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a  b  s  t  r  a  c  t

A  todorokite-type  manganese  oxide (T-MnOx) with  a 3  × 3  large  tunnel  structure  was successfully
synthesized  by  a hydrothermal  method  and  employed  as  an  active  electrode  material  for  a  supercapac-
itor. The  todorokite  structure  of the  as-prepared  manganese  oxide  was  confirmed  by  X-ray  diffraction
(XRD),  and  the  fragmented  platelets  were  observed  by scanning  electron  microscopy  (SEM).  The  elec-
trochemical  performances  of  the as-prepared  T-MnOx were  evaluated  by  cyclic  voltammetry  (CV),
galvanostatic  charge–discharge  (CD)  experiments  and  electrochemical  impedance  spectroscopy  (EIS)  in
1 M Na2SO4 electrolyte.  The  specific  capacitance  of  the  T-MnOx electrode  sharply  increased  during  the
initial  1000  cycles  and  then  continued  improving  gradually.  It  reached  a maximum  of  220  F g−1 at  approx-
imately  the  4000th  cycle  at a  scan  rate  of  2 mV s−1, and  further  studies  showed  that  the  morphology  and
upercapacitor
ycle stability

structure  of the  T-MnOx were  maintained  after  4000  cycles,  indicating  that an electrochemical  activa-
tion  process  occurred  during  the  initial  thousands  of cycles.  The  electrochemical  activation  mechanism
is  discussed  in  detail.  The  specific  capacitance  remained  an almost  constant  value  and  decreased  slightly
upon  prolonged  cycling.  After  23,000  cycles,  it  decreased  by 6%  of  the  maximum  specific  capacitance.
The  experimental  results  demonstrate  that  T-MnOx is a promising  candidate  as  an  electrode  material  for

supercapacitors.

. Introduction

Currently, the depletion of fossil fuel resources and environ-
ental issues are becoming more and more serious, creating an

rgent demand for the development of a new energy storage device
o meet present-day power demands. Supercapacitors are consid-
red promising candidates for energy storage owing to their higher
nergy density compared with conventional electrical double-layer
apacitors and greater power density and longer cycle life than sec-
ndary batteries [1,2]. Accordingly, they have been employed in a
ide range of applications, such as in memory back-up systems,
ortable electronics and large industrial equipment, particularly in

ow-emission hybrid electric vehicles (HEVs) and fuel-cell electric
ehicles (FCEVs) for power enhancement in short-pulse applica-

ions. Thus, these devices have garnered great research interest in
ecent years [3].
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Because the material composition of the electrode is one
of the most important factors that determine the properties
of supercapacitors, most researchers in this field have focused
on the development of new electrode materials with superior
electrochemical properties. The electrode materials used in super-
capacitors mainly include carbon-based materials, transition metal
oxides and conducting polymers. For these three types of electrode
materials, carbon-based materials are widely applied in super-
capacitors, but they exhibit a limited voltage window and poor
specific energy density. Conducting polymers, such as polyaniline,
have gained enormous attention as electrode materials in super-
capacitors due to their ease of synthesis, excellent environmental
stability, relatively high conductivity and high capacitance; but
their poor cyclability is one of their main limitations for widespread
application [4].  Therefore, transition metal oxides are attracting
growing research interest. Among the various transition metal
oxides, hydrous ruthenium oxide (RuO2·nH2O) shows the best
performance; it exhibits a high capacitance of 760 F g−1 and an

excellent reversibility in sulfuric acid electrolyte [5].  However, the
toxic nature and high cost of hydrous ruthenium oxide greatly
limit its commercial implementation. At this point, new transition
metal oxides are being considered to replace ruthenium oxides.

dx.doi.org/10.1016/j.jpowsour.2011.11.043
http://www.sciencedirect.com/science/journal/03787753
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Table 1
The specific capacitance of MnO2 with different characteristic tunnels.

Reference MnO2 form Tunnel Specific
capacitance (F g−1)

Scan rate (mV  s−1)

[8] �-MnO2 1 × 1 5 5
[9] Pyrolusite 1 × 1 28 5
[9]  Ramsdellite 1 × 2 87 5
[10] Birnessite 1 × ∞ 96 5
[11] Birnessite 1 × ∞ 145 2
[12] �-MnO2 2 × 2 165 10
[7] �-MnO2 2 × 2 166 2
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range from −0.1 to 0.9 V by a CHI 660A electrochemical working
station. Electrochemical impedance spectroscopy (EIS) tests were

−2
anganese oxides are considered as the most promising transi-
ion metal oxide for the next generation of supercapacitors because
f their natural abundance, low cost, wide voltage windows, high
pecific capacitance and environmentally friendly nature.

Since the ideal supercapacitor behavior of amorphous
nO2·nH2O was first reported by Lee and Goodenough in

999 [6],  manganese oxides have attracted more and more
ttention, and much effort has been devoted to their research.

 literature survey reveals that considerable attention has been
aid to tunnel-structure manganese oxides most recently. The
icrostructures of this type of manganese oxide consist of MnO6

ctahedra, which can be linked along their edges and at their
orners to form various tunnel structures. Depending on the link
ode of the MnO6 units in the MnO2 unit cell, different sizes

f the tunnels are obtained, such as �-MnO2 (1 × 1), ramsdellite
1 × 2), birnessite (1 × ∞),  �-MnO2 (2 × 2), as well as others. The
orresponding crystallographic structures of these manganese
xides are schematized in Fig. 1. Because the pseudocapacitive
ontribution of manganese oxides with various tunnels originates
rom the intercalation or deintercalation of electrolyte cations into
heir tunnels, the size of the tunnels should significantly influence
heir ultimate electrochemical capacitive properties. The most
ecent and relevant literature regarding these materials has been
ulled and analyzed, and the manganese oxides with different
haracteristic tunnels in their structures and the corresponding
pecific capacitance are summarized in Table 1. Notably, Table 1
hows that the specific capacitance increases with an increase in
he tunnel size. The issue to address here concerns the impact
f the tunnel size on the specific capacitance. A narrow tunnel
ize does not allow the intercalation of electrolyte cations into
he MnO2 microstructure because the size of the tunnel is smaller
han the diameter of the electrolyte cations. The lower capacitance
f such structures is only due to surface adsorption. Contrarily,

 large tunnel structure is suitable for the insertion/extraction
f electrolyte cations. Furthermore, a large tunnel structure can
ccommodate a large amount of electrolyte cations, which is
ssential to sustain the capacitance behavior and stability of the
lectrode [13]. The todorokite-type MnO2 has a 3 × 3 large tunnel
tructure, as shown in Fig. 1e, which is expected to have excellent
lectrochemical capacitive properties.

Because todorokite-type MnO2 possesses this especially large
unnel structure and can absorb some metal cations and various
inds of molecules, this material has wide applications, such as
olecular sieves, catalysts and cathodic materials for rechargeable

atteries [14–16].  However, to the best of our knowledge, there has
een very little work reported in the literature on the application
f todorokite-type MnO2 as an electrode for supercapacitors [9].
n this paper, T-MnOx was  synthesized and studied as a possible
ctive electrode material in a supercapacitor. The supercapacitive
ehaviors and the charge storage mechanism of T-MnOx as an elec-

rode material for supercapacitors were studied elaborately and are
iscussed in detail.
urces 203 (2012) 233– 242

2. Experimental

2.1. Material synthesis

T-MnOx was synthesized following a procedure similar to that
discussed in a previous report by Ching et al. [17]. First, 3.4 g
of MnSO4·H2O powder was dissolved in 20 mL of distilled water.
While the solution was stirring, 30 mL  of NaOH (6 M)  aqueous solu-
tion was slowly dropped into the solution at room temperature, and
a light brown slurry of Mn(OH)2 was obtained. After stirring for
approximately 1 h, Mn(OH)2 was  oxidized by very slowly adding
3.2 g of (NH4)2S2O8 and 0.7 g of MgSO4·7H2O granular mixture at
room temperature, obtaining an olive-green slurry of Mg-doped
Na-birnessite. The obtained slurry was stirred for 2 h at room tem-
perature and then filtered and repeatedly washed with distilled
water. The Mg-buserite was  prepared by dispersing the Mg-doped
Na-birnessite in 300 mL  of 1 M of MgCl2 solution and stirring for
24 h at room temperature. The resulting mixture was transferred
into a Teflon-lined autoclave and kept in an oven at 160 ◦C for 24 h.
After cooling down to room temperature, the resulting mixture was
filtered and washed several times with distilled water. Finally, the
product was  vacuum dried at 60 ◦C for 24 h, and a brown T-MnOx

powder was  obtained.

2.2. Material characterization

The as-prepared powder was  characterized by powder X-ray
diffraction (XRD) using a D/MAX 2200 VPC X-ray generator in which
Cu K� used as the radiation source. Thermogravimetric analysis
(TGA) for the sample was carried out with a STA409PC Diamond
TG-DTA thermal analyzer in a nitrogen atmosphere from ambient
to 800 ◦C at a heating rate of 10 ◦C min−1. The specific surface area
and pore size distribution of the sample were analyzed using a sur-
face area analyzer (ASAP-2020, Micromeritics, America), and they
were calculated by the Brunauer–Emmett–Teller (BET) equation
and the Barrett–Joyner–Halenda (BJH) method, respectively. The
microstructure of the sample was  obtained from a JSM-6380 scan-
ning electron microscope equipped with energy dispersive X-ray
(EDX) spectrometers for the semiquantitative analysis. X-ray pho-
toelectron spectroscopy (XPS) measurements were performed with
an ESCALAB 250 X-ray photoelectron spectrometer. Fourier trans-
formation infrared (FT-IR) spectra were recorded using a Fourier
transform IR spectrometer (IR-prestige21, Shimadzu Co., Japan) by
making pellets with KBr.

2.3. Electrochemical measurements

The working electrode was  prepared by mixing 75 wt.% of
the as-synthesized T-MnOx power, 10 wt.% of graphite, 10 wt.%
of acetylene black and 5 wt.% of polyvinylidene fluoride (PVDF).
A slurry of the above mixture was made using N-methyl-2-
pyrrolidone (NMP) as a solvent, then the resulting mixture was
coated onto a stainless steel grid with an apparent area of
1 cm × 1 cm and dried under vacuum at 60 ◦C for 12 h. The elec-
trochemical measurements were carried out using a conventional
three-electrode system in which the as-prepared T-MnOx elec-
trode as the working electrode, graphite electrode as the counter
electrode and saturated calomel electrode (SCE) as the refer-
ence electrode and 1 M Na2SO4 aqueous solution was employed
as the electrolyte. Cyclic voltammetry (CV) and galvanostatic
charge/discharge (CD) experiments were studied in the potential
measured using the frequency range from 10 Hz to 100 kHz by
an Autolab PGSTAT30.
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Chemistry (IUPAC). Although T-MnOx has a low BET surface area, it
exhibits excellent electrochemical capacitive properties. This will
be discussed in the following section.
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Fig. 1. Tunnel-structure manganese oxides: (a) �-MnO2

The specific capacitance (SC) of the electrode can be calculated
rom CV and CD experiments using the following equations, respec-
ively:

C (CV) = Q

m�V
(1)

C (CD) = I�t

m�V
(2)

here SC is the specific capacitance (F g−1), Q the cathodic charge
C), m the mass of active material in the working electrode (g), �V
he width of the potential window (V), I the charge or discharge
urrent (A) and �t  is the discharge time (s).

. Results and discussion

.1. Characterization of materials

The crystallographic structure of the resultant material was
etermined by XRD; the XRD data is presented in Fig. 2. Two  strong
iffraction peaks are observed at 2� = 9.3◦ and 18.7◦ in the XRD
attern. The visibly sharp peaks reveal that the sample is well
rystalline. Besides these two main diffraction peaks, another two
eak diffraction peaks could be observed at 28.1◦ and 37.4◦. These

our diffraction peaks were indexed as the (0 0 1), (0 0 2), (0 0 3)
nd (0 0 4) reflections, respectively, by assuming that the man-
anese oxide material has a pseudo-orthorhombic cell [18]. All
f the diffraction peaks are in good agreement with the standard
alues of todorokite-type manganese oxide (JCPDS 38-0475) and
hose reported in a previous study of T-MnOx [14,15]. The struc-
ure of todorokite-type manganese oxide is a 3 × 3 tunnel structure
hat belongs to a monoclinic system with a P2/m space group and
nit cell parameters of a = 9.75 Å, b = 2.84 Å, c = 9.56 Å and  ̌ = 94.07◦

JCPDS 38-0475). The XRD results show that T-MnOx was success-

ully synthesized.

The surface morphology of the synthesized T-MnOx is shown in
ig. 3. The SEM micrograph clearly shows that the as-synthesized
-MnOx has an obvious plate-like morphology. The plate-like and
msdellite, (c) birnessite, (d) �-MnO2 and (e) todorokite.

fibrous morphologies of T-MnOx have both been reported in the
literature [16,19].  The fragmented platelets of the as-prepared T-
MnOx are irregular in shape and do not aggregate together; the
size and thickness of the platelets are approximately 1000 nm and
100 nm,  respectively.

The specific surface area and the pore size distribution of the as-
prepared sample were studied by nitrogen adsorption–desorption
experiments. The BET surface area of the T-MnOx was calculated to
be 14.2 m2 g−1, and the corresponding pore volume was approxi-
mately 0.02 cm3 g−1. BJH analysis further shows that the average
pore diameter of the T-MnOx is approximately 6.5 nm, and the
pore size is distributed over the range from 1.8 to 11 nm, indi-
cating the presence of micropores and mesopores in the obtained
material according to the International Union of Pure and Applied
5040302010
0

2 Theta (degree)

Fig. 2. XRD pattern of the as-prepared T-MnOx .
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Fig. 3. SEM image of the as-prepared T-MnOx .

The TGA profile of the T-MnOx is shown in Fig. 4 for a heat-
ng rate of 10 ◦C min−1 from room temperature to 800 ◦C in a N2
tmosphere. The total weight loss across the whole temperature
ange is 24 wt.%. The initially small weight loss of 3.7 wt.% below
00 ◦C can be mostly attributed to the dehydration of the sur-
ace physically adsorbed water. As the temperature increases from
00 ◦C to around 350 ◦C, the abrupt and large weight loss should
e ascribed to the dehydration of the water bound inside the tun-
el [20]. The additional weight loss between 500 and 580 ◦C is
robably due to the reduction of manganese from being tetrava-

ent to trivalent and to the release of generated oxygen from the
anganese oxide, resulting in the transformation of T-MnOx into
gMn2O4 and Mn2O3 [18,20].  From the TGA curve, it can be easily

bserved that the amount of tunnel water is much higher than that
f the physically adsorbed water. Beaudrouet et al. [21] suggested
hat a certain amount of structural water content can enhance the
iffusion of electrolyte cations in the electrode material, which is
eneficial to the electrochemical performance of the material.

XPS was employed to study the surface electronic states of the
s-prepared material, and the analytical results are shown in Fig. 5.
he Mn  2p, Mn  3s, Mg  1s and O 1s XPS spectra of the T-MnOx are

isplayed in Fig. 5a, b, c and d, respectively. As shown in the Mn
p spectrum, the peak appearing at a binding energy of 654.1 eV,
hich can be assigned to Mn  2p1/2, indicates that Mn is present in
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Fig. 4. TGA curve of the as-prepared T-MnOx .
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the chemical state of Mn4+ [22]. From the shape of the Mn 2P3/2
spectrum, it can be concluded that a mixture of Mn  valence states
exists in T-MnOx. The Mn  2P3/2 spectrum was  deconvoluted into
two separate peaks by curve fitting. The peak at a binding energy
of 642.6 eV further confirms the existence of Mn4+ [23]; the other
peak appears at a binding energy of 641.5 eV for Mn  2P3/2 indi-
cates the presence of the Mn3+ chemical state in the sample [24].
According to the literature [25,26], the valence state of Mn  can be
determined more specifically by investigating the splitting width
of two Mn  3s XPS peaks. Fig. 5b shows the XPS spectrum of the
Mn 3s orbit of T-MnOx. The peak separation width (�E) of the as-
prepared T-MnOx derived from curve fitting result is 5.08 eV. This
value is higher than the reported for MnO2 of 4.78 eV but lower
than Mn2O3 of 5.41 eV [25,27]. According to Chigane and Ishikawa
[25] and other researchers [27,28],  a lower valence of Mn  leads to
a wider splitting of the Mn  3s peaks. Above analysis result further
indicates that trivalent and tetravalent of Mn  coexist within the T-
MnOx. Fig. 5c depicts the XPS spectrum of the Mg  1s orbit of T-MnOx.
The broad Mg  1s peak is observed at a binding energy of 1303.3 eV,
implying that more than one chemical environment of the Mg
atoms exist in the prepared T-MnOx. The spectrum can be fitted
with two  peaks at binding energies of 1302.9 eV and 1303.5 eV.
According to previous reports [29,30],  these two fitted peaks indi-
cate that there are two possible forms of magnesium in the product:
free Mg2+ ions in the tunnels and the framework incorporation of
Mg2+ ions in the T-MnOx material, respectively. The main com-
ponent at a higher binding energy is typical for Mg2+ ions in the
framework of the T-MnOx for structural stability. The other rela-
tively small peak at a lower binding energy can be attributed to
Mg2+ ions in the tunnel, which is in a more reduced state and can
be easily substituted by other cations; thus, the relative number
of Mg2+ ions in the T-MnOx tunnel may  decrease in the ensuing
electrochemical measurements. The O 1s spectrum of the T-MnOx

was analyzed by curve fitting as shown in Fig. 5d. The spectrum
can be deconvoluted into two  sharp peaks and one broad peak,
which correspond to three different oxygen-containing species: the
anhydrous manganese oxide (Mn–O–Mn) at 530.1 eV, the hydrated
manganese (Mn–O–H) at 531.3 eV and the water molecule (H–O–H)
at 532.4 eV, which are in good agreement with the reported values
of 529.3–530.3 eV for Mn–O–Mn, 530.5-531.5 eV for Mn–O–H and
531.8–532.8 eV for H–O–H, respectively [28]. Moreover, it is also
found that T-MnOx contains a relatively large amount of hydrated
manganese, which is in good agreement with the TGA result.

3.2. Electrochemical properties

The CV technique was employed to investigate the supercapaci-
tive properties of the as-prepared T-MnOx. The first-cycle CV curve
of the T-MnOx electrode is presented in Fig. 6a. The CV curve was
recorded in 1 M Na2SO4 electrolyte within the potential range of
−0.1 to 0.9 V versus SCE at a scan rate of 5 mV  s−1. It can be observed
that the CV curve exhibits a roughly rectangular shape and no obvi-
ous redox peak in the potential range between −0.1 and 0.9 V.
The specific capacitance calculated from the first-cycle CV curve
according to Eq. (1) is found to be 94 F g−1.

The long-term cycling stability of the as-prepared T-MnOx was
investigated by long CV cycles up to 23,000 cycles at a scan rate of
50 mV s−1. To understand the capacitance variation during the CV
cycles, the initial specific capacitance was set to 100%, and the varia-
tion of the capacitance retention ratio as a function of cycle number
is shown in Fig. 7. The specific capacitance of the sample rapidly

increases during the initial 1000 cycles and then improves gradu-
ally; it finally reaches a maximum (170% vs. the initial value) at
approximately 4000th-cycle. Such an improvement in the specific
capacitance during a number of initial cycles was  also reported in
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revious studies on manganese oxides [23,31].  Thereafter, the spe-
ific capacitance remains almost constant and decreases slightly
pon prolonged cycling. After 23,000 cycles, the specific capaci-

ance value remains approximately 160% of the initial capacitance
alue and decreases by 6% of the maximum specific capacitance.
t is concluded that the as-prepared material presents excellent
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overall long-term stability, which suggests that T-MnOx is a promis-
ing electrode material for supercapacitor applications.

According to the above analysis, it can be concluded that the

specific capacitance reaches a maximum after 4000 cycles. Thus,
further experiments were performed on the T-MnOx electrode after
4000 cycles.
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Fig. 6b also shows the 4000th-cycle CV curve at a scan rate of
 mV s−1. The enclosed area for the 4000th-cycle CV curve is appar-

ntly larger than that of the first cycle, indicating an enhancement
n the specific capacitance. The specific capacitance calculated from
he 4000th-cycle CV curve is 189 F g−1, which is much larger than
he value 94 F g−1 observed for the first cycle. In addition, a pair of
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symmetric redox peaks is observed in the CV curve of the 4000th
cycle, and the broad anodic and cathodic peaks are located at 0.67
and 0.55 V versus SCE, respectively. This behavior suggests that
faradic phenomena occur during the charge-storage mechanism.

The supercapacitive behavior of T-MnOx was also measured by
CD testing. Fig. 8 depicts the typical charge–discharge curves of the
initial 3 cycles and after 4000 cycles for the T-MnOx electrode at a
current density of 1 A g−1 in 1 M Na2SO4 electrolyte between −0.1
and 0.9 V versus SCE. The charge–discharge curves after 4000 cycles
are almost similar to the initial cycles, except for the fact that
they exhibit a smaller initial potential drop, indicating that the
polarization resistance of the material becomes smaller during
electrochemical cycling. In general, the small initial potential drop
leads to a large specific capacitance [32]. Thus, after 4000 cycles, the
charge–discharge time becomes much longer than that of the initial
cycles, indicating that the specific capacitance of the T-MnOx elec-
trode increases during the cycling process. The specific capacitance
after 4000 cycles was  calculated according to Eq. (2) is 209 F g−1.

The electrochemical behavior of the T-MnOx electrode after
4000 cycles was  further characterized by CV at different scan rates
ranging from 2 to 100 mV s−1. An analysis of the scan-rate depen-
dence can provide useful information concerning charge storage
in the electrode material. Fig. 9a depicts CV curves of the T-MnOx
electrode after 4000 cycles at different scan rates. It can be observed
that the CV curves of the sample are relatively rectangular and sym-
metric at low scan rates. With an increase in the scan rate, the CV
curves gradually change from being rectangular in shape to being
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ig. 10. XRD patterns of the as-prepared T-MnOx: (a) before and (b) after 4000
ycles.

huttle-shaped. The specific capacitance was calculated from the
bove CV curves, and the result shows that the specific capaci-
ance values quickly decrease from 220 to 67 F g−1 as the scan rates
ncreases from 2 to 100 mV  s−1. It has been reported [7,33,34] that
he scan rate has a direct effect on the diffusion of Na+ ions. At low
can rates, such as 2 mV  s−1, Na+ ions can access almost all available
ores of the electrode, leading to nearly full utilization of the sur-
ace and bulk of the electrode material. Therefore, the system shows
lmost ideal capacitive behavior. However, at higher scan rates, Na+

ons do not have enough time to diffuse into the whole volume of
he T-MnOx electrode; consequently, some pores and voids remain
naccessible, so the specific capacitance decreases appreciably.

Further CD measurements were also carried out in 1 M Na2SO4
t different current densities to obtain more information about the
upercapacitive behavior of the T-MnOx electrode after 4000 cycles.
s shown in Fig. 9b, the straight line characteristic in the charge
nd discharge curves implies the excellent capacitive nature of
he active material. The average specific capacitances calculated
rom the charge–discharge curves at current densities of 0.5, 1, 2, 3
nd 4 A g−1 are 224, 209, 184, 165 and 151 F g−1, respectively. The
pecific capacitance clearly decreases when the charge–discharge
urrent density increases, showing the same tendency as that
eported in the above CV studies.

To compare the specific capacitance values obtained by CV
xperiments with those calculated from CD tests, the scan rate in
he CV experiments and the discharge time in the CD tests were
onverted to a discharge rate. The specific capacitance values of
he T-MnOx electrode after 4000 cycles (calculated from the CV and
D tests) versus the discharge rate are shown in Fig. 9c. It can be
asily observed that the specific capacitance calculated from the
D tests are close to but slightly larger than those obtained by CV
xperiments at the same discharge rate. The results suggest that
he specific capacitance values calculated from CV and CD tests can
e compared at the same discharge rate.

To understand the structural stability of the T-MnOx during elec-
rochemical cycling, the XRD pattern of the T-MnOx was  recorded
fter 4000 CV cycles and shown in Fig. 10.  To avoid the interfer-
nce by the diffraction peak of graphite and further compare the
tructure change of the pure T-MnOx during electrochemical cycle,
he working electrode was specially prepared by mixing 85 wt.% of
he as-synthesized T-MnOx power, 10 wt.% of acetylene black and
 wt.% of PVDF for XRD measurement. The typical diffraction peaks
f the T-MnOx, such as those at 2� = 9.3◦, 18.7◦, 28.1◦ and 37.4◦,
till remain in Fig. 10b. Because of higher content and stronger
iffraction peaks of T-MnOx and the smaller amount and weaker
Fig. 11. FT-IR spectra of the T-MnOx: (a) before and (b) after 4000 cycles.

diffraction peaks of acetylene black and PVDF, the diffraction peaks
of acetylene black and PVDF are not clearly observed in the XRD pat-
terns of the T-MnOx electrode after 4000 electrochemical cycles.
This XRD result reflects that long-term electrochemical cycling
does not induce significant structural modifications of the T-MnOx

electrode. Therefore, the increase in the specific capacitance for
the T-MnOx electrode during thousands of initial electrochemical
cycles is attributed to a gradual electrochemical activation process.

To understand the differences in the chemical bonds in T-MnOx

between before and after 4000 cycles, FT-IR analysis was carried out
in the wavelength range from 450 to 4500 cm−1, and the resulting
FT-IR spectra are shown in Fig. 11.  It can be observed that the FT-
IR spectrum of the T-MnOx before electrochemical measurement
(Fig. 11a) is similar to that of the sample after 4000 cycles (Fig. 11b).
The two spectra show the same broad band at around 3436 cm−1

due to the O–H stretching vibrations of adsorbed water molecules
or hydroxyl groups [35]; the absorption peaks at around 1638, 1398
and 1105 cm−1 can be assigned to the O–H bending vibrations com-
bined with Mn  atoms [36], and the Mn–O stretching vibrations in
MnO6 octahedra framework can be observed at approximately 513,
476 and 427 cm−1 [37]. However, two  new weak absorption peaks
appear at around 1234 and 1165 cm−1 after 4000 cycles, which are
normally attributed to the O–H bending vibrations connected to
Mn atoms. Some experts believe that the presence of bound water
in the manganese oxide structure facilitates the diffusion of Na+

ions in the bulk of the electrode, which produces favorable electro-
chemical properties for manganese oxide as an electrode material
for supercapacitors [36,38].  The FT-IR results are in good agree-
ment with the above XRD analysis data, and both demonstrate
the excellent structural stability of the T-MnOx electrode during
electrochemical cycling.

The fresh T-MnOx electrode and the T-MnOx electrode after
4000 cycles were also studied by SEM at the same magnifica-
tion; the SEM images are shown in Fig. 12a and b. The T-MnOx

was observed to possess plate-like morphology in Fig. 12b, indi-
cating that the morphology of the T-MnOx is retained even after
4000 cycles. A better understanding of the electrochemical behav-
ior of the T-MnOx electrode was obtained by EDX measurements.
The Na/Mn and Mg/Mn  atomic ratios of the T-MnOx electrode
before and after 4000 CV cycles in 1 M Na2SO4 electrolyte are shown
in Fig. 12c. Fig. 12c shows that the Mg/Mn  atomic ratio decreases
from 0.21 to 0.16 after thousands of cycles, indicating that some

2+
Mg ions dissolve from the electrode during cycling. The Na/Mn
atomic ratio of the fresh T-MnOx electrode is approximately 0.01,
the slight amount of Na+ ions is mainly due to the residual Na+

ions that remain after repeated cleaning during synthesis, though
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he Na/Mn atomic ratio reaches 0.67 after 4000 cycles. According to
he literature [11], Mg2+ and Na+ ions exist in T-MnOx to compen-
ate the negative charges on the MnO2 framework. Based on the
tomic ratio data in Fig. 12c, the total positive charge of Mg2+ and
a+ is 0.43(0.21 × 2 + 0.01) for the fresh T-MnOx electrode, indicat-

ng the oxidation number of Mn  is 3.57. This result is consistent
ith the above XPS results, which demonstrate the presence of the
n4+ and Mn3+ chemical state in T-MnOx. In the cycling exper-

ment, the cycle was stopped in the reduced state at a potential
f −0.1 V versus SCE. The total positive charge of Mg2+ and Na+ is
.99(0.16 × 2 + 0.67) for the T-MnOx after 4000 cycles, correspond-

ng to the oxidation number of Mn  is 3.01. The higher Na/Mn atomic
atio and lower oxidation number of Mn  is consistent with charge
ompensation by Na+ ions from the electrolyte at the reduced state,
hich was reported by Athouel et al. [11] and Toupin et al. [39].
ccording to the in situ XRD experiment [40,41], the intercala-

ion/deintercalation compound can reserve its structure stability
uring various oxidation state.

According to the above XPS analysis result, two possible forms
f Mg2+ ions exist in the sample: free Mg2+ ions in the tunnels and
he framework-incorporated Mg2+ ions in the T-MnOx material.
he results of the above XRD and FT-IR analysis demonstrate the
xcellent structural stability of the T-MnOx during electrochemical
ycling, which indicates that the Mg2+ ions in the framework should
e retained in the T-MnOx structure and support the structural sta-
ility. Therefore, the Mg2+ ions in the tunnel deintercalate gradually
nd undergo ion exchange with Na+ ions in the electrolyte solution

uring the initial electrochemical cycles. Moreover, with its large
unnel structure, T-MnOx can accommodate many more Na+ ions,
hich provide additional specific capacitance. Such an activation
rocess during thousands of initial electrochemical cycles results
MnOx as active material before cycle and (b) after 4000 cycles. (c)The Na/Mn and
les.

in a gradual increase in the specific capacitance of the T-MnOx

electrode.
According to previous studies, two mechanisms were proposed

to explain the supercapacitive behavior of MnO2 in a mild solution.
The first is the surface adsorption of electrolyte cations (C+ = H+, Li+,
Na+ or K+) on the manganese oxides [6].

(MnO2)surface + C+ + e− ↔ (MnO2
−C+)surface (3)

The second is based on the intercalation or deintercalation of elec-
trolyte cations (C+ = H+, Li+, Na+ or K+) in the bulk of the manganese
oxides during reduction [39].

MnO2 + C+ + e− ↔ MnOOC+ (4)

In our present study, the specific capacitance increases during
electrochemical cycles before 4000 cycles. This is attributed to the
gradual activation process of the T-MnOx electrode. During initial
electrochemical cycles, Mg2+ ions in the tunnel of the T-MnOx hin-
der Na+ ions from electrolyte diffusion into the tunnels, resulting in
a low specific capacitance value. Along with the cycling, the elec-
trolyte gradually soaks into the bulk of the electrode, and Mg2+

ions in the tunnel of the T-MnOx deintercalate from the electrode,
which facilitates Na+ ions diffusion into the tunnels. According
to equation 4, Na+ ions reversibly intercalate/deintercalate into
the T-MnOx electrode, providing a considerable pseudocapacitive
contribution. Thus, the electrode exhibits excellent capacitance
behavior after 4000 cycles. The specific capacitance of the T-MnOx

electrode remains an almost constant value until 23,000 cycles with

the increase in cycle number, which indicates that the intercalation
and deintercalation of Na+ ions into the tunnel of the T-MnOx do
not result in significant structural or microstructural changes of the
T-MnOx, even after 23000 cycles.
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Nyquist plots of the T-MnOx electrode before and after elec-
rochemical measurements in 1 M Na2SO4 electrolyte at different
otentials are shown in Fig. 13.  It can be clearly observed that
ll of the measured impedance plots are similar in shape. At very
igh frequencies, the EIS curves exhibit almost the same combined
esistance of the ionic resistance of the electrolyte, the intrinsic
esistance of the T-MnOx electrode and the contact resistance at the
nterface between the T-MnOx electrode and the current collector.
he semicircle in the high-frequency range is usually associated
ith the electrochemical processes of the T-MnOx electrode, and

he diameter of the semicircle corresponds to the charge-transfer
esistance (Rct). It can be easily observed from Fig. 13 that the
iameters of the semicircles clearly decrease after 4000 cycles.
ariations in the Rct of the T-MnOx electrode in different cycles with
otential are shown in Fig. 14.  Compared with the fresh electrode,
ll of the Rct of the T-MnOx electrode after 4000 and 23,000 cycles
t various potentials are reduced, but they are close to each other at
he same potential. It can be concluded that the initial thousands of
ycles provide an electrochemical activation process, which leads
o the decrease in the charge-transfer resistance and the increase in

he specific capacitance. At lower frequencies, the straight sloping
ines along the imaginary axis represent the diffusive resistance of
he electrolyte in the electrode pores and the proton diffusion in the
ost material. All of the plots of the T-MnOx electrode are almost
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perpendicular to the real axis, indicating that the material has low
diffusive resistance and ideal capacitance. A comparison of Fig. 13a
and b reveals that the slopes of the diffusion lines become much
straighter after 23,000 cycles for all potentials, which indicates that
the diffusive resistance apparently decreases during cycling. We
believe that the specific capacitance is significantly influenced by
the diffusive resistance and Rct, so the electrochemical capacitive
properties of the T-MnOx electrode improve significantly during
the initial thousands of cycles.

4. Conclusions

In this paper, T-MnOx with a 3 × 3 large tunnel structure was
successfully prepared using a hydrothermal method. The superca-
pacitive behaviors of the obtained material were studied by CV,
CD and EIS experiments. The results show that the specific capaci-
tance of the T-MnOx electrode sharply increases during the initial
1000 cycles and then continues to gradually improve; it reaches a
maximum of 220 F g−1 at approximately the 4000th cycle at the
scan rate of 2 mV  s−1. Thereafter, the specific capacitance remains
almost constant and decreases slightly upon prolonged cycling.
After 23,000 cycles, it decreases by 6% of the maximum specific
capacitance. Further XRD and FT-IR analyses revealed retention of
the structural stability of T-MnOx during electrochemical cycling.
Thus, the increase in the specific capacitance of the T-MnOx elec-
trode during the initial thousands of cycles is attributed to an
electrochemical activation process. During the initial electrochem-
ical cycles, the Mg2+ ions in the framework are preserved in the
T-MnOx structure and support the structural stability; the Mg2+

ions in the tunnel of the T-MnOx hinder Na+ ions from diffus-
ing from the electrolyte into tunnels, resulting in a low specific
capacitance. During electrochemical cycling, the Mg2+ ions in the
tunnel of the T-MnOx deintercalate from electrode, which facili-
tates Na+ ion diffusion into the tunnels, Moreover, the large tunnel
of the T-MnOx can accommodate many more Na+ ions, allowing
for a higher specific capacitance. In addition, the charge-transfer
resistance (Rct) of the T-MnOx electrode apparently decreases after
4000 cycles and then remains at almost a constant value up to
23,000 cycles. The excellent supercapacitive performances of the
as-prepared T-MnOx suggest its potential application as a superca-
pacitor electrode material.
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