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Imaging Cycle-Induced Damage of MnO2 Microparticles

Stevie N. Bush,* Juliette Experton, Anais Teyssendier de La Serve, Emily P. Johnson, and

Charles R. Martin**,z
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MnO2 has been proposed as an electrode material in electrochemical energy storage devices. However, poor cycle life, especially in
aqueous electrolytes, remains a detriment to commercialization. Prior studies have suggested a number of explanations for this
capacity loss; however, experiments aimed at elucidating the details of the degradation process (es) are sparse. We describe here a
microtube-membrane construct that allows for electrodeposition of monodisperse MnO2 microparticles distributed across the
membrane surface, and for subsequent electrochemical cycling of these MnO2 particles. This allowed for a detailed analysis of the
effect of cycling on the MnO2, by simply imaging the membrane surface before and after cycling. When an aqueous electrolyte was
used, gross changes in particle shape, size and morphology were observed over the course of 500 cycles. Partial dissolution
occurred as well. No such changes were observed when the MnO2 particles were cycled (up to 500 times) in a propylene carbonate
electrolyte solution.
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There is considerable interest in developing MnO2 as an
electrode material in electrochemical energy-storage devices,1,2

such as pseudocapacitors3–5 and lithium-ion batteries.6–8 In these
applications energy is typically stored and released by a reversible
redox reaction involving cations from the contacting electrolyte
solution. Assuming the cation is Li+, this half reaction can be written
as,9–12

+ + «+ -MnO Li e LiMnO 12 2 [ ]

with standard reduction potential of −0.13 V vs NHE. A recent
review on the application of MnO2 to supercapacitors has pointed
out that further development will require improvements in energy
density, structural stability, and cycle life.12 Since cycle life is
related to structural and chemical stability it is important to under-
stand the mechanism by which cycling-induced (Eq. 1) degradation
of MnO2 occurs. In spite of the practical importance of under-
standing degradation, reports detailing the structural and chemical
changes during cycling of MnO2 are sparse11,13–20

We describe here a membrane-based construct for the electro-
chemical synthesis of discrete and monodisperse MnO2 microparti-
cles that are fixed to specific places on the membrane surface. This
was accomplished using a gold-microtube membrane, where the
microtubes act as electrodes for electrodeposition and cycling of the
MnO2 microparticles (Fig. 1). By imaging the membrane surface
after cycling, the changes in particle shape, size and morphology can
be monitored. This was accomplished, here, using scanning electron
microscopy (SEM). The images showed that, when cycled in in
aqueous LiClO4, the MnO2 microparticles became larger, and
adopted a coarser morphology. Ultimately, after 500 cycles, the
particles were diffuse, dispersed over a larger area, and highly
dendritic. The images suggested that partial dissolution of the MnO2

occurred. This was confirmed by chemical analysis of the electrolyte
after cycling. In contrast, analogous cycling in propylene carbonate
caused no change in particle size, shape, or morphology after 500
cycles.

Experimental

Materials.—Anhydrous SnCl2, Na2SO3, NaHCO3, AgNO3,
LiClO4 and Mn(CH3COO)2 were purchased from Sigma-Aldrich.
Commercial gold plating solution (Oromerse Part B) was obtained
from Technic, Inc. Purified water was prepared by passing house-
distilled water through a Barnstead E-pure model D4641 water
purification system. All other chemicals were of reagent grade and
were used as received from Fisher Scientific.

Preparation of the gold-microtube membranes.—The method
used to prepare the gold-microtube membranes has been described in
detail previously.21–25 Briefly, ion-tracked polyethylene terephtha-
late (PET) membranes (12 μm thick) were obtained from GSI
(Darmstadt, Germany). Chemical etching26,27 was used to prepare
800 nm diameter pores in these membranes. An electroless plating
procedure22,28 was then used to deposit gold microtubes in the pores
of the PET membranes (Fig. 1). In addition to the gold microtubes
lining the pore walls, the electroless plating method yielded thin
(∼100 nm) gold surface films on both faces of the membrane.25,28 A
piece of copper tape (3MT) was attached to one of the gold surface
films (lower in Fig. 1a) to make electrical contact to the gold
microtubes within the pores.28,29 The other gold surface film was
removed by scrubbing the surface with a cotton swab wetted with
ethanol21,28 to expose the ends of the gold microtubes where the
MnO2 particles were deposited (Fig. 1a).

Electrosynthesis of the MnO2 microparticles.—Electrochemical
synthesis of MnO2 by oxidation of Mn2+ solutions is well
known.30–32 Aqueous solutions 50 mM in manganese acetate and
0.1 M in sodium sulfate were used here.21,33,34 The gold-microtube
membrane was mounted in a U-tube cell25,35 with this manganese
solution in the half-cell facing the open gold microtubes (up in
Fig. 1a). The other half-cell was filled with 0.1 M Na2SO4. As
illustrated in Fig. 1a, the gold microtubes are connected in parallel to
the remaining (lower) gold surface film. A voltage of 0.6 V was
applied to the microtubes relative to a Pt wire quasi-reference
electrode (Ptqr) also immersed in the manganese solution. This
resulted in the oxidation of Mn2+ and deposition of monodisperse
hemispherical MnO2 particles at the open ends of the gold micro-
tubes (Fig. 1c). Unless otherwise noted, a deposition time of 5 min
was used. The voltage of the Ptqr was measured vs an Ag/AgCl
reference electrode (RE-5B from BASi). A stable value of 0.28 ±
0.01 V (vs Ag/AgCl) was obtained. This makes the voltage used to
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conduct the electrosynthesis 0.88 V vs Ag/AgCl. All voltages
reported henceforth are vs an Ag/AgCl reference.

X-ray photoelectron spectroscopy (XPS).—A Perkin Elmer 5100
XPS System equipped with an Al monochromatic source (50 W,
200 μA, takeoff angle 45°) was used to study the surface composi-
tion of the MnO2 particles. Data were obtained on membranes before
and after deposition. Data analysis was performed using the PHI
XPS software.

Cyclic voltammetry.—Cyclic voltammetry was conducted on
thin films of MnO2 electrodeposited across the surface of the gold
microtube membrane. Thin films, as opposed to microparticles, were
obtained because both gold surface layers were left intact. This
resulted in deposition of a thin film of MnO2 covering the exposed
gold surface layer. Cyclic voltammograms were obtained in both
aqueous LiClO4 (0.1 M) and LiClO4 in propylene carbonate (1 M)
(Fig. 2).

Cycling induced changes in the MnO2 particles.—Cycling was
accomplished in the U-tube cell with both half-cells filled with 0.1 M
LiClO4. The particles were cycled by applying a voltage of 0.88 V
for 1 min, a voltage of −0.12 V for 1 min, and then returning to
0.88 V for 1 min. Up to 500 such cycles were applied. SEM images
of the membrane after various numbers of cycles were used to
monitor the changes in the particles upon cycling. Particles cycled in
both aqueous and propylene carbonate solutions were imaged.
Electron micrographs were obtained using a Hitachi SU5000
Schottky Field-Emission Microscope. ImageJ software was used to
obtain the diameters and density of the gold microtubes and the
MnO2 particles. The averages and standard deviations were deter-
mined using approximately 100 measurements from different
images.

In addition, inductively couple plasma—atomic emission spec-
troscopy (ICP-AES) was used to detect and quantify Mn dissolved
from the particles with repeated cycling in the aqueous solution.

ICP-AES analyses were accomplished with a Varian Vista RL CCD
Simultaneous ICP-AES. The quantity of Mn dissolved in the
electrolyte solution (aqueous 0.1 M LiClO4) was measured after
100 and 500 cycles. Details of this analysis can be found in the
Supplemental Material is available online at stacks.iop.org/JES/167/
132501/mmedia.

Results and Discussion

Characteristics of the membrane, microtubes, and MnO2

microparticles.—The gold microtube membranes were prepared
by electroless plating of gold along the pore walls in a porous
polymeric host (Fig. 1).21–25 A recent review describes such
membranes in detail.25 The polymeric host membrane contained
monodisperse 800 nm diameter pores, making the outside diameter
of the gold microtubes 800 nm. Electron micrographs like those
shown in Fig. 1b were used to determine the inside diameter of the
tubes (600 ± 80 nm) and the number of tubes per cm2 of membrane
area (1.9 ± 0.8 × 105 cm−2). The tube walls were ∼100 nm thick. In
addition to the gold tubes, both membrane faces were coated with a
thin (∼100 nm) gold film. One film was removed prior to MnO2

electrosynthesis. The other gold film was left intact and was used to
make electrical contact with the microtubes (Fig. 1a).

The MnO2 microparticles were synthesized electrochemically
from aqueous solutions of Mn2+.30–32 The gold film (down in
Fig. 1a) served as the anode during electrodeposition.
Electrodeposition yielded MnO2 microparticles at the open ends of

Figure 1. (a) Schematic representation of the gold microtube membrane
with electrodeposited MnO2 particles at the open mouths of gold microtubes.
The underlying gold film acts as the anode during electrodeposition.
Dimensions are not to scale. (b) Scanning electron micrograph of the surface
of a gold-microtube membrane. The white spots are the open mouths of the
gold microtubes. (c) Scanning electron micrograph of the membrane surface
after electrodeposition of the MnO2 particles.

Figure 2. Cyclic voltammograms of the MnO2 microparticles on the gold-
microtube membrane measured in (a) aqueous of 0.1 M LiClO4, and (b) 1 M
LiClO4 in propylene carbonate. The scan rate was 10 mV s−1 in both cases.
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the gold microtubes (Fig. 1c). The MnO2 particle density was 1.3 ±
0.2 × 105 cm−2, within experimental error identical to the gold
microtube density. This indicated that a MnO2 particle had been
deposited at the mouth of each tube. After 5 min of deposition time
the MnO2 particles were 5 ± 1 μm in diameter (Fig. 1c).

As per our prior work on MnO2 particles synthesized by a bipolar
electrochemical method,21 X-ray photoelectron spectroscopy (XPS)
was used to determine the oxidation state of the as-synthesized
MnO2. The XPS method is well known and has been described in
detail.36,37 Because of this prior work, the XPS data obtained for the
MnO2 particles prepared here are presented in the Supplemental
materials. These data indicate that, as is typically the case for
electrochemically synthesized MnO2,

32,38 a mixed valence material,
approximately 90% Mn(IV) and 10% Mn(III), was obtained.

Cyclic voltammetry.—Cyclic voltammetry was used to confirm
that the MnO2 produced here showed electroactivity similar to
previous examples of electrodeposited MnO2.

39–42 Cyclic voltam-
metry was conducted on electrodeposited thin films rather than on
the MnO2 microparticles. This is because during microparticle
synthesis, MnO2 does not deposit inside the gold microtubes21 and
the tubes fill with electrolyte solution. This makes the capacitance
and resistance of the gold-microtube membrane high.25,28 As a
result, when cyclic voltammetry was done on the MnO2 particles

supported on the gold-microtube membrane, large sloping back-
ground currents were obtained obscuring the MnO2 electrochem-
istry. By leaving both surface layers intact, a thin film of MnO2 is
deposited across the exposed gold surface layer (see Experimental).
This film seals off the underlying microtubes, and the MnO2

electrochemistry is not obscured (Fig. 2).
As per prior voltammetric studies,39–42 when cycled in 0.1 M

aqueous LiClO4, the MnO2 prepared here showed a large reduction
peak at −240 mV, followed by a smaller set of oxidation peaks at
about 30, 150 and 360 mV (Fig. 2a). The fade in capacity is clearly
shown by the decrease in current with cycle number. This is
especially noticeable for the cathodic peak at −240 mV. In contrast,
no loss in capacity (over this limited cycle range) was observed
when cycling was done in 1 M LiClO4 in propylene carbonate
(Fig. 2b). Indeed, as has been observed previously in this electrolyte,
capacity increased over the first 10 cycles.43–45

Cycling induced degradation and dissolution.—SEM images of
the membrane surface after 100, 300 and 500 cycles in aqueous
0.1 M LiClO4 are shown in Fig. 3. Dramatic changes in particle
shape, size and morphology were observed. Specifically, cycling
caused the particles to become larger and to adopt a coarser
morphology. Ultimately after 500 cycles, the particles were diffuse,
dispersed over a larger area, and highly dendritic. To our knowledge,
such changes in MnO2 particle size, shape and morphology upon
cycling have not been described previously. The ability to follow the
fate of the particles upon cycling is greatly enhanced by the
microtube membrane constructed described here.

Prior studies have suggested that capacity fading in MnO2 is a
result of partial dissolution of the reduced Mn(III) form of the
material.13,14,16,46 The dissolution reactions proposed entail acid-
induced disproportionation of the solid Mn(III) into solid MnO2 plus
soluble Mn2+.14,16 For example, this reaction can be written as,

+  + + ++ + +2LiMnO 4H MnO Mn 2Li 2H O 22 2 s aq
2

2 [ ]( ) ( )

The changes in particle morphology upon cycling observed here
support the conclusion that partial dissolution has occurred upon
cycling of the MnO2 microparticles. Spectrophotometric analyses of
the electrolyte were used to confirm that cycling in water causes
partial dissolution of the MnO2 particles. After 100 cycles, 3.4 ×
10−9 moles of Mn were present in the electrolyte solution; 4.8 ×
10−9 moles were present after 500 cycles. Assuming an initial
particle diameter of 5 μm and a MnO2 density of 5 g per cm3, this
corresponds to 48% and 66% of the MnO2 present in the as-
synthesized particles.

However, the highly dendritic structures obtained after 500
cycles (Fig. 3d) indicate that some fraction of the Mn(II) liberated
into the solution is being redeposited. This redeposited material
could be MnO2, resulting from the reoxidation of the soluble Mn(II)
back to Mn(IV) during a positive cycle. In contrast, the redeposited
material might be metallic Mn, resulting from the reduction of the
soluble Mn(II) to Mn(0) during a negative cycle. That most of the
material in our experiment is re-deposited at points far removed from
the underlying gold microtube indicates that redeposition is occur-
ring on the dendrites themselves; i.e., the redeposited material is
acting as an electrode for further redeposition. We suggest that in
order for this to occur, the redeposited material must be electro-
nically conductive. This suggests that the redeposited material is
metallic Mn(0), a conductor, and not MnO2, which has a conduc-
tivity of only about 10−5 S cm−1.47,48

That the redeposited material in our experiments is metallic Mn is
supported by two other lines of investigation. First, deposition of
metallic Mn, from soluble Mn2+, has been observed at the negative
electrode in the battery application of MnO2.

14 Second, the dendritic
structures obtained here are reminiscent of the dendrites observed
when electroplating certain metals such as Li.49,50 In that case, the
rate of deposition is nucleation limited, and dendritic growth occurs
from the sparse number of nuclei obtained.51,52 Again, this

Figure 3. Electron micrographs of the surface of microtube/MnO2 compo-
site membranes (a) immediately after electrodeposition, and after (b) 100, (c)
300, and (d) 500 cycles in aqueous 0.1 M LiClO4.

Figure 4. Electron micrographs of the surface of microtube/MnO2 compo-
site membranes a) after electrodeposition, and after (a) 100, (b) 300, and (c)
500 cycles in 0.1 M LiClO4 in propylene carbonate.
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necessitates that the deposited material is an electronic conductor.
However, further study will be required to confirm that metallic Mn
is present in the redeposited material.

In contrast to the aqueous electrolyte, particles cycled in 1 M
LiClO4 in propylene carbonate showed no change in size, shape or
morphology over 500 cycles (Fig. 4). In particular, the particle
diameter did not change with cycling with all particles having a
diameter of 5 ± 1 μm before and after cycling. This cycling stability
over hundreds of cycles in propylene carbonate has been previously
reported.53 This supports the conclusion that dissolution is acid-
induced, since the requisite hydronium ions are not present in
propylene carbonate.14,16

Conclusions

We have described here a gold-microtube-membrane construct
for the electrochemical synthesis of discrete and monodisperse
MnO2 microparticles. The particles are deposited at the open ends
of the gold microtubes, and a key advantage of this construct is that
the membrane surface can be imaged to explore the fate of the
particles upon cycling. The images obtained showed that gross
changes in particle shape, size and morphology occurred upon
cycling the MnO2 particles in aqueous electrolyte. Detailed studies
of this type have not been previously reported for cycle-induced
degradation of MnO2.

We have also shown that partial dissolution of the MnO2 particles
occurred during cycling in aqueous solution and have quantified the
amount of dissolved Mn. In addition, the images show that some
redeposition occurs during cycling. The data obtained here, and by
others, indicate that the redeposited material is electronically
conductive metallic Mn.14,16 In contrast, cycling in propylene
carbonate caused no change in particle size, shape and morphology
up to 500 cycles.

As noted above, it has been proposed that the Mn liberated into
the solution during cycling results from acid-induced disproportio-
nation of the electrochemically produced Mn(III) into MnO2 and
soluble Mn2+.14,16 The gold microtube membrane construct de-
scribed here could act as a convenient vehicle for studying the
decomposition mechanism. If acid-induced disproportionation is,
indeed, occurring, then the cycling induced damage observed in
Fig. 3 should be mitigated by using higher pH solutions during
cycling. Finally, it is worth pointing out that this microtube-
membrane construct could be used to conduct analogous experi-
ments on any electrode material that can be electrochemically
synthesized.
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