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a- and y-MnO; are promising candidate materials for
cathodes in lithium ion batteries.!™ Both of these
materials can be converted by electrochemical Li*
intercalation into the cubic spinel, Li;—xMn,O4, which
has channels through which Li*™ can move.2® Once the
lithiated spinel is formed, the spinel framework of the
Li;—xMn;0O,4 cathode is conserved as Lit is extracted
during discharge and inserted during charging.® The
kinetics of the Li™ intercalation reaction coupled with
the transport rate for Li™ in the cathode determines the
achievable discharge rates.® This fact has motivated an
interest in nanometer-scale MnO, materials and sig-
nificant progress has been reported including the syn-
thesis of nanocrystalline MnO; films,” dispersions of
discrete MnO, nanoparticles,®® and MnO; nanowires,
nanorods, and nanofibers.’®=17 1-D materials are of
particular interest because this morphology simulta-
neously minimizes the distance over which Lit must
diffuse during the discharge while providing for electri-
cal continuity.

Here we report a simple, one-step electrodeposition
method for preparing nanowires of a-MnO, that are
extremely long (>100 um), of a controllable diameter
between 40 and 150 nm, and nanocrystalline—composed
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Figure 1. (A) Cyclic voltammograms at 20 mV s™! for an
HOPG working electrode in an aqueous plating solution
containing 10 mM KMnO,, 0.5 M NaCl, and 0.5 M NH4CI at
pH 6.5. The black rectangle labeled “nanowire growth” shows
the potential range employed for step-edge selective growth
of MnO; nanowires. (B) Current versus time transients for
three MnO; electrodepositions at 0.56 V vs SCE with durations
of 200, 400, and 800 s. The growth current always decreased
as a function of time, but not in proportion to t=2, (B, inset)
Potential vs time curve for the constant current deposition of
MnO; using a current density of 50 uA cm~2. (C) Representa-
tive SEM image of a graphite surface after the deposition of
MnO, (either potentiostatic or galvanostatic) showing prefer-
ential electrodeposition at step edges.

of ~15 nm diameter a-MnO; grains. MnO; hanowires
were electrodeposited onto the basal plane of a ZYB-
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Figure 2. (A) Energy-dispersive X-ray (EDX) spectrum of MnO; nanowires showing the presence of Mn and O. (B) Selected area
electron diffraction (SAED) patterns of a MnO; film prepared at Eq,, = 0.56 V vs SCE from the plating solution indicated in
Figure 1A. The indicated diffraction assignments are for a-MnO, (JCPDS file 72-1982). One diffraction ring, labeled “X” and
corresponding to a d spacing of 2.82 A, cannot be assigned to a-MnO,. Single-crystal diffraction from the graphite surface is also
observed from the equivalent planes [100], [010], etc., with a d spacing of 2.13 A. (C) and (D) Low- and high-magnification TEM
images of a 78 nm diameter MnO, nanowire. The MnO, layer spacing is 4.93 A and the nanocrystalline grain size is 10—15 nm.

grade HOPG crystal using the electrochemical step edge
decoration (ESED) method.18-22 Briefly, ESED involves
the step-edge selective electrodeposition of materials
(chiefly metals and metal oxides) on HOPG. Previously,
we have demonstrated that MoO, nanowires?324 can be
prepared by electrodeposition at low overpotentials.
Figure 1A shows a cyclic voltammogram (CV) at the
HOPG basal plane for an aqueous solution containing
MnO,~. Two reduction peaks were observed, with the
most positive of these corresponding to electrodeposition
of MnOg:

MnO,” + 2H,0 + 3¢~ — MnO, + 40H™ (1)

Step-edge selectivity was achieved in the electrodepo-
sition of MnO; by employing a small overpotential, n <
100 mV|, for electrodeposition corresponding to the
potential range indicated in Figure 1A. a-MnO, was
obtained after annealing as-deposited MnO; in N at
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250—300 °C for 12—24 h. During potentiostatic nano-
wire growth, the rate of the MnO; electrodeposition
reaction decreased as a function of time, as shown in
Figure 1B, and this is probably a consequence of
increasing ohmic resistance through the hemicylindrical
nanowire as its radius increases.

The step-edge selective electrodeposition of MnO;
nanowires can also be realized by constant-current
deposition. The inset of Figure 1B shows the potential
vs time curve obtained during electrodeposition of MnO,
at a constant current density of 50 A cm~2. A negative
excursion of the potential from 0.60 to 0.54 V is observed
during this 300 s deposition. As seen in Figure 1A, this
potential range coincides with potentials where MnO,
nanowires were obtained in potentiostatic growth ex-
periments.

The graphite basal plane is subdivided by grain
boundaries into 0.5—1 mm diameter single-crystal
domains. Within the confines of a particular grain, step
edges are approximately straight and oriented parallel
to one another. The electrodeposition of MnO, at these
steps therefore produced nanowires that are approxi-
mately straight, and up to 1 mm in length, as shown in
the low-magnification scanning electron micrograph
(SEM) of Figure 1C.

The elemental composition of MnO, nanowires was
probed using energy-dispersive X-ray spectroscopy (EDX)
and a typical result is shown in Figure 2A. EDX spectra
indicated the presence of manganese at 5.9 keV and
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Figure 3. (A—C) SEM images of MnO, nanowires prepared at Eqep, = 0.58 V vs SCE for (A) 25 s, (B) 75 s, and (C) 400 s. (D) Plot
of mean nanowire diameter (as measured by SEM) as a function of the deposition time. The dashed line shows a fit of the short
time diameter data to a time®%° growth law expected for constant current growth of hemicylindrical wires. The best fit to the
growth law is obtained using a time®3! growth law (solid line). Error bars indicate +10 in the diameter distribution.

oxygen at 0.53 keV while other elements were absent.
The spatial coincidence of the manganese and oxygen
EDX signals in the nanowires present on the surface
implies that these nanowires are composed of a man-
ganese oxide. Neither X-ray nor electron diffraction
could be used directly to characterize MnO, nanowires
prepared by ESED because the quantity of material was
too small. However, with continuation of MnO, growth
until wires coalesced into films, high-quality SAED
powder patterns, such as that shown in Figure 2B, were
obtained. As with MnO; nanowires, these films were
annealed at 300 °C for 24 h. In the SAED pattern of
Figure 2B, six diffraction rings are observed and, of
these, five can be assigned to a-MnO, (JCPDS file 72-
1982) as indicated. One diffraction ring, labeled “X” at
d = 2.82 A, did not derive from o-MnO,. The identity
of this impurity cannot be known with certainty, but it
is most likely MnsOg (310) with d = 2.828 A or
MnO(OH) (301) with d = 2.8025A. The graphite dif-
fraction spots prove that the SAED powder pattern of
Figure 2B was collected from the MnO, deposited within
the confines of a single graphite crystallite. The radial
uniformity of the diffraction rings is evidence that the
crystallographic orientation of a-MnO, grains is not
influenced by the atomic structure of the graphite
surface.

The internal structure of a 78 nm diameter MnO;
wire is revealed in the TEM image of Figure 2C. This
image shows MnO, nanocrystallites with diameters in
the 10—15 nm range. At higher magnification (Figure
2D), a lattice spacing of 4.93 A is obtained—consistent
with the (200) lattice spacing of a-MnO,. Approximately
5% of these nanocrystallites show a lattice spacing of
2.8 A (data not shown)—close to that expected for the
periodicity responsible for the diffraction labeled “X” in
Figure 2B. The TEM data suggest that these impurity
nanocrystallites are distributed evenly throughout each
o-MnO; nanowire.

The diameter of the MnO, nanowires prepared by
ESED can be controlled using the electrodeposition
time, tgep. Shown in Figure 3A—C are high-magnifica-
tion SEM images of MnO, nanowires prepared using
teep values in the range from 25 to 1000 s. MnO>
nanowires with mean diameters in the range from 40
to 150 nm were obtained over the range of tqe, values.
Because the electrodeposition of MnO, occurs at a slow
rate near kinetic control, the concentration of MnO4~
at the surface of each growing nanowire is close to the
bulk concentration and no depletion layer is present.
Previously,?5~27 we have shown that these “slow-growth”
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Figure 4. Current versus voltage curves for three ensembles
of MnO; nanowires after transfer to a cyanoacrylate-coated
glass slide and the evaporation of gold contact pads. The
resistance obtained from the slopes of these traces are (a) 29
MQ, (b) 8.1 MQ, and (c) 5.6 MQ. Inset: SEM image of an
ensemble of transferred MnO, wires with a mean wire
diameter of 200 nm.

conditions cause the growth rate for each electrodepos-
ited nanostructure on the surface to be independent of
its proximity to other nanostructures, leading to a
narrow size distribution. For the MnO, nanowires
prepared here, the relative standard deviation of the
nanowire diameter was 15—20%. In prior work involv-
ing Mo0O,,2 copper, silver, nickel, and gold?! nanowires,
we found that the wire diameter increased in proportion
10 tgep’?. This proportionality is expected if the deposi-
tion current, igep, is independent of time, and the
nanowire geometry is hemicylindrical. As shown in
Figure 2D, the observed increase in MnO, wire diameter
was well approximated by a much weaker tge,%3! growth
law. Qualitatively, this negative deviation from the
taep™? growth behavior is expected because igep is not
constant during MnO, deposition, but decays as a
function of time (see Figure 1B).

The utility of these MnO; nanowires as battery
electrode materials will be limited if they are not
electrically continuous. Although we are unable to
directly measure the electrical conductance of individual
nanowires, the electrical conductivity of ensembles of
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10—100 MnO, nanowires was measured by transferring
MnO; wires (after drying in N, at 250—300 °C for 12—
24 h) from the HOPG surface to cyanoacrylate-coated
glass using a previously described procedure.?® Gold
contacts were then evaporated at the ends of these wire
ensembles as shown in the inset of Figure 4. These
transferred wire ensembles (Figure 4, inset) were
characterized by current versus voltage curves that were
close to ohmic (Figure 4). This experiment provides
evidence for the existence of at least one MnO, nanowire
that is electrically continuous across a 50 um gap
between the evaporated gold electrodes, and it permits
the calculation of an upper limit for the conductivity of
the MnO; present in these wires of 0.1-1.0 Q= cm™1.

In summary, the ESED method can be used to
synthesis a-MnO, nanowires that are very long (> 100
um), are of a controllable diameter ranging from 40 to
150 nm, and are nanocrystalline.

Experimental Procedures. MnO, Nanowire Depo-
sition. MnO, nanowires were electrodeposited from
unstirred, N, purged, aqueous plating solutions having
the following composition: 1.0—10 mM KMnO, (Fisher-
certified ACS grade), 0.50 M NacCl (Fisher-certified ACS
grade), and 0.50 M NH4CI (J. T. Baker) adjusted to pH
to 6.5—7.5 using ammonium hydroxide (Fisher ACS
grade). The basal plane of a highly oriented pyrolytic
graphite (HOPG) crystal was used as the working
electrode in a three-electrode cell. All electrochemical
measurements were performed using a computer-
controlled EG&G 2263 potentiostat. After nanowire
growth was complete, the HOPG electrode was washed
with Nanopure water (p > 18 MQ) and blown dry using
filtered, compressed air. As-deposited MnO, nanowires
were annealed in N, at 250—300 °C for 12—24 h in a
sealed quartz tube.

Electron Microscopy and Electron Diffraction. Scan-
ning electron microscopy (SEM) was performed using a
Philips FEG-30XL microscope using an accelerating
voltage of 10—25 keV equipped with an EDX elemental
analyzer. Transmission electron microscopy (TEM) was
carried out on a Philips CM-20 using an accelerating
voltage of 200 keV. The area analyzed in SAED mea-
surements was 2.5 um in diameter.
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