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Na,MnO,-nH,O birnessite was used to yield one-dimensional nanostructures of manganese dioxide and effect of its chemical
composition on electrochemical performance in lithium cells was studied.

Sodium manganese oxide with the birnessite structure is often
used as a starting material in topotactic reactions with metal
ions and organic molecules to hydrothermally prepare tunnel
and sandwiched manganites.!-3 Recently, it was demonstrated
that 8-MnO, nanotubes can be synthesized through a controlled
hydrothermal intercalation process by employing Na-birnessite
as a precursor.* While manganese dioxide nanotubes are sug-
gested as promising cathode material in lithium ion batteries,
the reports on their synthesis are scarce and poorly reproducible.
At the same time, Na-birnessite with a layered structure composed
of edge-sharing MnOg octahedra forming the manganese oxide
layers and sodium ions sited between the layers, can be used
itself as a matrix for lithium intercalation. The birnessite-type
manganese oxides can be prepared by redox precipitation pro-
cesses,>7 sol-gel technique,3? solid-state reaction,*!° and hydro-
thermal treatment.!!-12 The composition and electrochemical per-
formance of birnessite-type manganese oxides is sensitive to
formation reaction conditions.!>!* In the solution processes,
different amounts of water molecules can enter between the
Mn-O layers together with sodium ions, forming materials with
Na,MnO,-nH,0 composition.5’ Na-birnessite was not extensively
studied as a matrix for lithium intercalation, even though it is
often used as a precursor for synthesis of different structures
proposed as active cathode materials in lithium cells, like man-
ganese oxides with tunnel crystal structures,3 hybrid organic-
inorganic materials’> and manganese oxide nanotubes.* The
reason is that Na-birnessite endures structural collapse resulting in
rapid capacity fading.!%17 The enhancement of the cycle perform-
ance of K-birnessite was achieved by Co doping.!8 Protonation in
acidic media was demonstrated to be another way to improve the
capacity retention during cycling, as it was shown for manganese
oxides with tunnel crystal structures. Thus, for tunnel BagMn,,O 4
manganite, it was shown that initial acid treatment results in
significant augmentation of lithium capacity and improvement
of capacity retention during electrochemical cycling.!%20 In this
work, we have synthesized Na-birnessite using either solution
or solid-state chemical routes and studied the electrochemical
behaviour of its original and protonated forms in lithium cells.”

Figure 1 shows the XRD patterns of Na-birnessite obtained
using either solid-state (sample 1) or solution (sample 2) method,
as well as protonated NaMnO, (sample 3). For samples 1 and 2,
the patterns correspond to the layered NaMnO, with a basal
spacing of ~0.71 nm, which is consistent with literature data.!4

© 2009 Mendeleev Communications. All rights reserved.
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Figure 1 X-ray diffraction patterns of (/) Na-birnessite prepared via a
solid-state route, (2) Na-birnessite prepared via a solution route and (3) H-form
of Na-birnessite after an acid treatment of the sample (2). The inset shows
an enlarged region of [001] reflection.

The spacing slightly expanded to ~0.73 nm after an acid treat-
ment, which could be due to the protons incorporation into the
interlayer space of Na-birnessite structure.!#22 The Na:Mn ratios
determined using EDX analysis are summarized in Table 1.
Interestingly, the H-form of Na-birnessite is obtained very quickly
and only 10-15 min of 1 M HNO; treatment is enough to extract
almost all sodium ions from its structure, whereas for instance
to prepare the H-form of BagMn,,0,4, tunnel manganite it takes
five to eight days and concentrated nitric acid is needed.?? In some

Table 1 Compositions of layered Na, MnO,.*

Sample number  Preparation method Composition
1 Solid-state annealing Nag 97,MnO,
2 Precipitation from solution Na, ;74MnO,
3 Acid treatment of sample 2 Nag 40sMnO,

4Compositions were determined from the EDX spectra collected from about
ten randomly selected grains by assuming no oxygen deficiency.
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papers, the authors report the amount of protons in manganites
on the basis of charge compensation in the host MnO, structure
or from the weight loss in the thermogravimetric curves.!4
However, according to our experience with the H-forms of man-
ganese oxides, we find those estimations to be poorly effective,
since protons can be incorporated into the manganites structure
in different ways (as acidic protons, hydroxyl groups and water
molecules), as well as adsorbed on the surface of the manganite
particles in the large amount forming so-called water shell.23
The diversity of proton forms makes it difficult to correctly
determine the amount of protons in manganese oxides.

The presence of interlayer H,O is usually determined from
IR spectra of manganese oxides. For samples 2 and 3, Figure 2
indicates two prominent absorption bands at 3350 and 1620 cm!
assigned to O-H stretching and H-O-H bending vibration of
water molecule, respectively. In the IR spectrum of Na-birnessite
prepared using solid-state annealing, those bands are less pro-
nounced but still present. They can arise from H,O molecules
absorbed on the surface of the sample,?? or from KBr rapidly
absorbing water from air during samples preparation.

Figure 3 illustrates the electrochemical lithium cycling
behaviour of the layered compounds synthesized in this work.

¥ NaMnO, ceramics was obtained using a conventional solid-state method!”
starting from high-grade Na,CO; and Mn,O; reagents mixed in a stoichio-
metric ratio, pressed into pellets and annealed at 850 °C in N, flow for
48 h. Alternatively, Na-birnessite was synthesized by a redox reaction
between Mn¥"" and Mn"! in water solution at room temperature as reported
elsewhere.?! MnCl, solution was added dropwise to the mixed solution
of KMnO, and NaOH under vigorous stirring resulting in the formation
of black precipitate (Na-birnessite). The precipitate was separated from
the solution after aging for a day, washed thoroughly with distilled water
until neutral pH and dried at 70 °C for ~12 h in air.

The protonated form (H-form) of Na-birnessite was prepared by treating
the original material with a 0.1 M HNO; solution at room temperature
for 15 min. After that, the powdered material was washed with distilled
water until neutral pH and dried at 70 °C for ~12 h in air.

To obtain one-dimentional nanostructures of manganese dioxide, 0.5 g
of Na-birnessite powder was dispersed in 35 ml of distilled water; then,
the mixture was transferred into an autoclave and kept under hydro-
thermal conditions at 140 °C for about 96 h. The as-obtained brownish
precipitate was washed with 1 M HNOj; solution to remove sodium ions
until pH 1. Thus obtained product was washed with distilled water until
neutral pH and dried at 80 °C in air.

X-ray powder diffraction (XRD) data were taken with CuKa, radiation
at room temperature on a Bragg—Brentano-type powder diffractometer
Rigaku D/Max-2500 with a rotating anode (Japan). The XRD data were
measured in a 26 range from 10° to 80° with a step interval of 0.02°.

Chemical composition of the samples (Na/Mn ratio) was determined
by EDX analysis using a Leo Supra 50VP scanning electron micro-
scope equipped with an INCA Energy+ EDX/WDX analyzer (Oxford).
Transmission electron microscopy was used to obtain data for deciding
on microstructural features of one-dimensional nanostructured systems
(LEO 912 AB Omega with LaB cathode).

The IR spectra of the samples were recorded on a Perkin Elmer FTIR
spectrometer in the range of 350-7800 cm! using spectral pure KBr
as a matrix. The samples (1 mg) were mixed with dry KBr (150 mg),
annealed at 350 °C overnight before spectra acquisition and pressed into
disks 0.1-0.2 mm thick.

Electrochemical insertion and extraction reactions were carried out using
three-electrode lithium cells. The working electrode consisted of 80 wt%
active material, 10 wt% acetylene black, and 10 wt% polyvinylidene
fluoride dissolved in N-methylpyrrolidone. The mixture was pressed
onto stainless steel grids and dried at 120 °C for 8 h in a vacuum and
then moved to a glove box filled with Ar gas. The counter and reference
electrodes were Li foils, and the separator was a microporous poly-
propylene sheet. The electrolyte was a 1 M solution of LiClO, in a mixture
of propylene carbonate (PC) and dimethoxyethane (DME) (7:3, by volume).
The cells were fabricated in an argon-filled glove box. Galvanostatic charge-
discharge cycles were performed with the current density of 10 mA g!
of active material using a multichannel potentiostat/galvanostat.
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Figure 2 IR spectra of (/) Na-birnessite prepared via a solid-state route,
(2) Na-birnessite prepared via a solution route and (3) H-form of Na-birnessite
after an acid treatment of the sample (2).

The charge—discharge curves [Figure 3(a)] of the birnessite
products demonstrate S-shape with a plateau at around 3 V
typical of the manganese oxides with layered structure.!8.24-28
The layered Na-birnessite discharges in one step (one-electron
reaction), and also the charging profile shows a one-step reaction.
The shapes of the charge—discharge curves hardly depend on the
Na:Mn ratio suggesting that the Li intercalation into birnessite
was not remarkably affected by changes in the compostion.
On the other hand, when we compare the maximum discharge
capacities, the capacity of sample 1 is about 160 mAh g-! whereas
higher capacity of sample 2 (~180 mAh g-!) and lower capacity
of sample 3 (~145 mAh g-!) were obtained. During the suc-
cessive cycles, the capacity retention depends on the method of
birnessite preparation and its composition. For samples 1 and 2,
the maximum discharge capacities were reached at the second
cycle and then the capacities gradually decreased during the
following cycles. After 10 cycles, the discharge capacity of
sample 1 decreased to ~115 mAh g-! and the discharge capacity
of sample 2 decreased to ~150 mAh g!; thus, their capacity
retention ratios were about 72 and 83%, respectively. The acid
treatment improved the capacity retention even though the
value of the maximum discharge capacity for the acid treated
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Figure 3 Cycling data at room temperature for lithium cells containing
(I) Na-birnessite prepared via a solid-state annealing, (2) Na-birnessite
prepared via a solution route and (3) H-form of Na-birnessite after an acid
treatment of the sample (2): (a) charge—discharge curves for the fifth cycle;
(b) discharge capacity vs. cycle number for the first ten cycles.
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Na-birnessite was the lowest of all three samples. The discharge
capacity for sample 3 decreased from 145 to 135 mAh g-!; thus,
the capacity retention ratio was about 93%. Note that starting
from the second charge-discharge cycle, the discharge capacity
of sample 3 is stable and its value is around 133-138 mAh g-.

The capacity values observed for sample 2 are higher than
those for sample 1 [Figure 3(b)], which can be due to the steric
and electrostatic factors caused by larger amount of sodium ions
located in the interlayer space of the Na-birnessite obtained
via solid-state route compared to the Na-birnessite prepared by
precipitation from the solution (Table 1). In the crystal structure
of sample 3, almost all sodium ions are replaced by protons
(Table 1). This results in relatively low capacity values at the
beginning of lithium cycling, but better capacity retention during
longer cycling [Figure 3(b)]. According to literature?>2 protons
are fixed in the manganites structures due to the formation of
Mn—-O-H bonds and thus serve as structure stabilizing species,
which is beneficial for electrochemical performance.

Use of nanostructured materials for energy storage recently
demonstrated a series of phenomena ranging from high-rate
performance to the development of new electrochemical processes
including conversion reactions that can significantly increase the
capacity of the system. The control of nanoparticle shapes can
offer advantages of their use as active cathode materials in lithium
cells.?? For example, it was shown that the rate capability of Li
intercalation in TiO, nanowires/nanotubes is better than the same
phase prepared as isometric nanoparticles of a similar size.?

To synthesize MnO, nanotubes, we followed the procedure
described elsewhere.* Figure 4(a) shows a typical morphology
of one-dimensional particles obtained after the hydrothermal
treatment of Na-birnessite obtained by solid-state reaction.
According to the X-ray diffraction data [Figure 4(b)] the pro-
duct of hydrothermal treatment has layered birnessite structure
with the interlayer distance of ~0.71 nm. However, the overall
product consisted of about half and half mixture of one-dimen-
sional and globular particles, unlike data* where 100% MnO,
nanotubes yield was reported. Also, according to TEM data it is
hard to say if the obtained particles are nanotubes or nanorods
[Figure 4(c)]. Cycling data for lithium cells containing the
product of hydrothermal treatment are shown in Figure 4(d). The
initial capacity value is about 212 mAh g-!; however, it drops
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Figure 4 TEM images of MnO, one-dimensional structures and cycling
data at room temperature for lithium cells containing the product obtained
after hydrothermal treatment: (a) low magnification TEM image; (b) X-ray
diffraction pattern of the product obtained after hydrothermal treatment;
(c) high magnification TEM image and (d) discharge capacity vs. cycle
number for the first ten cycles.

rapidly down to ~150 mAh g-!. Thus, the search for optimal
hydrothermal conditions is required to obtain pure MnO, nano-
tubes and study their electrochemical behaviour in lithium
intercalation/deintercalation processes in detail. Further work in
this direction is currently in progress.

In conclusion, we have studied lithium intercalation/deinter-
calation behaviour in layered Na-birnessite with different Na:Mn
ratio obtained using different synthetic approaches. We found
that at the beginning of lithium cycling the H-form of Na-
birnessite exhibits the lowest capacity compared to the original
materials prepared via solid-state or solution methods. However,
the capacity retention of the protonated form of Na-birnessite
is ~93% after ten charge—discharge cycles which is dramatically
better than that for the original materials.

We are grateful to I. V. Kolesnik, T. V. Philippova, D. M. Itkis
and S. S. Abramchuk for their help in sample analysis. This work
was supported by the Russian Foundation for Basic Research
(grant no. 07-03-00749a) and FCNTP.
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