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bstract

Cycle stability of MnO2·nH2O electrochemical capacitors (ECs) has been studied by using galvanostatic tests and electrochemical impedance
pectroscopy (EIS). The extent of capacity fading, ranging from 5 to 30% in 1000 cycles, increases with current-rate, and is markedly reduced
ith increasing binder content. Two fading mechanisms have been identified. With low binder content, and at high current-rate, capacity fading
ccurs in conjunction with appreciable increase in transmission resistance, suggesting progressively deteriorating electric contacts among the

seudocapacitive oxide particles and conductive carbon. The mechanical failure of the electrode structure may arise from the cyclic volumetric
ariation of the pseudocapacitive oxide particles as previously reported. With high binder content or at low current-rate, capacity fading is associated
ith increasing interfacial charge-transfer resistance upon cycling, which has a less pronounced effect than the mechanical failure mechanism.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical capacitors (ECs) are promising energy stor-
ge devices for meeting the high-power electronic device market
1–3]. For practical applications, an EC must fulfill the require-
ent of long cycle life, typically more than tens of thousands of

ycles, under high charge/discharge (C/D) current-rate condi-
ions. Hydrated amorphous/nanocrystalline manganese oxide,

nO2·nH2O [4,5], has drawn much attention as a promis-
ng EC electrode material; it exhibits capacitances exceeding
00 F g−1 in solutions of alkali salts [4–8] and has the advan-
ages of low cost and environment-benign nature. There have
een a few references touching upon the issue of cycling stabil-
ty of MnO2·nH2O EC, but they presented controversial results.
or instance, Toupin et al. [6] reported essentially no capacity
oss after 1000 cycles for a thick-film (>100 �m) electrode in a
yclic voltammetry (CV) test under a slow potential scan rate
f 2 mV s−1. On the other hand, Anderson et al. [7,8] reported
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ore than 10% capacity loss after 1500 cycles with a potential
can rate of 50 mV s−1 for very thin (<15 �g cm−2) MnO2·nH2O
lectrode prepared by a sol–gel process.

Anderson et al. attributed their observed capacity loss mainly
o partial dissolution of the oxide film, probably by dispropor-
ionation reaction [7,8]. The same mechanism has also been
uoted by Reddy and Reddy [9], who also observed more
han 50% capacitance loss on their MnO2 ambigel after 800
ycles. On the other hand, in our previous investigation [10]
n the pseudocapacitance mechanism of MnO2·nH2O, it was
ound by using in situ synchrotron X-ray diffraction that,
pon cycling, the oxide phase experienced cyclic lattice expan-
ion/contraction by ∼2.5% over a potential range of 1.0 V. The
attice expansion naturally leads to three-dimensional volumet-
ic expansion/contraction of individual oxide particles, which
ould be detrimental to the stability of electrode structure.

In this paper, the cycle stability of conventional thick-film
lectrodes of MnO2·nH2O particles prepared by the slurry-
oating technique and containing poly-vinylidene-fluoride

PVdF) as the binder constituent was systematically stud-
ed using constant-current cycling tests and electrochemical
mpedance spectroscopy (EIS) analysis. Experimental results
ndicate that mechanical failure of electrode structure can indeed
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e a serious issue in causing charge-storage capacity fading of
nO2·nH2O EC.

. Experimental

MnO2·nH2O particles were precipitated by mixing 0.15 M
MnO4 and 0.15 M MnSO4 aqueous solutions with a
n(VII)/Mn(II) molar ratio of 2:3 (stoichiometric) at 25 ◦C.
fter thoroughly washing with de-ionized water, the particles
ere finally heated at 200 ◦C for 1 h in air. To prepare the elec-

rode, slurry containing the oxide powder, acetylene black (AB),
nd PVdF was coated onto Ti foils, and finally dried at 120 ◦C
or 6 h in vacuum. On the dry basis, the oxide to AB ratio was
xed at 7:3, while the binder, which used N-methyl pyrrolidone
NMP, Mitsubishi Chemical) as the dispersing solvent, had a
eight composition of either 7.2 or 13.4%. The electrodes and

ells will hereafter be referred to with a prefix of 7 and 13%,
espectively, to indicate their binder contents. Every electrode
ontains approximately 5.0 mg cm−2 of dried overlay materi-
ls, although the weight may vary slightly (±10%) from one
lectrode to another.

Electrochemical characterizations, including cyclic voltam-
etry, constant-current cycling, and EIS, were carried out with a

ymmetric two-electrode configuration, where two MnO2·nH2O
lectrodes of 1 cm × 1 cm were clamped between two glass
lides and separated with a porous separator (BS0712, Coin
ano Tech), and the electrolyte is aqueous 1 M NaCl. The tests
ere carried out on an electrochemical analyzer (Eco Chemie
GSTAT30). Inductively coupled plasma (ICP) spectroscopy
Optima 3000XL) was employed to determine the Mn content
n electrolyte solution.

. Results and discussion

Fig. 1 summarizes the CV data at different scan rates for
typical MnO2·nH2O cell employed in the present study.

he voltammograms exhibit essentially rectangular-shaped pro-

les, characteristic of a capacitor. By taking into account of

he electrode overlay, composition, and subtracting the con-
ribution from the carbon component (∼10.0 F g−1 C), the
pecific capacitance of the oxide phase was calculated to be

ig. 1. Cyclic voltammograms of a symmetric MnO2·nH2O electrochemical
apacitor (electrolyte: 1 M NaCl).
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ig. 2. Chrono-voltage plots of symmetric MnO2·nH2O electrochemical capac-
tors made with 7% binder under the current rate of (a) 2.0 A g−1 and (b)
.5 A g−1.

34.6 F g−1 MnO2·nH2O. Higher specific capacitances exceed-
ng 200 F g−1 of MnO2·nH2O have been reported in the literature
6,7] but only for much thinner electrodes.

The C/D cycling tests were carried out at current densities
f 2.0 and 0.5 A g−1 (the current densities are based on the
otal weight of the active materials, including MnO2·nH2O and
B). A current density of 2.0 A g−1 corresponds approximately

o a scan rate of ∼60 mV s−1 in the CV test, and 0.5 A g−1

o ∼15 mV s−1. Fig. 2a shows the chrono-voltage curves of
elected cycles carried out at 2.0 A g−1 for a typical cell of which
he electrodes contain 7.2% binder (i.e., the 7% cell). From the
harge branches of these curves, it is clear that the charge stor-
ge capacity (�Q) progressively decreases with increasing cycle
umber. The capacity was found to lose 29.4% of its initial value
fter 1000 cycles (Fig. 3). Concurrently, the IR drop was found to
radually increase with cycle number, suggesting continuously
ncreasing resistance along the electron conduction pathways
ithin the electrodes. The same trend has been observed for sev-

ral cells from different batches, although there are small vari-
tions in the exact extents of fading. The symmetric cells were
issembled at the end of cycling, and the electrodes were then
ndividually measured for their capacities with a three-electrode

onfiguration. The results showed that the electrodes exhibited
imilar extents of fading and there was no regular pattern indi-
ating either of the electrodes in a cell faded faster than the other.
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Fig. 5. AC impedance data for the symmetric MnO2·nH2O electrochemical
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ig. 3. Charge-storage retention ratio, �Q/�Q0 vs. cycle number for the sym-
etric MnO2·nH2O electrochemical capacitors made with different binder

ontents (7 and 13 wt.%) and under different current rates.

Tests with 0.5 A g−1 show that the capacity fading rate was
educed as the current density decreased (Fig. 3). It is noted that
lower current density corresponds to a longer period for each

ycle. That is, the extent of capacity fading does not increase
ith the length of test period but rather with increasing current

ate. Finally, it was found that increasing the amount of binder
o 13.4% dramatically reduces the fading rate (Fig. 3). Under
.0 A g−1, the 13% cell exhibits an extent of fading of merely
.8%, in contrast to 29.4% for the 7% cell.

Conway [11] suggested that a pseudocapacitor can be
escribed by the equivalent circuit shown in Fig. 4a. RS is the
olution resistance, and RF corresponds to the charge-transfer
esistance through the pseudocapacitance process. Cdl is the
ouble-layer capacitance at the electrode/electrolyte interface,
hile CP arises from the pseudocapacitance. This equivalent cir-

uit gives a theoretical Nyquist plot consisting of a semi-circle at
igh-frequency region followed by a vertical line within the low-
requency region. The parallel RF–Cdl configuration accounts for
he semi-circle feature, while CP for the steep line.
Fig. 5a shows the Nyquist plot of a fresh MnO2·nH2O cell.
he plot shows a depressed semi-circle above ∼240 Hz and
steep line below 2 Hz. They are largely consistent with the
odel. The deviations, including the depression in semi-circle

ig. 4. Equivalent circuit for (a) pseudocapacitor and (b) transmission-model.
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apacitors made with 7% binder before (�, solid-line) and after (�, dashed-
ine) under the current rate of 2.0 A g−1. (a) Nyquist plots: Zr vs. −Zj (↓ locates
Hz and ↑ locates 240 Hz); (b) −Zj vs. f (frequency).

nd line inclination, can be attributed to the porous nature of the
lectrode [12,13]. Additionally, there was noticed a short curved
egion between 2 and 240 Hz. This region is not predicted by the
ircuit model in Fig. 4a and will be discussed below, where it
eveloped with cycling.

The logarithm plot of the imaginary part of the impedance
ersus frequency (−Z′ to f plot in Fig. 5b) shows a peak above
200 Hz and an inclined line at lower frequencies. There exists

ne-to-one correspondence between Fig. 5a and b. The peak,
ndicative of a parallel RC element, corresponds to the semi-
ircle loop in the Nyquist plot. On the other hand, the inclined
ine within the low-frequency range corresponds to a capacitor.

After 1000 cycles at the rate of 2.0 A g−1, the Nyquist plot
Fig. 5a) of the cycled cell shows a slight expanding in the high-
requency semi-circle and, more profoundly, an inclined line
ith an inclination angle of ∼31◦ within the middle-frequency

ange (within 2–240 Hz), which shifts the capacitor (steep) line
long the real axis to higher resistance. The overall resistance
as been increased nearly threefold. In its −Z′ to f plot (Fig. 5b),
here exists an additional broad hump between ∼2.0 and 240 Hz.

his mid-frequency inclined line in the Nyquist plot is believed

o have similar nature as the short-curved region observed for
he fresh sample within the same frequency range. These mid-
requency features may arise from the granular and porous nature
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ig. 6. Nyquist plots for the symmetric MnO2·nH2O electrochemical capacitors
ade with 7% binder before (�, solid-line) and after (�, dashed-line) under the

urrent rate of 0.5 A g−1.

f the electrode, and they can be accounted for by a transmission-
ine model that contains distributed RC network as schematically
hown in Fig. 4b [11–13]. In the generalized sense of the model,
he resistances (R) sum up the pore resistances and the electric
esistances along the solid conductive matrix over different seg-
ents within an electrode. The electric resistance is determined

o a greater extent by contact resistances between the grains than
y the bulk resistances within the grains. For the RC network
aving infinite numbers of equal-valued Rs and Cs, the line has
theoretical inclination of 45◦. On the other hand, it can readily
e demonstrated that the angle deviates from the ideal value for
aried Rs and Cs. The results shown in Fig. 5a and b indicates that
he overall resistance of this distributed RC network increases

ore than eight times, from ∼0.7 to 5.8 �, after cycling at the
urrent rate of 2.0 A g−1.

On the other hand, Fig. 6 compares the Nyquist plots before
nd after cycling at 0.5 A g−1. Compared with those at 2.0 A g−1

Fig. 5a), two major differences can be noticed. The plots of the
ow current-rate show a large increase in the semi-circle resis-
ance that is associated with the charge-transfer process (Fig. 4a)
t the solid-electrolyte interface after cycling. In contrast, there is
uch less change in the transmission-model network resistance.
Capacity fading of MnO2·nH2O EC has mostly been

ttributed to dissolution of the oxide film into the electrolyte
7–9]. The electrolyte solutions of the 7% cells after cycling
ave been analyzed for Mn content by ICP analysis. As shown in
able 1, Mn dissolution has indeed been detected for either low-
r high-rate condition, but the amount of dissolution has always

een less than 0.5%. On the one hand, the amount of dissolution
s too low to account for the extent of capacity fading in either
ase (Fig. 3). On the other hand, the cell which exhibits more

able 1
n content in electrolytes for the 7% binder cells

harge/discharge
urrent rates (A g−1)

Measured Mn content in
15 mL (ppm)

Molar ratio of dissolved
Mn–Mn in electrode (%)

.5 0.48 (±2%) 0.44

.0 0.21(±3%) 0.19
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apacity fading at the higher current-rate in fact shows smaller
mount dissolution. These results may indicate that the disso-
ution mechanism cannot be a significant cause to the capacity
ading in the present study. Indeed, it also fails to explain the
emarkable effect of the binder content in suppressing the fading.

Our previous study [10] on the pseudocapacitance mecha-
ism of MnO2·nH2O in aqueous alkali salts solutions has shown
hat the mechanism involves charge-transfer at Mn-ion sites
alanced by bulk insertion/extraction of the solution cations
nto/from the oxide structure. The reaction can be expressed
s:

n(IV)O2·nH2O + δe− + δ(1 − f ) H3O+ + δf M+

↔ (H3O)δ(1−f )Mδf [Mn(III)δMn(IV)1−δ]O2·nH2O,

here M+ is alkali cation. In the case of aqueous NaCl elec-
rolyte, f is nearly zero. In situ synchrotron X-ray diffraction
tudy showed reversible lattice expansion/contraction (∼2.5%
ver 1.0 V) of MnO2·nH2O crystallites upon cycling [10]. Cyclic
imensional variation of the active components within an elec-
rode has long been known to have significant impact on the
tability of electrode structure upon cycling. The present data
ndeed give strong support to the notion of mechanical failure
f electrode structure arising from such dimensional variations.
he effect of cyclic volumetric expansion/contraction of the
xide particles on the electrode structure can be envisioned as
ollows. During the expansion phase of a cycle, the particles,
ither oxide or C, are pushing one another, leading to extensive
elative motion among particles, accompanied with macroscopic
xpansion of the entire electrode overlay. The binder connect-
ng between the particles is simultaneously stretched in response
o the particle motion. During the contraction phase, the parti-
les tend to move back to the original positions, and the binder is
elaxed. Upon cyclic stretching/relaxation, the binder may grad-
ally become ruptured, fatigued, or mostly likely de-bonded
ith the particles, causing the electrode structure to become

oose and the particles to lose electric contact between one
nother. A direct consequence will be increasingly deteriorating
lectric contacts between particles, leading to capacity reduction
nd increased RC network resistance.

Dahn et al. [14] once tested the mechanical properties of a
VDF (20 wt.%)-bound carbon black electrode, and showed a
acroscopic elongation at break of ∼4.5% for the electrode at

he strain rate of 1% min−1. Given that the present electrodes
ontained merely one-third of the amount of PVDF (7 wt.%),
t is reasonable to anticipate mechanical failure to occur with a
acroscopic elongation far less than 4.5%.
The mechanical failure mechanism is also consistent with

ther observations. A higher current-rate introduces a greater
train rate and/or non-homogeneity in stress distribution, result-
ng in a greater extent of destruction. This may explain the
bservation that capacity fading increases with increasing C/D
urrent-rate. On the other hand, using a greater amount of binder

trengthens the overall binding between particles, and hence
ffectively suppresses capacity fading as observed (Fig. 3). Fur-
hermore, the deteriorating electric contacts between particles
an introduce pronounced distributed RC network equivalently
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escribing the poor particle–particle contacts. This explains the
haracteristics of RC network in the Nyquist plot after cycling
Fig. 5b). Finally, the mechanism may also explain why Ander-
on et al. [7,8] detected greater capacity fading than Toupin et
l. [6] as described in Section 1. The former employed a scan
ate of 50 mV s−1, while the latter 2 mV s−1.

It is also of interest to understand potential cause(s) to capac-
ty fading at low current-rate. As shown in Figs. 5a and 6, both
he 2.0 and 0.5 A g−1 cells show increase in charge-transfer
esistance after cycling, although the latter shows a far more
ronounced effect. The results indicate progressive modifica-
ion in the oxide/electrolyte interfacial properties during cycling,
nd that tends to gradually impose additional resistance to the
nterfacial charge-transfer process. Furthermore, the extent of
he modification seems to increase with reduced current-rate. In
revious work by Donne [15] it has been shown that birnessite
hase MnO2 tends to be irreversibly reduced to Mn3O4 under
eep discharge at slow cyclic scanning rate (0.02 mV s−1), and
n3O4 is electrochemically inactive. Given the similar synthesis

rocedures used in this work, and hence the anticipated similar
anganese dioxide structure, an identical reaction might have

aken place at the oxide surfaces in the present case, account-
ng predominantly for the capacity fading under 0.5 A g−1 and
artially under 2 A g−1.

In summary, the cycle stability of MnO2·nH2O EC has been
tudied by galvanostatic tests with different rates and impedance
nalysis on electrodes having different binder compositions.
xperimental results show that the capacity fading of the EC
ncreases dramatically with increasing current-rate. The accel-
rated fading can be attributed to gradual mechanical failure
f the electrode structure during cycling. The failure causes
ncreasingly deteriorating electric contacts among the con-

[
[

[
[
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tituent particles within the electrode, and it is believed to arise
rom cyclic volumetric variations of the oxide particles upon
ycling. In addition, increasing interfacial charge-transfer resis-
ance upon cycling has been found to play an important role in
apacity fading at low current-rate.
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