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Birnesite-type MnO, nanowires were prepared by direct reaction of NaMnO4 with ethanol under
hydrothermal conditions. Changing the pressure vessel load allowed a layered oxide in the form of
nanoflakes to be obtained. The resulting nanowires were 10-20 nm wide and several micrometers long.
Interestingly, the nanowires were poorly crystalline as revealed by their XRD patterns; also, they exhib-
ited especially strong (1 00) reflections that were assigned to 1D growth of the particles. By contrast, the
XRD pattern for the nanoflakes was consistent with an increased crystallinity as a result of 2D particle

Ig;?; ngsrii growth. The electrochemical properties of the nanowires and nanoflakes in 0.5 M Na,SO4 were evaluated
Naxmno2 by cyclic voltammetry and galvanostatic charge/discharge testing in two- and three-electrode cells. The
Nanowire nanowires exhibited an ideal capacitive behavior and a higher specific capacitance than the nanoflakes

Supercapacitor (191 vs. 157 Fg~1). In our opinion, the improved performance of the nanowires is a result of their high

structural disorder and lattice strain rather than their higher specific surface area.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The finding that RuO, exhibits a high pseudocapacitance (up to
700Fg~1[1])in aqueous electrolytes has boosted a search for alter-
native oxides based on transition metals less toxic and expensive
than Ru. Although Fe and Mn are good candidates in this respect
[2], the fact that Mn can occur in a greater number of oxidation
states (particularly Mn3* and Mn*") makes it the best choice [3]. A
large number of papers dealing with the electrochemical proper-
ties of MnO, based compounds, both amorphous and crystalline,
and deposited on carbon matrices, mainly as supercapacitors, have
been published ([4,5] and references therein). The capacitance of
birnessite, one of the forms of this oxide, barely exceeds 100 Fg~!
in the pure compound [6,7]; this value is much lower than those
for other crystalline forms such as hollandite [8]. In fact, a-MnO,
in special morphologies such as hollow urchins and spheres [9],
nanorods [10] or nanotubes [8] exhibits higher capacitance val-
ues. The improved electrochemical properties of these forms have
been ascribed to either a mesoporous cluster structure [9] or a nan-
otubular microstructure and its large associated tunnel cavity [8].
The properties of the forms with special morphologies have also
been investigated in birnessite-type MnO,. The hierarchical hol-
low morphology obtained via a self-template synthetic route was
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found to increase capacitance—to an extent dependent on the par-
ticular sacrificial core (SiO, [11] or MnCO3 [12]), however. In any
case, this method is rather time-consuming and the accuracy of the
hierarchical hollow manganese oxide nanospheres model requires
further confirmation.

Layered MnO, nanowires have been found to exhibit stable
cyclability and high capacity as a cathode material for rechargeable
lithium batteries [13]. This special MnO, form precludes trans-
formation into the spinel structure. As shown here, this peculiar
morphology of layered MnO, also improves its performance as
electrode material in supercapacitors. Following Ma et al. [13], the
compound was prepared hydrothermally, but using different pre-
cursors and conditions in order to expedit its synthesis.

2. Experimental
2.1. Materials

The nanowires were synthesized by hydrothermal treatment of
commercial NaMnOy, (Aldrich) (1 g) disolved in an aqueous solution
of 5M NaOH (35 ml). The reductant was ethanol (3 ml). The result-
ing suspension was transferred to a Teflon-lined pressure vessel of
70 ml that was heated at 140°C for 24 h and then allowed to cool
to room temperature. Changing the load used allowed an appro-
priate particle shape to be obtained. The precipitate provided by
the hydrothermal treatment was filtered, washed with deionized
water and ethanol, and dried in the air at 80°C for 24 h.
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Fig. 1. XRD patterns for the products obtained in (a) a half-full pressure vessel and
(b) 70% full pressure vessel.

2.2. Characterization of materials

XRD patterns were recorded on a Siemens D5000 X-ray diffrac-
tometer using non-monochromated Cu Ko radiation and a graphite
monochromator for the diffracted beam. The scanning conditions
for structural analysis were 15°-90° (26), a 0.03° step size and
12 s per step. Thermogravimetric measurements were made under
ambient conditions, using a Setaram thermobalance (Setsys Evo-
lution 16/18) at a heating rate of 10°Cmin~!. TEM images were
obtained with a Jeol 2010 microscope operating at 200 keV and
SEM images with a Jeol 6400 scanning electron microscope. Specific
surface areas were determined with a Micromeritics ASAP 2020
instrument, using N, gas as adsorbate.

2.3. Electrochemical characterization

The electrodes were prepared by mixing the active material
with carbon super P (Timcal), PVDF (Fluka) in a 80:10:10 weight
ratio, slurrying with 1-methyl-2-pyrrolidinone (Sigma-Aldrich) on
Ni foam (RECEMAT), drying at 80°C for 1h and pressing. Cyclic
voltammetry tests were carried out on a Solartron 1286 instru-
ment. Liquid cells were tested by using an aqueous solution of
0.5M Na,S04 (Sigma-Aldrich), Ni mesh and saturated calomel
(SCE) as electrolyte, counter and reference electrodes, respectively.
Swagelock-type two-electrode cells were tested under a potentio-
static regime and a galvanostatic regime, using a Solartron 1470
battery test unit. An amount of activated carbon (Norit DLC-S50)
twice that of positive active material was used as negative elec-
trode.

3. Results and discussion
3.1. Sample characterization

Fig. 1 shows the XRD pattern for the product obtained with
a half-full pressure vessel. Its most salient feature was a high
background and weak peaks typical of poorly crystalline phases.
However, the pattern contained three well-defined peaks with
spacings 0of 0.71, 0.24 and 0.14 nm that were assigned to the (00 1),
(100)and (110)planes [13]. Worth special note is the intensity of
the (100) plane—and, to a lesser extent, that of the (110) plane—,
which was much higher than that of (00 1)—the strongest for a typ-
ical birnessite-type structure. This result was ascribed to a distinct
habit growth of crystals that was apparent from the TEM images
of Fig. 2a. Thus, particles exhibited marked 1D growth under the
hydrothermal conditions used, that is, they tended to grow along

SO0nm

Fig. 2. TEM images for the products obtained in (a) a 50% full vessel and (b) a 70%
full vessel.

(100), which resulted in an increased intensity in the (1 00) plane
relative to the (00 1) plane. Therefore, the particles were nanowires
10-20 nm wide and several tens of a micrometer long. The energy
dispersive spectra (EDS) for the samples confirmed the presence of
Na in the structure and the quantitative analysis provided an esti-
mated stoichiometry Nag»3MnO,. This sample will be henceforth
referred to as “1D-birnessite”.

A simple modification of the synthetic conditions (namely, load-
ing the pressure vessel to 70% of its volume) had a marked effect on
particle habit growth—and on the relative intensities of the diffrac-
tion peaks as a result. Thus, most particles adopted a flake-like
morphology typical of a layered structure of the birnessite family
(see Fig. 2b); also, their XRD pattern, Fig. 1b, was consistent with
that previously reported for this layered compound, with strong
peaks due to (001) reflections resulting from the flake-like particle
morphology. The Na content was somewhat higher (the approxi-
mate stoichiometry was Nag 31 MnO;). This sample was designated
“2D-birnessite”.

The previous samples exhibited two other differences worth
noting. One was their thermal behavior. Thus, the TG curve for
“2D-birnessite”, Fig. 3a, exhibited three well-defined steps. The
weight loss at low temperatures (below 400°C) was assigned to
hydration water, which was followed by the release of oxygen to
form Mn,O3 (up to 700°C) and, finally, of further oxygen to give
the spinel Mn30g4. The total weight loss was 13.5%. By contrast,
“1D-birnessite” exhibited a continuous weight loss, Fig. 3b, which
precluded distinction of the weight losses due to water and oxy-
gen. A similar behavior was previously observed by Devaraj and
Munichandraiah [14] in a highly disordered birnessite the weight
loss at 1000 °C of which was somewhat greater than that for our
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Fig. 3. TG curves for 1D- and 2D-birnessite.

sample (16.7%). In any case, reported losses for birnessite range
from 23% [13] to 32% [14].

The second difference concerns textural properties. Fig. 4 shows
the nitrogen adsorption/desorption isotherms for both samples.
The isotherms were type IV and exhibited a small hystheresis
loop in the higher-pressure region that was suggestive of a lim-
ited mesoporous system. The specific surface area of the nanowire
particles, 76.3m? g~1, was twice as high as that for the flake-like
particles, 32.3m2g~!. In order to analyse the pore structure of
the as-prepared samples, their pore size distribution was evalu-
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Fig. 4. N, adsorption/desorption isotherms for 1D-birnessite (a) and 2D-birnessite
(b). Pore size distribution plots in both insets.

ated by applying the BJH (Barret-Joyner-Halenda) method to the
adsorption branch. As shown in the inset of Fig. 4, the adsorbed
pore volume for “1D-birnessite” was higher than that for the “2D-
birnessite”. Also, the pore size distribution curve for “1D-birnessite”
exhibited a peak at ca. 30 nm. Taking into account that the nanowire
diameter was smaller than this value, the mesoporous system
must have resulted from clustering of the voids between individual
nanowires.

3.2. Electrochemical properties

The capacitive properties of the two samples were investi-
gated by CV at a variable scan rate. The typical pseudorectangular
shape of the curves for the electrode made from nanowire par-
ticles (Fig. 5) provides indirect evidence of its good reversibility.
This indicates that the electrode is charged and discharged at a
pseudoconstant rate throughout the voltammetric cycle, which is
typical of a near-ideal capacitive behavior [9]. The specific capaci-
tance values calculated from the CV curves are shown in Fig. 5b. The
most salient feature of the curves is the high capacitance delivered
by this peculiar birnessite-type geometry (191Fg-! at 1mVs~!,
which considerably exceeds most reported values for this layered
structure [6,7,11,15-18]). These birnessite samples usually have
typical X-ray diffraction patterns similar to that of Fig. 1b and con-
sist of polycrystalline grains. Capacitance values similar or even
higher than ours have been reported for birnessite in special mor-
phologies such as hierarchical hollow nanospheres [11], which are
also highly structurally disordered as revealed by their XRD pat-
terns. Moreover, the CV curves for this birnessite were rectangular
in shape.

The CV curves for the electrode made from “2D-birnessite”,
Fig. 5¢c, were slightly differently shaped. As can be seen, they exhib-
ited well-defined peaks due to intercalation/extraction of alkali
cations present in the structure [19]. Also, this electrode delivered
a lower specific capacitance and exhibited worse power capabili-
ties than that made from nanobelt particles (see Fig. 5b). The higher
specific surface area of the latter particles is no strong enough argu-
ment to justify their improved performance since birnessites of
a higher surface area than nanobelt particles have been found to
deliver lower specific capacitances [7]. The special habit of crystal
growth involving rolling of the layers to adopt a nanowire mor-
phology leads to a highly strained structure as revealed by the
X-ray diffraction pattern, Fig. 1a, with a high background and weak,
strongly broadened peaks. This high structural disorder was con-
firmed by high resolution electron microscopy (Fig. 6). Although
the lattice was well-resolved, structural disorder was clearly appar-
ent. The twisted layers hindered intercalation, which is otherwise
detrimental to supercapacitor performance as a direct result of
shrinkage and expansion in the lattice. In fact, one of the main rea-
sons for the poorer capacitive properties of “2D-birnessite” must
be the asymmetric, nonrectangular shape of its CV curve as a
result of the extraction/insertion of Na ions. The highly strained
nanoparticles may enhance surface adsorption and facilitate sur-
face particle/electrolyte interactions via the following reaction:

(MnO3 )surface + A*+e « (MnOy A" Jsurface

which provides an alternative to the intercalation mechanism
used to explain the charge storage behavior of MnO, [3].

Additional information for the electrochemical behavior of these
electrodes was obtained from asymmetric capacitors made from
the birnessite-based compounds and activated carbon (AC). The
specific capacitance at 5mV s~! of a three-electrode cell made from
the latter material was 64Fg-1, which is somewhat lower than
reported values for other activated carbons with higher specific
surface areas [20]. Based on this result, and on that for the MnO,
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Fig.5. (a) CV curves recorded at different scan rates (increasing rates from inside to
outside in the main figure, 5mVs~! scan in the inset) for 1D-birnessite. (b) Specific
capacitance values for both samples at different scan rates. (c) CV curve for 2D-
birnessite as recorded at 5mVs-1.

electrode, the weight ratio of AC to birnessite was 2:1. Cycling
tests on the asymmetric MnO,/AC capacitors were carried out by
adding NapHPO4 to the electrolyte in order to improve capacity
retention in the SC [16]. Again, all CV curves exhibited the typical
rectangle-like shape (Fig. 7) irrespective of scan rate and number
of cycles, which illustrates the capacitive behavior of the synthetic
material. The specific capacitance of the capacitor was 24.4F g1
(based on the total mass of active electrode materials including the
anode and cathode). This value is somewhat lower than those of
other capacitors based on intercalation/deintercalation reactions
(e.g., NaMnO,/AC [20] and NazMngO1g/AC [21,22], where Na ions
are deintercalated and intercalated on charging and discharging
the capacitor, respectively). In our case, the use of activated carbon
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Fig. 7. CV curves for the MnO, (1D-birnessite)/AC capacitor. Na,SO4 0.5M with
additive of NaHPO,4 0.03 M as electrolyte. Scan rate: 5mVs~'.

of a lower capacitance precluded obtaining an increased specific
capacitance from the capacitor.

We also used CV to examine the rate capabilities of the MnO,/AC
supercapacitor. This property was studied in a single cell by increas-
ing the scan rate 5mVs~! every thousand cycles (see Fig. 8). The
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Fig. 8. Cycling behavior of 1D-birnessite towards increasing scan rates after every
1000 cycles. Values obtained from the CV curves.
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Fig. 9. Cycling behavior of both samples at a current density of 90mAg-! (based
on total active mass of the birnessite and carbon electrodes). Values obtained in the
galvanostatic tests.

greatest fall in specific capacitance was observed at 5mVs~!, with
a tendency to stabilize around 18Fg~! on prolonged cycling. At
higher rates, the cell exhibited good capacity retention; thus, it
retained 15F g~ at rates as high as 30mVs~1.

The improved electrochemical properties of the nanowire par-
ticles relative to the nanoflakes were also confirmed by their
performance as electrodes in asymmetric capacitors. Fig. 9 shows
the specific capacitance of the capacitors as a function of the
number of cycles. Measurements were made under galvanostatic
conditions, using a current density of 90 mA g~! (based on the total
active mass of the birnessite and carbon electrodes). Capacity reten-
tion was better for the supercapacitor made from “1D-birnessite”
than for that made from “2D-birnessite”. The specific capacitance
delivered by the latter capacitor fell from 25Fg~1 to<15F g1 after
a thousand of cycles. By contrast, the former capacitor retained
its initial, somewhat lower capacitance (21 Fg~1) after a thousand
cycles.

4. Conclusions

The capacitive properties of nanowire layered MnO, were stud-
ied and compared with those of nanoflake layered MnO,, both of
which were prepared hydrothermally. In addition to morpholog-
ical differences, the nanowires exhibited a higher specific surface

area and structural disorder than the nanoflakes. There were also
differences in CV curve shape, as well as in delivered specific
capacitance. Whereas the CV curves for the electrode made from
nanowires were rectangular in shape and suggestive of an ideal
capacitive behavior, those for the nanoflake electrode exhibited
multiple peaks; this suggests that intercalation side reactions play
some role in the electrochemical process. This has a detrimental
effect on the electrode, which delivers a lower specific capaci-
tance and exhibits degraded power capabilities as a result. The
two compounds were also tested as electrode materials in asym-
metric capacitors, using commercial activated carbon as negative
electrode. Again, the nanowire capacitor performed better than
the nanoflake capacitor. The higher specific surface area of the
nanowires and, especially, the structural disorder needed to adopt
this peculiar form, are the origin of their improved capacitive prop-
erties.
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