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ABSTRACT: Amorphous Fe**-based oxide nanoparticles
produced by Leptothrix ochracea, aquatic bacteria living
worldwide, show a potential as an Fe®'/Fe® conversion
anode material for lithium-ion batteries. The presence of
minor components, Si and P, in the original nanoparticles
leads to a specific electrode architecture with Fe-based
electrochemical centers embedded in a Si, P-based amorphous
matrix.
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Lithium-ion batteries have become a commonplace power
source for portable electronic devices. Application of these
batteries is still expanding widely, even to transportation and
electric power storage. To meet an increasing variety of
application in the future, further exploration of new electrode
materials is a very important issue.' > The new material to be
proposed in the present work is nanometric amorphous oxide
particles produced by Leptothrix ochracea, a species of aquatic
bacteria living worldwide, in which iron, silicon, and
phosphorus are mixed atomically. In the initial discharge
process, a specific composite is formed where the Fe-based
active species are embedded in an amorphous Si, P-oxide
matrix.

Microbes often create mineral deposits that feature elaborate
structures and unique compositions.é_13 For example, two
types of aquatic iron-oxidizing bacteria, Leptothrix ochracea and
Gallionella ferruginea, essentially produce the same Fe**-based
amorphous oxide particles (Fe:Si:P ~73:22:5 in at %, typically;
~3 nm in diameter) but assemble them in different forms of
tubules and twisted fiber bundles, respectively.lo_13 To date,
studies of these types of biogenous iron oxides (BIOXs) have
mostly been 1mplemented from bacteriological and geo-
chemical perspectlves, ° but we have characterized them on
the basis of solid-state chemistry and have identified their
functionality on the basis of materials science.'”"” In this
study, we have focused on Leptothrix ochracea’s product (L-
BIOX), which can be identified as ocher deposits in natural
streams (Figure la), irrigation canals, ditches, and even near
ocean hydrothermal vents.*” The L-BIOX obtained from a
water purifying tank in Joyo, Japan'®~"*'*~'7 have already been
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shown to have 2 number of potential apphcatlons, including
catalyst supports,'* carriers for cell culture, battery electro-
des,">'® and precursors for pigments."

The tubules have a fixed bore diameter of ~1 ym and a
variable length of up to several centimeters, as observed by
scanning electron microscopy (SEM, Figure 1b, c). Such a
structure results because the nanometric oxide particles
precipitate on an extracellular microtubular template made of
bacterial organic excrement (Figure 1d).'®'” The outer surface
of each tubule is covered with ~20 nm wide and 50—100 nm
long fibrils, whereas the inner surface is composed of 20—120
nm-sized globules (Figure le, f, respectively).'® Although
seemingly different from each other, these structural motlfs
share common primary particles (~3 nm in diameter),'> such
as those indicated by the red arrowheads in the insets in Figure
le, f (images taken using Cg-corrected scanning transmission
electron microscopy (STEM)). The roughness of these motifs
due to jutting or missing primary particles suggests loose
connections of the primary particles. Therefore, the L-BIOX
tubules are hierarchical (nano—meso—micro) with respect to
both their framework and clearance, and the surface area of the
tubules is 280 m?/g.">

The chemical composition of L-BIOX determined via
energy-dispersive X-ray spectroscopy (EDX), thermogravim-
etry (TG), and inductively coupled plasma-optical emission
spectrometry (ICP-OES) can be approximately expressed as
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Figure 1. Photograph and micrographs of L-BIOX. (a) Ocher L-BIOX produced in a stream. (b) Low- and (c) high-magnification SEM images of L-
BIOX. (d) TEM image showing the early stage formation of L-BIOX around rod-like bacterial cells lined up head to tail (for details see the TEM
observations of the Bacteria subsection in the Methods section of the Supporting Information). (e, f) Ci-corrected STEM images of the fibrillar and
globular motifs of the outer and inner surfaces, respectively. Every tubule is made up of common primary particles (~3 nm in diameter), similar to
those indicated with the red arrowheads in the insets of e and f. Sites where the primary particles are missing are indicated with blue arrows. (g)
High-resolution HAADF-STEM image of the primary particles showing a uniform, segregation-free elemental distribution. Inset: 2D Fourier

transform image with a theoretical electron probe size of 0.1 nm.

15Fe,0,-85i0,P,05-30H,0 (Fe:Si:P ~73:22:5 in at %)."'
EDX measurements of sectioned tubular walls of L-BIOX
indicate compositional homogeneity over the structure,
internally and externally, at a nanometer resolution (see the
Supporting Information, Figure Sla—f). Higher-resolution
examinations with high-angle annular dark field-STEM
(HAADF-STEM) using an electron probe converged to 0.1
nm yielded consistent results without any sign of elemental
segregation (Figure 1g). The amorphous nature of the primary
particles should also be noted. The 2D Fourier transformation
images (inset to Figure 1g) are spot-free halo patterns,
revealing an amorphous structure at a resolution of up to ~1
nm (see also the Supporting Information, Figure S1 g, h and
Figure S2). Therefore, it is clear that the 3 nm wide particles
containing ~560 Fe, ~170 Si, and ~40 P atoms, are the
compositional and structural unit throughout the L-BIOX
tubules. Here we show that these nanometric primary particles
show electrochemical properties suitable for lithium-ion
batterries.

Nanosizing and appropriate surface modification of electrode
materials are the most recent approaches for improving their
energy density, cyclability, and power rate,”> but these
techniques generally require complicated and costly processes
that present stumbling blocks for their practical application.
Therefore, it would be quite significant if the primary L-BIOX
particles, which are produced in the form of easily handled
tubules simply by exposing Fe-containing groundwater to air,
are high performing. The expected capacity for the Fe’*/Fe’
conversion process is 666 mAh/g based on the composition of
L-BIOX (Fe 8.3 mmol/g). Figure 2 presents experimental
discharge—charge curves for simple L-BIOX/Li-metal cells
taken at two largely different current rates of 33.3 mA/g (0.05
C) and 666 mA/g (1 C) in the voltage range 0—3 V over 10—
50 cycles. For these experiments, the working electrode
consisted of a simple, ball-milled mixture of dried L-BIOX
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Figure 2. Discharge—charge performance of different current rates and
potential ranges. (a) Discharge—charge curves at 33.3 mA/g (0.05 C)
between 0 and 3.0 V. (b) Discharge—charge curves at 666 mA/g (1 C)
between 0 and 3.0 V. (c) Discharge—charge curves at 33.3 mA/g (0.0S
C) between 0.5 and 3.0 V. Insets show the cycle-life performance.
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Figure 3. TEM images for the first discharge process at 0.05 C down to 0 V. (a) Low-magnification TEM image of the L-BIOX electrode. Upper
inset: electron diffraction pattern taken from an area containing ~100 fine particles. Lower inset: high-resolution image of one pair of the black dots
seen in a. (b) High-magnification HAADF-STEM image. (c) Distribution map of Fe (green) and Li (red). (d) Distribution map of Fe (green) and O

(red). (e) Distribution map of Fe (green) and Si (red).

tubules, a conventional carbon material, and a binder (For
details see the Electrochemical Measurements section in the
Supporting Information, S1). Here a discharge (charge) process
corresponds to the transport of Li* ions from (to) the Li foil to
(from) L-BIOX, and a rate of nC corresponds to a full
discharge or charge in 1/n h. As can be seen in Figure 2a, the
first discharge down to 0 V at 0.05 C extended to an
unreasonably high capacity of ~1500 mAh/g, which was most
probably an extrinsic phenomenon resulting from the
formation of the solid—electrolyte interface.””*' For the second
and subsequent cycles, a reduced yet rather high reversible
capacity of ~900 mAh/g was observed. Moreover, at the 20-
fold current rate of 1 C, a capacity of ~550 mAh/g was
maintained over SO cycles (Figure 2b). Even when the voltage
range was limited to 0.5—3.0 V (0.05 C, Figure 2c), where the
likely anxiety of Li-metal deposition at lower voltages was
eliminated, a capacity of ~600 mAh/g was maintained over at
least S0 cycles.

In control experiments using an L-BIOX-free electrode, it
was found that carbon makes a remarkable contribution of 200
mAh/g to the total capacity of 900 mAh/g at 0.05 C. A
pseudocapacity effect involving the electrolyte is another
possible factor increasing the total capacity. Conversion
reactions typically involve electrolyte decomposition in the
low-voltage region to form polymeric/gel films exhibiting a
pseudocapacitzr effect, which amounts to ~150 mAh/g in the
case of CoO.>** In the present system, the decrease in capacity
down to ~600 mAh/g for the voltage range limited to 0.5—-3 V
thus seems to be caused by the effects of the carbon and the
electrolyte.

To track the electrochemical process, the most convenient
XRD method proved to be of no use because not only the
starting materials but also presumably the resulting products
were nanometric and amorphous. However, the behavior of the
most important active species, Fe, could be analyzed by TEM
and ¥"Fe Mdssbauer spectroscopy.”**® As can be seen in the
typical TEM image shown in Figure 3a of a sample after the
first discharge process down to 0 V at 0.05 C, extremely small
particles with diameters of ~2 nm were densely dispersed in a
matrix. These particles exhibited very broad double diffraction
rings (upper inset to Figure 3a), but no clear lattice fringes in
the high resolution TEM image (lower inset to Figure 3a). The
lattice spacings estimated from the ring pattern, 0.122 and
0.207 nm, were close to d;;, = 0.1170 nm and d;;;, = 0.2027 nm
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for metallic iron, a-Fe (PDF 00—006—0696 (ICDD, 2009)).
This result indicated the formation of fairly pure but poorly
crystalline a-Fe nanoparticles, which is consistent with the
Méssbauer results (see the Supporting Information, S3). The
signals for “Fe,” “Li,” “O,” and “Si” for elemental mapping by
electron energy loss spectroscopy were sufficiently strong to
reveal a pronounced tendency of the separation of “Fe” from
“Li,” “O,” and “Si” (Figure 3c—e). The signal for “P” fell below
the measurable limits. Therefore, the first discharge process
essentially involves the conversion of the loose aggregate of L-
BIOX nanoparticles (~560 Fe, ~170 Si, and ~40 P atoms/
particle) into a composite of poorly crystalline a-Fe-like
nanoparticles (~360 Fe atoms/particle) embedded in a Li-,
Si-, and probably P-containing amorphous oxide matrix.

If the Si** and P>* ions mixed in the original L-BIOX primary
particles were converted to Si’ and P°, respectively, their
presence would help increase the capacity; however, prelimi-
nary soft X-ray absorption near edge structure measurements
suggested that their contribution was very minor, if any. Rather,
it is believed that Si and P contribute to the high cyclability and
high rate capability after the first discharge by inhibiting the
contact and growth of the nanosized Fe species and providing
Li ions with a three-dimensional network of pathways for
closely approaching the Fe-based centers during discharging
and easily leaving during charging. Of course, the Fe oxide that
reforms during the first charge process must differ in both
composition (essentially free from Si and P) and structure from
the original L-BIOX primary particles. The repeated change of
the nanometric Fe-containing species between contracted a-Fe-
like particles and swollen Fe**-oxide particles must be more or
less compensated by a reverse volume change in the
amorphous, and therefore flexible, Si, P-oxide matrix that
stores and releases Li* and O~ ions.

The best-studied Fe®"/Fe’ conversion material is a-
Fe,05°7* This oxide has a high theoretical capacity
(~1000 mAh/g) and also high chemical stability, abundance,
and low toxicity, which together enable easy control of its
particle morphology and high productivity.”>™** The study by
Chen et al. is instructive.”” They addressed the most important
issue of poor cyclability caused by the very large volume change
of ~96% during the a-Fe,O;—a-LiFe,0;—Li,Fe,0;—Fe
discharge/charge processes® and concluded that the use of
single-crystalline nanotubes was the best solution because of
their shape-preserving capability. Moit et al.*' worked on a
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hollow and porous shell made of a-Fe,O; nanoparticles,
resulting from thermal decomposition of a precursory
composite obtained by using a species of bacteria for shape
forming, and concluded that the high porosity and stable
particle connectivity drastically improved the performance of a-
Fe,0;. L-BIOX is a new material and there is still scope for
further improvement. The original L-BIOX tubules are
destroyed in the process of mixing with the carbon and binder.
Preservation of the original tubular shape is another possibility
to be pursed for improvement.

Optimization of electrode architecture is an important target
of electrode materials research. Intimate hybridization with
carbon materials like conductive carbon nanofibers®* has been
the most common measure to improve the performance of
Fe,O;. In the present architecture the nanometric Fe-based
electrochemical centers seem to be intimately linked to the
amorphous and therefore flexible Li-transporting network. A
similar composite structure was reported by Idota et al. for a
Sn-based electrode material>® They succeeded in drastically
improving the cyclability by dispersing the tin oxide particles in
a glassy B**-, P°*, and AP**-oxide matrix. It is interesting that L-
BIOX naturally provides this kind of advantageous composite
architecture. As a matter of course the discharge—charge curves
of L-BIOX are considerably different from those of a-Fe,0;.
The latter oxide normally shows a single extended plateau at ~1
V,>732 whereas L-BIOX does double small plateaus at ~1.5
and ~1 V. The details are under investigation using various
analytical methods.

Another noteworthy feature of L-BIOX is that it can be
ceaselessly produced at a high rate and at an extremely low cost.
Even in our small plant (see the Supporting Information, Figure
S4), ~160 g of L-BIOX and ~6200 L of Fe-free water can be
obtained in 1 day simply by exposing that amount of natural
groundwater to the outside environment. L-BIOX is, obviously,
an extremely cost-effective, beneficial material. The relationship
between the chemical composition of the water supplied to
Leptothrix ochracea and the composition of the product is
currently under investigation. The development of a synthetic
process for fine control of the particle morphology, chemical
composition, particle aggregation, and other factors is also
under exploration.

In summary, we have proposed a unique approach for the
development of new battery materials, which we noticed in the
course of our basic and general study of iron oxide materials
produced by bacteria. Relatively high capacity and good
cyclability were found for L-BIOX, which was used as
produced, by simple washing and drying steps. The positive
result for L-BIOX as an anode material for Li-ion batteries is yet
an example indicating that BIOXs are an unexplored frontier in
solid-state chemistry and materials science. However, we
believe that the development of a related artificial synthetic
process that enables fine control is also worth exploring.
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Experimental details, characterization of the sample, ex situ
Mossbauer results, and sample collection procedures are
available free of charge via the Internet at http://pubs.acs.org.
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