hydrothermal reaction resulted in the formation of
hematite nanostructures under certain conditions.? Al-
though a divalent iron salt (Fe’*) was adopted in some
cases, the formation of goethite was followed by the oxida-
tion of hydroxide in the initial precipitate (routes A and C
in Scheme 1).""! We generated goethite nanosheets from di-
valent Fe’* and EDTA without an oxidizing reagent and air
flow (route D in Scheme 1). Moreover, to the best of our
knowledge, there have been no reports on the formation of
a sheetlike morphology of goethite.

Precursor solutions containing 20 mm of FeCl,-4H,O and
20 or 50 mm of EDTA were prepared in purified water at
room temperature. An equal volume of 200 mm sodium hy-
droxide solution was added to the precursor solution with-
out stirring, and the mixture was maintained at 25°C. After
three days, the precipitate was collected by centrifugation
and washed with purified water. The morphology was ob-
served under a field-emission scanning electron microscope
(FESEM) and a field-emission transmission electron micro-
scope (FETEM). The FETEM analysis was performed by
the following means: high-resolution (HRTEM) image and
its fast-Fourier transform (FFT) image, energy-dispersive X-
ray analysis (EDX), selected-area electron diffraction
(SAED), and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). The crystal
structure was characterized by X-ray diffraction (XRD)
with 26/6 scanning. The interaction of EDTA was moni-
tored with a UV/Vis spectrophotometer and by FTIR spec-
troscopy.

The reaction started on mixing the solutions containing
Fe’*/EDTA and NaOH. The transparent, yellowish green
solution immediately changed to a dark orange liquid on
mixing. The structure and morphology of the product were
not dependent on the initial EDTA concentration. The
XRD pattern characterized the resultant precipitate as goe-
thite (a-FeOOH) containing Fe** (Figure 1a). In contrast,
magnetite (Fe;O,), which contains both Fe"" and Fe™ irons,
was obtained via Fe(OH), in the absence of EDTA (see
Figure S1 in the Supporting Information). The FESEM
images show that the goethite had a sheetlike morphology
consisting of nanofibrils (Figure 1b-e). According to
FESEM and FETEM observations, the ranges of width and
length of the nanosheets were respectively 50-500 and 500-
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a) ICDD 01-81-0463
a-FeOOH (goethite)
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Figure 1. Structure and morphology of FeOOH nanosheets. a) XRD pat-
tern of the precipitate (lower panel) and peak positions in the ICDD
card (upper panel). b and ¢) FESEM images of goethite nanosheets con-
sisting of nanofibrils. d and e) Magnified FESEM images viewed in the
thickness direction.

2000 nm, and the thickness was less than 20 nm (Figure 1b—e
and Figure 2a).

The spotted SAED pattern suggested that the nanosheet
with a fibrous interior had a single-crystalline structure
spread over the (001) plane (Figure 2a and b). According to
HRTEM observations, the lattice spacing corresponding to
the (110) plane was observed on the edge parallel to the
longitudinal direction (Figure 2c—e). The (020) plane was
recognized in the elongated direction with a dihedral angle
of about 115° (Figure 2f-h). This suggests that the nano-
sheets display a (001) face and are elongated in the [010] di-
rection. The sides of the sheet were assigned to the (110),
(140), and (010) faces from HRTEM, FFT, and the dihedral
angles in the image. Therefore, the growth direction of a
nanosheet is as illustrated in Figure 2i. In addition to the
nanosheets, spherical aggregates of tiny flakes were ob-
served in the same precipitate (Figure 3a and b). When the
electron beam was perpendicular to the spheres, the SAED
pattern showed Debye—Scherrer rings assigned to the (040),
(200), (220), and (060) planes of goethite (Figure 3a and b).
The ¢ axis was perpendicular to the flakes, whereas the a
and b axes were not arranged in the same crystallographic
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Figure 2. FETEM analysis of the goethite nanosheets. a) and b) Bright-
field FETEM image and SAED pattern taken in the [001] direction, indi-
cating that the nanosheet is a single crystalline material spread over the
(001) plane. ¢) and d) FETEM and HRTEM images showing the lattice
spacing of the (220) plane parallel to the edge. e) FFT image of panel d).
f and g) FETEM and HRTEM images showing the lattice spacing of the
(020) plane with a dihedral angle of about 115°. h) FFT image of panel
2). 1) Morphology and growth direction of the goethite nanosheet viewed
in the [001] direction, estimated from the structure of the unit cell.
Shapes A and B represent the morphologies shown in the FETEM
images in a) and c), respectively.

direction. In rare cases, small amounts of thinner and larger
nanosheets were also present in the precipitate (Figure 3c
and d). Although selective morphosynthesis was not
achieved in this study, optimization of the synthetic condi-
tion should realize morphological control of these nano-
structures. In contrast, these characteristic morphologies
were not observed when trivalent iron salts (FeCl;) were
used instead of FeCl,-4H,O (Figure S2 in the Supporting In-
formation).

During the synthetic process, EDTA played important
roles in the generation of goethite nanosheets. The interac-
tion of EDTA was investigated by UV/Vis and FTIR analy-
sis. Figure 4a shows UV/Vis spectra of precursor solutions
without and with EDTA. The yellowish green color of the
Fe’* solution deepened after addition of EDTA. A strong
absorption band appeared around 255 nm in the diluted pre-

Chem. Eur. J. 2007, 13, 85648571


www.chemeurj.org

Metal Oxyhydroxide and Oxide Nanostructures

Figure 3. FESEM and FETEM images of goethite nanostructures other
than sheets. a) HAADF-STEM image of spherical aggregates made of
tiny nanoflakes. b) Bright-field image and SAED pattern; c) and
d) FESEM and FETEM images of the larger and thinner nanosheets con-
tained in the precipitates, respectively.

b)
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Figure 4. UV/Vis and FTIR spectra of the precursor solutions and the
FeOOH nanosheets, respectively. a) UV/Vis spectra of the precursor so-
lutions (A: 20 mm aqueous Fe?* solution; B: precursor solution contain-
ing 20 mm of Fe?* and 50 mm of EDTA; C: 20 mm aqueous EDTA solu-
tion as reference). Spectrum B was obtained from a precursor solution di-
luted with water to 2%. b) FTIR spectrum of the goethite nanosheets
(D: Fe—O stretching band;®*! E and F: Fe-O-H bending mode, in- and
out-of-plane, respectively;®*! G and H: C—N stretching mode of residu-
al EDTA).

cursor solution containing Fe** and EDTA. In contrast, an
aqueous solution of EDTA did not show an absorption peak
at this wavelength, which can be attributed to chelation be-
tween Fe’* and EDTA.["¥ This implies that chelation inhib-
ited precipitation of hydroxide. The FTIR spectrum of the
resultant precipitate shows the weak absorption peaks re-
sulting from the amino groups of EDTA around 1050 cm™!
(Figure 4b). Therefore, EDTA was involved in the morpho-
genesis of nanosheets as well as the reaction process.

Cobalt oxyhydroxide nanoflakes: Cobalt-related materials
have been investigated for application in electrochemical
devices such as capacitors.™* ¥l Sodium cobalt oxide has
been reported to have superconductive properties.'”) The
conventional synthetic route is the oxidation of Co" hydrox-
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ide or acetate species."*1%1"l Direct deposition was demon-
strated under flowing oxygen or ozone.'®*!! In the present
study, we fabricated CoOOOH nanoflakes from divalent Co**
and EDTA by one-pot synthesis. The experimental condi-
tions for the CoOOH nanoflakes were almost the same as
those for goethite, except that the initial EDTA concentra-
tion and reaction time were set to 20 mwm and five days.

A transparent pink solution containing Co** and EDTA
changed to a red-purple color on mixing with NaOH. After
five days, the dark brownish precipitate was collected by
centrifugation. The XRD pattern indicated that the presence
of EDTA led to formation of CoOOOH (heterogenite) con-

(heterogenite)

a) JCPDS 07-0169
| Ll

| CoOOH
L 1

Figure 5. Structure and morphology of the CoOOH nanoflakes. a) XRD
pattern of the precipitate (lower panel) and peak positions in the JCPDS
card (upper panel). b) FESEM image of the CoOOH nanoflakes. c) Mag-
nified FESEM images showing the thickness.

taining Co’* (Figure 5a). Figure 5b and ¢ show FESEM
images of the CoOOH nanoflakes, which are less than 5 nm
in thickness. In contrast, hexagonal plates of [-Co(OH),
were preferentially produced in the precursor solution with-
out EDTA (see Figure S3 in the Supporting Information).
Several FETEM and HAADF-STEM images showed the
CoOOH nanoflakes to be approximately 100 nm in size, and
the edges were partially rolled up due to their thinness (Fig-
ure 6a—c). A rolled morphology of a cobalt compound is
rare, although similar phenomena have been observed in ex-
foliated nanosheets of various metal oxides.”” When the
electron beam was perpendicular to several flakes, the
SAED pattern showed broken Debye—Scherrer rings corre-
sponding to the (100) and (110) planes of a brucite-type
structure (Figure 6¢ and d). Thus, the nanoflakes were ori-
ented perpendicular to the ¢ axis. Since the nanoscale interi-
or was not recognized in the FETEM images (Figure 6a—c),
the flake is regarded as a single crystal spread over the
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d(110)
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Figure 6. FETEM analysis of the CoOOH nanoflakes. a) and b) FETEM
and HAADF-STEM images of the nanoflakes, respectively. The white
arrows indicate the rolled-up morphology. ¢) and d) FETEM image and
SAED pattern, respectively. e) HRTEM and its FFT image (inset).
f) Schematic model of the brucite-type monolayer consisting of CoOg oc-
tahedra.

(001) plane. The HRTEM image and its FFT indicate that
the nanoflakes were constructed from brucite-type layers
having Co™O, octahedral units (Figure 6¢ and f).

Changes in UV/Vis absorption suggest coordination be-
tween Co’* and EDTA in the precursor solution (Fig-
ure 7a). An absorption band below 300 nm, a peak centered
at 487 nm, and a shoulder around 600 nm appeared on
mixing of Co** and EDTA. In accordance with previous
studies in coordination chemistry, EDTA having two amine
and four carboxylate groups can form a complex with the
Co** ion and cause the UV/Vis spectroscopic changes. Re-
sidual EDTA molecules were not clearly detected by FTIR
analysis of the precipitate (Figure 7b). It is assumed that the
adsorbed EDTA would be removed during washing and cen-
trifugation.

Manganese oxide nanosheets: Manganese oxides have a
wide variety of applications originating from their crystal
structures, such as catalysis and electrochemical devices.”' !
Among the several types of manganese oxides, birnessite
has attracted much interest because of its catalytic and elec-
trochemical properties.”!! It has been reported that various
crystal structures are derived from birnessite through hydro-
thermal treatment under certain conditions.” Three typical
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Figure 7. UV/Vis and FTIR spectra of the precursor solutions and the
CoOOH nanoflakes, respectively. a) UV/Vis spectra of the precursor so-
lutions (A: 20 mm aqueous Co’* solution; B: precursor solution contain-
ing 20mm of Co’* and 50 mm of EDTA). b) FTIR spectrum of the
CoOOH nanoflakes: C: Co—O stretching band; D and E: absorption re-
sulting from included carbonate ions and the adsorbed water molecules;
F: O—H stretching vibration in the interlayer space of the brucite-type
structure. The absorption peaks assignable to residual EDTA were not
recognized in the spectrum.

routes are used to obtain birnessite: air or chemical oxida-
tion of Mn** and Mn(OH),, reduction of MnO,", and redox
reaction of Mn** and MnO,. We generated birnessite
nanosheets from divalent manganese ions by association
with EDTA. The basic idea and experimental procedure
were the same as for the FeOOH and CoOOH nanostruc-
tures. Figure 8 shows the structure and morphology of bir-
nessite nanosheets. The XRD pattern indicates that the
main product is a birnessite-type manganese oxide, even
though a small amount of -MnOOH (feiktnechtite) was
contained (Figure 8a). The FESEM images show flexible
nanosheets that are several micrometers in size and less
than 10 nm in thickness (Figure 8b and c). The nanosheets
are oriented perpendicular to ¢ axis, while the a and b axes
were not arranged in the same direction (Figure 8d and e).
The detailed characterization and analysis of the birnessite
nanosheets were described in our previous report.’!

Synthetic route of the chelation-mediated approach: We
synthesized FeOOH, CoOOH, and Na,MnO, nanostructures
through a simple chelation-mediated approach. Scheme 1
summarizes the synthetic routes, including the oxidation
states and compounds. In conventional methods, mixing of a
divalent metal salt and alkaline solutions results in rapid
precipitation of M"(OH), and/or M™",0, species under am-
bient conditions (routes A and/or B in Scheme 1). The diva-
lent M"(OH), species are easily oxidized to M".,0, by
aging or drying, except in the case of cobalt.’”l However,

Chem. Eur. J. 2007, 13, 85648571
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Figure 8. Structure and morphology of the birnessite nanosheets. a) XRD
pattern of the precipitate (lower panel) and peak positions in the JCPDS
card (upper panel). The peak denoted by a white arrow is assignable to
B-MnOOH. b) and c) FESEM images of nanosheets about 7 nm in thick-
ness. d) and e) FETEM image and SAED pattern, respectively.

the oxidation state did not completely change to from M"
M" without any treatment. Air or chemical oxidation is re-
quired for the preparation of oxyhydroxides and/or oxides
from the precursor solution and initial precipitate (routes A
and C in Scheme 1). Although various methods were dem-
onstrated in earlier studies, morphological control was diffi-
cult in the two-step routes including precipitation and oxida-
tion. Our chelation-mediated approach led to the oxyhydr-
oxide and oxide via one-pot synthesis (route D in
Scheme 1).

Proposed model for the control of reaction: We infer that
the coordination between metal species and EDTA as a
ligand (L) is involved in both the reaction process and the
morphogenesis ~ of  two-dimensional  nanostructures.
Scheme 2 summarizes the reaction process. The chelation
between M?* and L in the precursor solutions prevents dep-
osition of M"(OH), even after addition of an alkaline solu-
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Scheme 2. Synthetic routes involving the ligand and oxidation states of

metal ions.

tion. The M?* preferentially coordinate with the ligands
(route E in Scheme 2) rather than hydroxide ions (route G
in Scheme 2). However, dissolved M** species were also
present owing to the equilibrium between M*T and M**-L
(routes E and F in Scheme 2). Without the ligand the dis-
solved M" species would be oxidized to M™ by dissolved
oxygen under alkaline condition (route H in Scheme 2).
When the ligands are coordinated to M, it may be difficult
to change the oxidation state of M". In this way, “ligand-
controlled oxidation” is accomplished in aqueous solution
(routes F and H in Scheme 2). The oxidized species would
form oxyhydroxide or oxide precipitates because of their
low solubility (route I in Scheme 2), even though equilibri-
um between M** and M**-L is possible in solution (routes J
and K in Scheme 2). In this case, M** preferentially provid-
ed oxyhydroxide and oxide precipitates rather than the com-
plex with the ligand as dissolved species. While the conven-
tional methods are regarded as a solid-state phase transi-
tions, our ligand-controlled oxidation process is a direct
route to oxyhydroxide and oxide materials in an aqueous so-
lution.

Although the reaction mechanism including chelation and
oxidation remains unclear, the model is partially supported
in earlier works. Precipitates of Co(OH), and Co(OH),_,-
(CH;COOQO), were gradually transformed into CoOOH
through dissolution and reprecipitation in a KOH solution
because Co®" is more stable than Co®* under alkaline con-
ditions."*1% Therefore, the direct deposition of CoOOH
would be expected in our ligand-controlled oxidation pro-
cess because of the alkaline conditions. In the FeOOH
system, the activity of Fe’* (re34) iONS was estimated from
the solubility products K, and pH in the solution.” Since
the pH was roughly constant, with a range of 12.5-13.0
before and after deposition of FeOOH, a(f.;;, was calculat-
ed to be approximately 10~*'mM in our experiment on the
basis of the following equation [Eq. (1)*].

lgage,) =1gK,—3pH (1)

The lower solubility of Fe** results in formation of FeFOOH
even though chelation between Fe** and the ligand was not
considered in the calculation. As a consequence, the chela-
tion between M** and EDTA inhibits the precipitation of
hydroxides and simultaneously mediates oxidation to M,
which provides the oxyhydroxide and oxide. Further investi-
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gation with regard to monitoring the chelation and oxidation
behaviors is needed for a thorough understanding of the re-
action process. Moreover, the coordination behavior be-
tween metal ions and ligands determines the controllability
of the reaction process.

Proposed model for morphological control: Since the two-
dimensional and single-crystalline nanostructures were asso-
ciated with specific interactions of EDTA molecules, the
crystal growth can be regarded as ligand-cooperative mor-
phogenesis. The ligand itself and/or M*>*-L complex interacts
with a specific crystal surface. Residual EDTA was detected
only in the case of FeOOH, and the corresponding absorp-
tion peaks were very weak in the FTIR spectrum. The
EDTA was easily removed by washing with water. Thus, the
chelating agent contributed to the formation of single-crys-
talline and two-dimensional morphologies through specific
interaction as well as to the reaction process.

On the other hand, we have reported that nanocrystalline
mosaics are formed by incorporation of organic polymers in
biominerals and biomimetic architectures.>*) Birnessite-
type manganese oxide and cobalt hydroxide nanoflakes with
mosaic interior were synthesized in an aqueous solution con-
taining poly(acrylic acid) and polyethyleneimine, respective-
1y It is generally known that adsorption of polymeric
species is irreversible and strong, while that of small mole-
cules is reversible and weak. Thus, the formation of either
mosaic or single-crystalline structures was determined by
the adsorbability of the molecules. The nanocrystalline mo-
saics were generated by strong and irreversible adsorption
of polymers.” In contrast, single-crystalline structures are
obtained by reversible and relatively weak interaction of
small molecules, and specific adsorption on crystal faces
leads to two-dimensional morphologies.

Conclusion

We have generated metal oxyhydroxide and oxide nano-
structures by a chelation-mediated approach in aqueous so-
lution. Parallel control of the reaction and the morphology
of Fe™OOH, Co™OOH, and Na,Mn"™"O, was achieved by
EDTA. Chelation between M** and EDTA inhibited pre-
cipitation of M"(OH), and simultaneously mediated oxida-
tion to M** by dissolved oxygen without oxidizing agents or
an air flow. The specific interaction led to the generation of
two-dimensional and single-crystalline nanostructures. The
combination of ligand-controlled oxidation and ligand-coop-
erative morphogenesis resulted in a one-pot synthesis of
metal oxyhydroxide and oxide nanostructures in aqueous so-
lution. A similar strategy may underlie biomineralization, as
parallel control of the crystal structure, morphology, and ox-
idation state of metals has been achieved in biogenic iron
compounds.

The synthetic pathway is beneficial for technological ap-
plications because the residual organic compound can be re-
moved, which is not possible with polymers. Combination

www.chemeurj.org

8570 ——

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with hydrothermal processing will create various functional
oxides, such as Fe,O; and MnO,. Among various applica-
tions of iron-, cobalt-, and manganese-related materials, the
nanoscopic architectures can be advantageous for electro-
chemical devices such as electrodes for lithium ion batteries
and electrochemical capacitors.

Furthermore, the simple chelation-mediated approach can
be widely applied in materials synthesis. We adopted
EDTA, a simple chelating agent, in this model study to
demonstrate the basic idea. The chemical affinity between a
chelating agent and metal ions is predictable, as shown in
previous studies in complex and aquatic chemistry. In ac-
cordance with the molecular structure, the ligand plays im-
portant roles in the reaction and morphogenesis. The coordi-
nation behavior controls the reaction, and the adsorbability
on crystals induces morphological control. Therefore, molec-
ular design is required for further development of the ap-
proach.

Experimental Section

Materials and procedures

Iron oxyhydroxide: Stock solutions containing 20 or 50 mm of disodium
dihydrogen ethylenediaminetetraacetate (EDTA, Kanto Chemical,
99.5% ) were prepared in polystyrene or polypropylene vessels with puri-
fied water at room temperature. Then, 20 mm of FeCl,-4H,O (Kanto
Chemical, 99.0%) was dissolved in the stock solution. Then, an equal
volume of 200 mm sodium hydroxide (NaOH, Junsei Chemical, 96.0 %)
was added to the precursor solution without stirring. The sealed sample
bottles were maintained at 25°C for three days. The resultant precipitates
were collected by centrifugation, rinsed with purified water several times,
and dried at 25°C.

Cobalt oxyhydroxide: The procedure was the same as for iron oxyhydrox-
ide except for the following conditions. The precursor solutions contained
20 mm of EDTA and 20 mm of CoCl,-6H,0 (Kanto Chemical, 99.0%).
After adding NaOH, the reaction mixture was left for five days at 25°C.
In this case, the precipitates were prepared from 500 mL of the precursor
solution in three polystyrene bottles.

Manganese oxide: The procedure was the same as that of iron oxyhydrox-
ide except for the following conditions. The precursor solutions contained
20 mm of EDTA and 20 mm of MnCl,-4H,0O (Kanto Chemical, 99.0%).
After adding NaOH, the reaction mixture was left for three or five days
at 25°C. However, the reaction time did not influence the structure and
morphology of the resultant birnessite nanosheets.”!

Characterization: Morphologies were observed by FESEM (FEI Sirion
operated at 2.0 kV), FETEM (FEI, Tecnai F20 operated at 200 kV), and
TEM (FEI Tecnai G2 Spirit operated at 120 kV) without any conductive
treatment. The following analyses was performed in FETEM studies:
HRTEM, SAED, HAADF-STEM, and EDX (EDAX, r-TEM 32). For
FETEM observations, a copper grid with a supported collodion mem-
brane was immersed in the nanosheet colloid. In another method, the
colloidal liquid containing the nanostructures was prepared in purified
water by using an ultrasonic bath. The crystal structure was analyzed by
XRD (Bruker AXS, D8 Advance, Cuy, radiation, equipped with a graph-
ite monochromator). All samples were measured in 26/6 scanning mode
and triple integration under ambient condition. Residual organic com-
pound was analyzed by FTIR (Bio-Rad FTS-60A, KBr method). The
UV/Vis spectra resulting from complexation between metal ions and
EDTA were monitored by a spectrophotometer at room temperature
(JASCO, V-560).
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