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a b s t r a c t

The electrochemical cyclability mechanism of nanocrystalline MnO2 electrodes with rock salt-type and
hexagonal �-type structures was investigated to determine the relationship between physicochemical fea-
ture evolution and the corresponding electrochemical behaviour of MnO2 electrodes. Rock salt MnO2 and
hexagonal �-MnO2 electrodes, with fibrous and porous morphologies, evolve into the antifluorite-type
vailable online 1 November 2008
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MnO2 with a petal-shaped nanosheet structure after electrochemical cycling, similar to that observed
in nanocrystalline antifluorite-type MnO2 electrodes after electrochemical cycling. However, a differ-
ent impedance response was observed for the rock salt MnO2 and hexagonal �-MnO2 electrodes during
the charge–discharge cycles, compared with the improved impedance response observed for the cycled
antifluorite-type MnO2. A dissolution–redeposition mechanism is proposed to account for the impedance
response of the MnO2 electrodes with different morphologies and crystal structures.
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orphological and structural evolution

. Introduction

Electrochemical supercapacitors (ESs), with a combination of
igh power density and high energy density, can be used as
complementary energy-storage device along with a primary

ower source, such as a battery or a fuel cell, for power enhance-
ent in short pulse applications [1]. For practical applications,

n ES must fulfill the following technical requirements: high spe-
ific capacitance, long cycle life and high charge–discharge rate.
anganese oxides, characterized by low cost, abundance and

nvironmentally friendly nature, have been extensively evaluated
s active electrode materials for electrochemical supercapacitors
2–18] with the intention that manganese oxides will serve as a
ow-cost replacement for noble metal oxides, such as RuO2 [19].
ydrated manganese oxides exhibit specific capacitances within

he 100–200 F g−1 range in alkali salt solutions, which are lower
han those for RuO2 ESs. Most of the research on manganese
xide ESs has focused on achieving the highest capacitance values
y incorporating manganese oxides with well-designed electrode

rchitectures such as carbon nanofoams, templated mesoporous
arbon and nanotube assemblies, or adjusting synthesis conditions
o obtain manganese oxides with desirable morphologies, defect
hemistry (cation distributions and oxidation states) and crystal
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E-mail address: weifeng@ualberta.ca (W. Wei).
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tructures [2–18]. However, only a couple of studies have dealt with
he issue of electrochemical cycling stability in manganese oxide
Ss [4,5,9].

For the amorphous and crystalline manganese oxides in the lit-
rature, the voltammetric capacitance has been observed to fade
ith increasing cycling numbers. It is noted that the extent of

apacitance reduction is rather sensitive to the features of man-
anese oxide coatings such as morphology, crystal chemistry and
ven coating thickness, so that very scattered results have been
eported. For instance, Toupin et al. reported essentially no capac-
ty fading after 1000 cycles for a thick coating electrode (>100 �m)
t a slow scan rate of 2 mV s−1 [6]. More recently, Brousse et al.
eported that long-term cycling behavior with stable performance
>100,000) was realized in a carbon–MnO2 hybrid electrochemical
upercapacitor cells [20]. In contrast, Pang and Anderson reported
hat there was more than 10% capacity loss after 1500 cycles at a
can rate of 50 mV s−1 for thin MnO2 electrodes (<15 �g cm−2) fab-
icated by a sol–gel process [4,5]. Hsieh et al. also reported a wide
ange of capacity fading for thick MnO2 electrodes, ranging from 5
o 30% in 1000 cycles, which is rather sensitive to the scan rate and
inder content [21].

Until now, two mechanisms have been proposed to explain the

apacitance fading behavior. The first mechanism involves partial
issolution of the MnO2 films into the electrolyte during cycling,

.e., active electrode material loss, which has been confirmed by
hemical analysis of Mn content in the electrolytes [4,5,9]. How-
ver, no impedance results have been obtained to further evaluate

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:weifeng@ualberta.ca
dx.doi.org/10.1016/j.jpowsour.2008.10.058
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he electrochemical behaviour of cycled MnO2 films. More recently,
sieh et al. reported that the dissolution amounts of their thick
nO2 electrodes (<0.5%) are too low to account for the extent of

apacitance fading (5–30%) [21]. A second mechanism was there-
ore proposed: the accelerated fading can be mainly attributed to
radual mechanical failure of the electrode materials caused by
yclic volumetric variations of the oxide particles upon cycling. The
ailure leads to increasingly deteriorating electrical contact among
he constituent particles within the electrode, which has been con-
rmed by an increase in impedance for the cycled electrode [21].
oth proposed mechanisms imply that the electrochemical cycla-
ility is closely related to physicochemical feature evolution in
nO2 electrodes during charge–discharge cycles, such as morpho-

ogical, chemical and structural changes. However, the relationship
etween physicochemical feature evolution and corresponding
lectrochemical impedance response of MnO2 electrodes has not
een clarified.

In our recent investigations, MnO2 nanocrystals with three types
f crystal structures, including hexagonal �-MnO2, defective rock
alt MnO2 and defective antifluorite MnO2, were synthesized by
ntroducing complexing agents into the electrodeposition solutions
22,23]. During electrochemical charge–discharge cycles, improved
lectrochemical impedance response was found for MnO2 elec-
rodes with a defective antifluorite structure [24]. In the high
requency region, the charge transfer resistance is observed to
ecrease from 0.26 � cm2 (as-prepared) to 0.08 � cm2 for the elec-
rode after 100 cycles. The knee frequency (lower limit of the charge
ransfer region) was raised from 501 Hz (as-prepared) to 1.26 kHz
100 cycles), exhibiting improved electrochemical response. At
ow frequencies, the capacitor response frequency, f�=−45◦ , shifts
rom 1 to 6 Hz, and the response time of the capacitor is reduced
rom 1 s (as prepared) to ∼0.2 s. This distinct electrochemical
ehaviour is attributed to morphological and structural evolution
rom equiaxed oxide nanocrystals to petal-shaped, single-crystal
anosheets [24]. It is apparent that the improved electrochem-

cal impedance response cannot be explained by a dissolution
echanism or a mechanical failure mechanism induced by cyclic

olumetric variation. The physicochemical feature evolution during
harge–discharge needs to be further correlated to the electro-
hemical cyclability of the MnO2 electrodes.

Inspired by these considerations, the present study extends our
nitial study to examine the relationship between physicochemical
eature evolution and the corresponding electrochemical behaviour
f MnO2 electrodes with hexagonal �-MnO2 and defective rock salt
tructures. Morphological, chemical and structural information is
btained using scanning electron microscopy (SEM), X-ray photo-
lectron spectroscopy (XPS) and transmission electron microscopy
TEM). Electrochemical characterization is performed with cyclic
oltammetry (CV) and electrochemical impedance spectroscopy
EIS). It is expected that this work may provide new insights
n the electrochemical cyclability mechanisms of manganese
xide ESs.

. Experimental procedure

.1. Materials synthesis

Nanocrystalline MnO2 coatings were deposited from 0.3 M
nSO4 solutions, with and without 0.2 M ethylenediaminete-
raacetic acid (EDTA) disodium, by anodic electrodeposition, as
escribed previously [22–25]. The deposition current density, elec-
rolyte pH value and electrolyte temperature were adjusted to be
00 mA cm−2, 7.0 and 70 ◦C, respectively. During electrodeposition,
gitation was introduced with a magnetically driven Teflon® coated
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tirring bar at a speed of 300 rpm. The mass of the MnO2 nanocrys-
als on the Pt electrodes was controlled to be 0.20–0.25 mg cm−2

f the electrode surface area. After electrodeposition, the working
lectrodes were rinsed with deionized water, dried at 100 ◦C for
0 min in air and then stored in a vacuum desiccator before further
lectrochemical testing and analysis.

.2. Materials characterization

The morphology and chemistry of as-prepared and cycled elec-
rodes were analyzed in a JAMP 9500F field emission scanning
uger microprobe (FE-SAM). Chemical state analysis was carried
ut by X-ray photoelectron spectroscopy (XPS) using a Kratos
XIS Ultra X-ray photoelectron spectrometer. A monochromatic Al
ource, operating at 210 W with a pass energy of 20 eV and a step
f 0.1 eV, was utilized. All XPS spectra were corrected using the C
s line at 284.6 eV. Curve fitting and background subtraction were
ccomplished by using Casa XPS Version 2.3.13 software. The crystal
tructure and morphology of the oxides were investigated using a
EOL 2010 transmission electron microscope (TEM) equipped with
Noran ultra-thin window (UTW) X-ray detector.

.3. Electrochemical behavior

Electrochemical behavior was investigated with a Gamry
C4/750 potentiostat/galvanostat under cyclic voltammetry (CV)
nd potentiostatic electrochemical impedance spectroscopy (EIS)
odes in an electrolyte containing 0.5 M Na2SO4. A saturated

alomel electrode (SCE) was used as the reference and all poten-
ials quoted are with respect to it. Cyclic voltammograms were
ecorded between −0.1 and 0.8 V vs. SCE at 100 mV s−1. EIS mea-
urements were conducted on MnO2 electrodes cycled for various
ycle numbers in constant voltage mode (0.2 V vs. SCE) by sweeping
requencies from 100 kHz to 10 mHz at an amplitude of 5 mV. The

n content in the 0.5 M Na2SO4 electrolyte after electrochemical
ycling was determined using a VARIAN 220 FS atomic absorption
pectrophotometer (AAS).

. Results and discussion

.1. Morphology and crystal structure of as-prepared MnO2
lectrodes

The morphology and crystal structure of the as-prepared MnO2
oatings obtained from 0.3 M MnSO4 solutions, with and without
.2 M EDTA addition, were analyzed using SEM and TEM. Plan view
econdary electron (SE) images, shown in Fig. 1a and c, indicate
hat both oxides are composed of nano-scale fibers entangled with
ne another. The dark field (DF) TEM micrographs in Fig. 1b and d
eveal that the nano-scale fibers are not individual oxide crystals,
ut are composed of equiaxed oxide nanocrystals with a diameter

ess than 10 nm. Corresponding selected area electron diffraction
SAED) patterns taken from these two oxide coatings are shown
n the insets of Fig. 1b and d. Continuous ring patterns also con-
rm their nanocrystalline nature. The d-spacings measured from
he SAED pattern for the MnO2 prepared from the EDTA-containing
olution (Fig. 1b) are consistent with face-centered cubic (FCC) MnO
JCPDS Card No. 07-0230) with a space group of Fm3̄m, which is in
greement with our previous study [22,23]. The diffracted rings
re indexed to be (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2), respec-

ively, shown in the inset of Fig. 1b. The diffraction data, obtained
rom the SAED pattern for the Mn oxide coating prepared from the
DTA-free solution, is consistent with that of hexagonal �-MnO2
JCPDS Card No. 30-0820) with a space group of P63/mmc. The
iffracted rings are indexed to be (101̄0), (101̄1), (101̄2) and (112̄1),
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ig. 1. (a) SEM SE micrograph and (b) TEM DF micrograph with SAED pattern (inset) t
ith SAED pattern (inset) taken from as prepared hexagonal �-MnO2.

hown in the inset of Fig. 1d. This structure can be described as a
iAs unit cell, with Mn4+ cations randomly occupying 50% of the
ctahedral positions of the hexagonal close packed (hcp) oxygen
ublattice.

.2. Chemical states of as-prepared MnO2 electrodes

Chemical state information for the as-prepared MnO2 coatings
ith rock salt and hexagonal structures was studied using XPS.

he oxidation states for the Mn cations were determined by ana-
yzing the Mn 3s XPS spectra. The doublet Mn 3s peaks are the
esult of parallel spin coupling between electrons in the 3s and
d orbitals. The oxidation states for Mn are closely related to the
s peak splitting widths. When the valence of the Mn cations
ecreases, i.e., more electrons exist in the 3d orbitals, the split-
ing width increases [26–28]. Fig. 2a shows Mn 3s spectra for these
wo oxides. Based on an approximately linear relationship between
he splitting width (�E) and the Mn oxidation state [26,28], the

n cations in these two oxides have an average valence close to
4. Fig. 2b shows the corresponding XPS O 1s spectra. The O 1s
pectrum can be deconvoluted into three components, including
xide (O–Mn–O), hydroxide (Mn–O–H) and water content (H–O–H)

Fig. 2b), which may also be used to estimate the valence of

n cations [29]. Considering that the Mn oxide electrodes were
repared based on electro-oxidation of Mn2+ ions on the anode sur-

aces using anodic electrodepostion, the formation of Mn(OH)2 is
ot favorable thermodynamically, so the hydroxide in the Mn oxide

t
f
r
e
c

rom as prepared rock salt MnO2; (c) SEM SE micrograph and (d) TEM DF micrograph

lectrodes is probably in the form of MnOOH. Based on Fig. 2b,
he contents of MnO2 and MnOOH were determined to be 67.3%
nd 22.1% for hexagonal �-MnO2 and 65.7% and 20.2% for rock salt
nO2, respectively. Therefore, the average valences of Mn cations

n the hexagonal �-MnO2 and rock salt MnO2 are in the range of
.7–3.8.

.3. Electrochemical properties of MnO2 electrodes

The electrochemical properties of the two oxide coatings were
rst evaluated using CV scans in a 0.5 M Na2SO4 solution. Fig. 3a
nd b shows the cyclic voltammograms obtained from the two
xide coatings at a scan rate of 100 mV s−1 for up to 500 cycles.
he voltammetric curves are observed to shrink with increasing
ycling number. The specific capacitance C (F g−1) of the MnO2 elec-
rodes, based on the cyclic voltammograms (Fig. 3), was determined
y integrating each cyclic voltammogram to obtain the voltam-
etric charge (Q). Then Q was divided by the mass of the active
aterials in the electrodes (m) and the width of the potential
indow �E. It is noted that, after 500 cycles at 100 m V s−1, the

eduction in specific capacitance is determined to be 27% of the
riginal value (152 F g−1) for the defective rock salt MnO2, while

he capacitance fading is about 38% of the original value (91 F g−1)
or the hexagonal �-MnO2 electrode. The capacitance values for
ock salt MnO2 and �-MnO2 are comparable to those in the lit-
rature considering the high scan rate applied (100 mV s−1). The
apacitance differences in these two Mn oxides can be explained
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Fig. 2. Mn 3s (a) and O 1s (b) XPS spectra from the as-prepared rock salt MnO2 and
hexagonal �-MnO2 electrodes.

Fig. 3. Cyclic voltammograms taken from MnO2 electrodes cycled at 100 mV s−1 for
up to 500 cycles: (a) rock salt MnO2 and (b) hexagonal �-MnO2.

Table 1
Dissolved Mn content in the 0.5 M NaSO4 electrolyte after 500 cycles at 100 mV s−1.

Electrode Measured Mn content in Dissolved percentage of
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50 ml electrolyte (ppm) MnO2 electrode (%)

ock salt-type MnO2 0.54 9.4
exagonal �-MnO2 0.61 10.2

n terms of the crystal chemistry, as discussed previously [23]. The
lectrolyte solutions after electrochemical cycling were analyzed
or Mn content using AAS. Manganese was indeed detected in the
lectrolyte solutions, however, the amount in solution is around
0% for the two oxide electrodes (Table 1). The dissolution amounts
or the MnO2 electrodes are too low to account for the extent of
apacitance losses in both the rock salt MnO2 and �-MnO2 elec-
rodes.

The cyclic voltammograms initially exhibit essentially
ectangular-shaped profiles, characteristic of good capacitive
ehavior. With increasing cycle number, the voltammetric curves
xhibit broad anodic and cathodic peaks centered at 0.53 and
.40 V vs. SCE, shown by the black arrows in Fig. 3a and b. It has
een well established that the Faradaic reactions occurring on
he surface and in the bulk of the materials are the major charge
torage mechanisms for MnO2 materials. The surface Faradaic
eaction involves the surface adsorption of electrolyte cations
C+ = Li+, Na+ and K+) on the manganese oxides [2,3,29]:

MnO2)surface + C+ + e− ⇔ (MnOOC)surface (1)

he bulk Faradaic reaction relies on the intercalation or deinterca-
ation of H+ or alkaline metal cations in the bulk of the manganese
xides [4,29]:

nO2 + H+ + e− ⇔ MnOOH (2)

nO2 + C+ + e− ⇔ MnOOC (3)

he redox reaction peaks (shown as arrows in Fig. 3a and b) can
e attributed to cation deintercalation upon oxidation and cation

ntercalation upon reduction [30]. The redox reaction peaks were
bserved to be more prominent with increasing cycle number,
hich means that the partial cation intercalation/deintercalation

eactions contribute more in the total capacitance in both the rock
alt MnO2 and �-MnO2 electrodes after electrochemical cycling.
n order to understand this trend, morphological and structural
nalysis on cycled MnO2 electrodes is needed.

.4. Morphology and crystal structure of cycled MnO2 electrodes

TEM micrographs and corresponding SAED patterns, shown in
ig. 4, were taken from the rock salt MnO2 and �-MnO2 elec-
rodes after 500 cycles at 100 mV s−1. From the bright field (BF)
EM images (Fig. 4a and d), a fibrous morphology, composed of
quiaxed nanocrystals, evolves into petal-shaped thin nanosheets
n the cycled MnO2 electrodes. SAED ring patterns taken from the
verall areas (both the equiaxed nanocrystals and petal-shaped fea-
ures) are shown in Fig. 4b and e. These two SAED patterns exhibit
ntifluorite-type crystallographic features, which are consistent
ith those taken from cycled antifluorite-type MnO2 in a previous

tudy [24]. The SAED patterns in Fig. 4c and f, taken from the petal-
haped features (the circled areas in Fig. 4a and d), confirm that each
hin oxide sheet is actually a single crystal with the same crystal

tructure, but different orientation. After careful examination of the
AED ring patterns (Fig. 4b and e), the d-spacing sequences for the
rst four diffraction rings of the cycled MnO2 electrodes are 0.245,
.213, 0.145 and 0.121 nm, which are also in agreement with those
rom cycled antifluorite-type MnO2 electrode in a previous study
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ig. 4. Morphology and crystal structure for MnO2 electrodes after 500 cycles at 1
verall area for rock salt MnO2; (c) SAED pattern taken from the petal-shaped feat
aken from the overall area for hexagonal �-MnO2; (f) SAED pattern taken from the

24]. The unit cells for the cycled MnO2 electrodes have decreased
n size, i.e., are denser, when compared with those for as-prepared
ntifluorite-type MnO2 [22].

It is noted that morphological and structural evolution after
lectrochemical cycling has been found in other MnO2 polymorphs.
or instance, similar surface morphology evolution, from equiaxed
o petal-shaped features, has also been detected for thin film MnO2
lectrodes after cycling in previous studies [5,31]. Dai et al. reported
he structural transformation from distorted spinel Mn3O4 to lay-
red structure birnessite after cycling in aqueous Na2SO4 [31]. In
ontrast, Athouel et al. reported a crystallinity loss but no structural
ransformation for crystallized Mg-doped sodium birnessite-type

anganese dioxide electrodes after electrochemical cycling [32].

t has been confirmed that this physicochemical feature evolution
n MnO2 electrodes has significant effects on the electrochemical
ehaviour [5,31,32]. In this work, EIS is applied to further under-
tand the relationship between physicochemical feature evolution
nd corresponding electrochemical response of MnO2 electrodes.

t
a
o
t
F

s . (a) TEM BF micrograph for rock salt MnO2; (b) SAED pattern taken from the
r rock salt MnO2. (d) TEM BF micrograph for hexagonal �-MnO2; (e) SAED pattern
shaped feature for hexagonal �-MnO2.

.5. Electrochemical impedance response of MnO2 electrodes
uring electrochemical cycling

The impedance data for defective rock salt MnO2 and hexagonal
-MnO2 during electrochemical cycling is shown in Figs. 5 and 6.
yquist plots in Figs. 5a and b and 6a and b show that each

mpedance spectrum can be generally divided into three regions
orresponding to three processes: a very small arc in the very high
requency range (double layer process), a depressed semi-circle in
he high frequency range (charge transfer process) and a straight
ine at low frequencies (electrolyte diffusion process). With increas-
ng cycle number, no obvious differences are observed for the
ouble layer process in the insets of Figs. 5a and 6a. For the charge

ransfer process, the plots for rock salt MnO2 shift along the real
xis to higher resistance with increasing cycle number (the inset
f Fig. 5a), while the plots for hexagonal �-MnO2 remain almost
he same (the inset of Fig. 6a). From the admittance spectra in
igs. 5b and 6b, the lower limit of the high frequency region (charge
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Fig. 5. (a) Complex-plane impedance plots; (b) admittance plots; and (c) phase fre-
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Fig. 6. (a) Complex-plane impedance plots; (b) admittance plots; and (c) phase fre-
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uency dependency plots for the rock salt-type MnO2 electrode after various cycling
umbers at 100 mV s−1. The solid lines represent data fit to the equivalent circuit in
ig. 7.

ransfer process) is characterized by a knee frequency. The knee fre-
uency for rock salt MnO2 is reduced from 501 Hz (as-prepared) to
0 Hz (100 cycles), exhibiting degraded electrochemical response.

he knee frequency for hexagonal �-MnO2 remains within the
ange of 376–389 Hz with increasing cycle number. At low frequen-
ies (Figs. 5a and 6a), straight lines with various slopes are present
n the impedance plots. The frequency where � = −45◦ (f�=−45◦ ) is

T
u

t

able 2
elected data obtained from fitting the experimental impedance data to the equivalent ci

Rock salt-type MnO2

As-prepared 5 cycles 100 cycl

1 (� cm2) 0.36(2) 0.38(1) 0.29(2
2 (� cm2) 0.38(1) 0.60(2) 1.12(2)
3 (� cm2) 0.09(1) 0.16(1) 0.65(2

knee (Hz) 501 126 20
�=−45◦ (Hz) 5.6 3.3 3.0
uency dependency plots for the hexagonal �-MnO2 electrode after various cycling
umbers at 100 mV s−1. The solid lines represent data fit to the equivalent circuit in
ig. 7.

he frequency response corresponding to ideally capacitive behav-
or (capacitor response frequency) [33]. After cycling at 100 mV s−1,
�=−45◦ shifts from 5.6 to 3 Hz for rock salt MnO2 (Fig. 5c), while
�=−45◦ for hexagonal �-MnO2 is maintained around 3 Hz (Fig. 6c).

he knee frequency and the capacitor response frequency are tab-
lated in Table 2.

In order to obtain quantitative information from EIS spectra,
he impedance data can be modeled assuming three major pro-

rcuit in Fig. 7.

Hexagonal �-MnO2

es As-prepared 5 cycles 100 cycles

) 0.14(0) 0.10(1) 0.13(0)
0.28(1) 0.26(0) 0.26(1)

) 1.02(2) 0.78(1) 0.71(2)
389 376 389

3.0 3.3 3.3
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ig. 7. An equivalent circuit for modeling the experimental impedance spectra
btained from the MnO2 electrodes with different morphologies and crystal struc-
ures.

esses in the entire frequency range (Fig. 7). Here, Rs is the solution
esistance. R1 and C1 in this model are the contact resistance and
apacitance between oxide nanocrystals as well as those at the
nterface of oxide materials and Pt current collectors [34]. R2 and

constant phase element one (CPE1) are used to account for the
harge transfer process (the depressed semi-circle in each spec-
rum) on the surface of the electrode in contact with the electrolyte.
circuit (R3CPE2)W1 is used to fit the diffusion process of the elec-

rolyte in the porous electrode at low frequencies. The fitted data
s consistent with the experimental data throughout the entire fre-
uency range, shown as the solid curves in Figs. 5 and 6. Selected
ata obtained from fitting the experimental impedance data to the
quivalent circuit is summarized in Table 2.

For the high frequency range, the charge transfer resistance
ncreases from 0.38 � (as-prepared) to 1.12 � for the rock salt

nO2 electrode after 100 cycles. This is further confirmed by the
educed knee frequency observed in the cycled electrodes. For
exagonal �-MnO2, the charge transfer resistance values do not
hange with electrochemical cycling. For the low frequency range,
he impedance is dominated by the electrolyte diffusion process.

ormally, a higher slope for the impedance line means a lower
iffusive resistance for the electrolyte in the electrode. It is appar-
nt that the slope of the impedance line decreases with cycle
umber for rock salt MnO2. This implies that cation intercala-
ion/deintercalation is hindered in the cycled electrodes, which is

0
a
t
n
e

ig. 8. A schematic representation of the dissolution–redeposition mechanism for (a) den
-MnO2.
urces 186 (2009) 543–550 549

upported by the higher resistance values and degraded capaci-
or response frequency in Table 2. For hexagonal �-MnO2, however,
imilar slopes are observed for the impedance lines with increasing
ycle number, which implies the diffusive resistance of electrolyte
n the electrode is not affected by the electrochemical cycling.

.6. Electrochemical cyclability mechanism

Even though antifluorite MnO2 [24], rock salt MnO2 and hexag-
nal �-MnO2 evolve into the same antifluorite-type MnO2 with
petal-shaped nanosheet structure after electrochemical cycling

mproved impedance response for the whole frequency range is
nly observed for the antifluorite MnO2 electrodes during the
harge–discharge cycles. This suggests that other factors, such as
he morphology and structure of MnO2 electrodes before elec-
rochemical cycling, may influence the subsequent impedance
esponse during the charge–discharge process. In our recent
nvestigation, it was suggested that the morphological and struc-
ural evolution from equiaxed oxide nanocrystals to petal-shaped,
ingle-crystal nanosheets follows a dissolution–redeposition
echanism [24]. Considering the inhomogeneous nature of the
nO2 electrodes, the dissolution process should be sensitive

o their morphologies and crystallization degrees. A schematic
odel is proposed in Fig. 8 to demonstrate how inhomogeneous

issolution and redeposition in MnO2 electrodes with different
orphologies and structures affect the electrochemical behaviour.
For antifluorite-type MnO2, prepared from a citrate-containing
.3 M MnSO4 solution, a dense layer is present, consisting of
gglomerated tiny oxide particles [23,24]. As the applied poten-
ial is scanned from 0.8 V to −0.1 V vs. SCE, the equiaxed MnO2
anocrystals will be reduced and some will be dissolved into the
lectrolyte as Mn2+ cations [24]. Since the oxide layer is densely

se antifluorite-type MnO2 and (b) porous and fibrous rock salt MnO2 and hexagonal
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acked, the dissolution process only occurs for the outermost sub-
ayer of the MnO2 electrode. During forward cycling, some of the
issolved Mn2+ cations will be re-oxidized to MnO2 and deposit as
etal-shaped nanosheets on the MnO2 electrode surface, as shown

n Fig. 8a. In this case, the electrical contacts, including interparti-
le and particle/Pt current collector contacts, will not be affected by
he dissolution process. Meanwhile, the petal-shaped nanosheets
nduced by the redeposition process not only improve the electrical
onductivity by reducing the interparticle contact resistance, but
acilitate electrolyte transport. This may account for the improved
mpedance response for antifluorite-type MnO2 electrodes during
harge–discharge cycles.

The dissolution process in the rock salt MnO2 and hexagonal �-
nO2 electrodes is rather different due to their porous and fibrous

ature. It has been confirmed in Fig. 1 that these two oxides are
ctually nano-scale fibrous networks. The entangled nano-scale
bers are composed of equiaxed oxide nanocrystals with a diame-
er less than 10 nm. As the applied potential is scanned from 0.8 V
o −0.1 V vs. SCE, the dissolution process may occur preferentially
t high energy sites such as interparticle interfaces, fiber/fiber con-
ection areas and active material/Pt current collector contact areas.
ith increasing cycle number, more MnO2 will be dissolved and

edeposited as petal-shaped nanosheets on the MnO2 electrode
urface. This leads to the weakening or even fracture of the interpar-
icle interfaces, fiber/fiber connection areas and MnO2/Pt contact
reas, as shown by the orange arrows in Fig. 8b. A direct conse-
uence is increasingly deteriorating electrical contacts between the
xide particles even though the dissolution amount is small. This
ay explain the difference between the dissolution amounts for
nO2 electrodes and the capacity reductions. The improvement in

he impedance response induced by the petal-shaped nanosheets is
ffset by the poorer electrical contact between the oxide particles,
o that similar impedance responses are observed for as prepared
nd cycled hexagonal �-MnO2 electrodes and degraded behavior,
elative to as prepared samples, is observed for cycled rock salt
nO2 electrodes.
From the voltammetric curves in Fig. 3a and b and the calcu-

ated capacitance data, it is noted that rock salt MnO2 has better
yclability when compared with hexagonal �-MnO2, which is in
ontradiction with the EIS results. One possible explanation for the
iscrepancy between the capacitance loss and EIS results is that
he extent of morphological and structural evolution may be dif-
erent for rock salt MnO2 and hexagonal �-MnO2. If the extent of

orphological and structural evolution for the cycled hexagonal �-
nO2 is higher, i.e., more petal-shaped features, the specific surface

rea will decrease. Thus, the electrochemical frequency response is
igher but the specific capacitance is lower because of low sur-

ace area utilization. To uncover the underlying reasons for this
henomenon, further investigation is required to obtain quantita-
ive information on the morphological and structural evolution for

nO2 electrodes.

. Conclusions

The electrochemical cyclability of nanocrystalline MnO2 elec-

rodes with rock salt-type and hexagonal �-type structures
as investigated with cyclic voltammetry and electrochemical

mpedance spectroscopy. The main objective was to determine the
elationship between physicochemical feature evolution and the
orresponding electrochemical behaviour of MnO2 electrodes with

[

[

[
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ifferent morphologies and crystal structures. Both rock salt MnO2
nd hexagonal �-MnO2 evolve into antifluorite-type MnO2 with
petal-shaped nanosheet structure after electrochemical cycling,

imilar to that observed in nanocrystalline antifluorite-type MnO2
lectrodes after electrochemical cycling. However, no improve-
ent in the impedance response was observed in the rock salt
nO2 and hexagonal �-MnO2 electrodes during charge–discharge

ycles, which is inconsistent with that observed in the cycled
ntifluorite-type MnO2 [23]. A dissolution–redeposition mecha-
ism is proposed to account for different impedance response of
nO2 electrodes with different morphologies and crystal struc-

ures in terms of morphological and structural evolution.
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