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Capacitance Behavior of Manganese Oxide Hollow Structures with Different
Morphologies via Hydrochloric Acid Chemical Etching

HAN Dan-Dan XU Peng-Cheng® DING Yuan-Sheng ZHU Chang-Feng BAI Ming-Yang LIU Yi-Liang
(College of Chemistry and Pharmaceutical Engineering, Jilin Institute of Chemical Technology, Jilin, Jilin 132022, China)

Abstract: Hierarchical hollow MnO, were controllably synthesized by hydrochloric acid chemical etching. MnCO,
with spindle and cube morphology was used as the precursor. The microstructure and morphologies of the
resulting materials were characterized by XRD, SEM, TEM and electrochemical measurements. The results
indicate that the product obtained by simple reaction for 3 min has hollow structure with excellent permeability,
narrow pore-size distribution, and favorable capacitance performance. Further, due to facile mass transfer in the
perfectly porous matrix, the synthesized MnO, show lower equivalent series resistance and better frequency

response as revealed from the impedance studies.
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Supercapacitors, a characteristic combination of
high power and reasonable energy density with faster
response time and near-infinite life cycle in a wide
operational temperature range, can complement other
energy storage devices like conventional capacitors,

batteries and fuel cells. However, in some new

and hybrid
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application fields, such as electric

vehicles, supercapacitor with higher capacitance and
longer cycle life is necessary!.

MnO, appears to be one of the most attractive
electrode materials for supercapacitors, due to its low

environmental friendliness, and
[6-9]

cost, availability,
higher capacitance However, the supercapacitive

performance of a MnO, electrode depends on the
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particle size of the active material, electrode
morphology, and its crystal structure. In addition, the
hollow structured active material for the superca-
pacitor electrode is a critical issue in overcoming the
intrinsically low electronic conductivity and clustered
morphology of MnO,"™". A literature survey show that
many routes or techniques for preparation of MnO,
have been developed, such as sonochemical synthesis!'?,
solution-combustion!™, thermal decomposition™, hydr-
othermal synthesis!"*", microwave-assisted synthesis!'*"”
electro-deposition!™ and sol-gel progress!'”. However,
most of the methods require extensive mechanical
mixing, long duration, high temperature, high energy-
consuming, which are employed to generate bulk
nanostructures and films of MnO, for supercapacitor
applications.

Herein, we report the synthesis of different MnO,
hollow structures, such as cubes and spindles. The
method developed here is based on etching the
MnCO; template by hydrochloric acid, the morphologies
of which can be easily controlled by varying the
morphologies of the MnCO; intermediate. The crystal
structure of MnO, was investigated to elucidate the
formation  mechanism of the products. The
electrochemical properties of these hollow structures

were also evaluated.
1 Experimental

1.1 Synthesis procedure
All the chemicals were of analytical grade and

MnCO;

microcubes were prepared base on Qian’ s group

were used without further purification.

method™ with minor modification. Briefly, 0.2 g of
MnSO,, 1 g of NaHCO;, and 1.5 g of (NH,),S0, were
added to a given amount of distilled water and 7 mL
ethanol, maintaining for 8 h in an oven at 50 °C.
MnCO; spindles were prepared by dissolving
0.35 g of MnCl, into 28 mL of deionized water. Then
0.42 g of Na;CsHsO; was added, and the resulting
solution was stirred for 10 min to form a homogeneous
mixture, and finally 2.1 mL of NH; (25%) was added
to the
transferred into a 50 mL Teflon-lined (PTFE) stainless

above solution. The mixture was then

steel autoclave. The autoclave was sealed and kept in
an oven at 160 °C for 2 h.

The as-prepared MnCO; sample was dispersed in
20 mL of distilled water, and then 0.03 mol + L' KMnO,
solution was added under stirring. After 2 min, 2.5
mol +L.™" hydrochloric acid was added into the above
solution, and the mixturewas maintained at room
temperature with stirring for 1 min. Finally, the hollow
MnO, was separated, and washed with double distilled
water several times, and dried in a vacuum at 60 °C
for 12 h. The hollow spindle- and cube-MnO,
structures with were denoted as MnO,-s and MnO,-c,
respectively.
1.2 Characterization

XRD patterns were recorded on a Rigaku D/max
TTR-III diffractometer using Cu Ka radiation (A =
0.154 18 nm). The morphologies of the sample were
observed on a scanning electron microscope (SEM,
JSM-6480A, Japan Electronics). TEM micrographs
were taken on a FEI Tecnai G* 20 S-TWIN transmission
electron microscope with a field emission gun
operating at 200 kV.
1.3 Preparation of electrodes and

electrochemical characterization

To evaluate the electrochemical properties of the
MnO, microstructures, working electrodes were prepared
as follows. The
acetylene black, and poly (tetrafluoroethylene) (PTFE)

as-prepared materials, graphite,
were mixed in a mass ratio of 75:10:10:5 and dispersed
in ethanol to produce a homogeneous paste. Graphite,

black and PTFE were

conductive agent and binder, respectively. Then the

acetylene used as the
mixture was coated onto the nickel foam substrate (1
cm?) with a spatula. Finally, the fabricated electrodes
were dried at 60 °C for 1 d in a vacuum oven. The
loading level of the active material on the current
collector is typically 0.02 g-cm™ Cyclic voltammetry
(CV), chronopotentiometry (CP), and electrochemical
impedance spectroscopy  (EIS) measurements were
carried out using conventional three-electrode confi-
guration on a CHI 660 E electrochemical workstation.
The Ni foam coated with MnO, was used as the

working electrode, and platinum foil (1 em? and a
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saturated calomel electrode (SCE) were used as the g g 5 #: MnCO,
counter and reference electrode. All the experiments ‘ J £c8 <7 8§ . V': M0,
were carried out using freshly prepared 1.0 mol - L™ J\ j }‘ b @

aqueous NaSO, electrolyte. The EIS measurements
were carried out in the frequency range from 100 kHz
to 0.05 Hz at open circuit potential with an ac

perturbation of 5 mV.
2 Results and discussion

2.1 Material characterization

The XRD results of (a) hierarchical hollow cubes,
(b) hollow spindles MnQO, and (c) MnCO; cubes
precursors are given in Fig.1. All of the diffractions of
the XRD pattern in Fig.lc can be readily indexed to
pure hexagonal phase of MnCO; according to reported
data (PDF No.86-0173). The narrow and strong peaks
in the XRD pattern are mainly attributed to the high
crystallinity. As shown in Fig.la, the pattern of the
as-prepared sample matches well with the standard
pattern of the hexagonal e-MnO, (PDF No.30-0820, «
=0.280 nm, ¢=0.445 nm). No peaks for other types of
MnO, are observed, indicating that the &-MnO, have
been successfully prepared from the pure phase
hexagonal MnCOs;, whereas for pattern b, apart from

the peaks of the rhombohedral MnCOs;, some peaks

I
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Fig.1 XRD patterns of the as-prepared £-MnO, (a)
hierarchical hollow spindles, (b) hollow cubes

and (c¢) MnCO; precursor

that originate from the MnCO; intermediate are also
found.

The SEM images of spindle MnCO; precursor
with different magnifications are shown in Fig.2a,b. It
is clear from Fig.2a that the sample exhibits a uniform
and spindle-like structure with a length of several
micrometers. Fig.2b (high magnification) clearly shows
sphere-like structure with length of 2 pm, which may
be formed by the rupture from the thinnest of the
spindles during the hydrothermal process. However,

the growth of spindles with a rough surface is evident.

-
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SEM images for different shaped MnCOj; structures: (a, b) spindles and (¢, d) cubes
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Fig.3 SEM images for different shaped hollow MnO, structures: (a) spindles and (b) cubes

As shown in Fig.2c,d the microcubes exhibit the
average edge length of 2.5~3 pwm. The hollow MnO,
the

oxidation of the spherical precursor crystals in KMnO,

with hierarchical structure is obtained by

solution at room temperature followed by removal of
MnCO; with HCL. Fig.3a and b show the SEM images
of MnO, hollow structure. One can see that the as-
obtained MnO, maintains the frame structure of the
precursor. At a high magnification (Fig.2b), there is a
mouth-like opening on some of the cubes and
spindles. Through the opening, the inner hollow

structure can be clearly seen.

The low-magnification TEM images in Fig.4a and
¢ show cube-and spindle-MnO, with clearly visible
hollow interiors. As shown, numerous nanoparticles
are with irregular aggregation and form hierarchical
(Fig.4b). Fig.4d
confirms the hollow MnO, microcubes structure with a
wall thickness of 100~200 nm. The SEM and TEM

analysis reveal that this unique open mesoporous

shell of spindle-MnO, structures

morphological characteristic is favorable for electrolyte
penetration and fast ion/electron transfer and may lead
to increasing of the electrochemical reactivity.

The synthetic mechanism of KMnO, with MnCO;

e

Fig.4 TEM images for different shaped hollow MnO, structures: (a) overview of spindles, (b) cubes,

(c) edge of a spindles MnO, shell and (d) a single cubes
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around the micrometersized precursor surface could
be explained by a Kirkendall effect™?, as shown in
Fig.5. The MnO, shell with MnCO; intermediate core
is prepared at room temperature using a freshly
prepared solution of dilute KMnO, to oxidize the
KMnO, and

MnCO; can react with each other readily and form a

surface of the MnCO; intermediate.
diffusion pair. The coupled reaction/diffusion at the
crystal/solution interface might lead to the quick
formation of a MnO, shell around the outside surfaces
of the MnCO; crystals. After removal of the MnCOs
intermediate core with HCI, well crystallized MnO,
hierarchical hollow structure was obtained. There has
the

crystallinity structure and the surface area of the

always been a strong correlation between

system on the electrochemical properties as discussed

70 C KMnO,

[

HCl1
—

MnCO,

MnO,/MnCO,

Holow MnO, cube

later.
2.2 Electrochemical characterizations

The CV responses of the MnO,s and MnO,-c
(10~50 mV +s")in a
fixed potential range of —0.2~0.8 V in aqueous 1 mol-

sample at different scan rates

L™ Na,SO, electrolyte are shown in Fig.6a and Fig.6c,
respectively. The individual MnO»s and MnOy,-c

sample electrodes are subjected to one time

stabilization/activation by repeated CV cycles (25

"in the similar

numbers) at sweep rate of 50 mV -s~
potential range, before performing the CV experiments
for accessing the electrochemical performance. The
CV profiles of MnO, sample at different scan rates are

ideal

pseudocapacitive behavior. In neutral electrolyte as

almost rectangular in shape indicative of

studied here, there are generally two parallel

mechanisms proposed, based on the adsorption and
intercalation involving surface and bulk phenomena

during the charge storage in porous MnO,-based
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(a, ¢) Cyclic voltammetry curves of hierarchical hollow MnO,-¢ and MnO,-s samples at scan rate of 10, 20, 30, 40

and 50 mV-s™; (b, d) specific capacitance as a function of scan rate with different structure
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electrodes™?!, The first possible mechanism is ascribed
to the rapid intercalation of alkali metal cations such
as Na' in the electrode during reduction and deinter-
calation upon oxidation.

MnO,+C*+e~ = MnOOC*

The other possible mechanism is based on the
adsorption of the H* and Na* ions on the surface, rather
than in the bulk of the sample™*%,

MnOsupegtCHe” = (MnO; C*)utuce)
where C can be either H* or Na* ion. This clearly
demonstrates the occurrence of intercalation and de-
intercalation of H* or Na* ions during the charge
storage in the MnQO, sample. This is due to the fact
that at lower scan rates, both outer- and the inner-
pore surfaces of the porous electrode materials are
effectively utilized for intercalation, while at high scan
rates mainly outer regions of the pores are accessed
by the ions. However, the cathodic and the anodic
peak currents of MnOyc sample are slightly higher
than MnO,-s sample, implying a higher specific
capacitance. From the CV measurements at different

scan rates (v, mV+s™), the specific capacitance (C,, F+

¢™') values are estimated using the equation™>;
1 "
Co ol V) J Vv 1)

where w (g) is active weight of the electrode material.
The specific capacitance values of the sample at
different scan rates are drawn from the integration of
potential (V versus SCE) versus specific capacitance

(C,, F-g™) graphs, as shown in Fig.6b,c. At potential
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scan rates of 10~50 mV +s™', the specific capacitance
values for MnO,-c sample are 189~112 F-g™". Similarly,
at the same scan rate the specific capacitance values
for MnO,-s sample are in the range of 158~74 F-g™".
As the scan rate increases, the specific capacitance
values decrease, which is due to the limitation of the
ion diffusion rate to satisfy electronic neutralization
during the charge and discharge reaction.

The rate dependent discharge profiles taken from
the first cycle of corresponding voltage time profiles of
MnO,-¢ and MnO,-s samples are shown in Fig.7a and
b, respectively. It is noted that the discharging time of
MnO,-¢ sample is higher than that of MnO,-s sample
at identical current density conditions. The specific
capacitance of the electrode is obtained from the

following equation™ ¥

1
C=1@v/die] @
where I (A) and dV/di (V-s™), respectively, denote the

the

chronopentionmetric curve, w (g) represents the mass of

applied galvanostatic current and slope of
electroactive material. It can be ascertained that the
specific capacitance of MnOy-c sample is 115 F-g™as
compared to 90 F -g™' by MnO,-s sample at current
density of 0.5 A -g™'. Tt indicates that the enhanced
rate capability capacitance of MnO,-c¢ sample is a
combined contribution of much thinner shell with
superior pore channel and large internal accessible
surface  which in turn facilitates the electrolyte

penetration into the sample matrix, decreases the ion
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Fig.7 Discharge curves of (a) MnO,-¢ sample and (b) MnO,-s sample between voltage limits of =0.2 to 0.8 V

at rates from 0.5 A-g™ to 4A- g™
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diffusion resistance and enhances the electroactive
surface utilization during the charge and discharge
process™.

The EIS has been employed to study the kinetic
features of MnO,-c sample electrodes during their
charge storage process™. For both the samples, the
complex-plane impedance plots fitted by complex
(CNLS) fitting method to the

Randle equivalent circuit are shown in Fig.8. where

nonlinear least squares

Cy in parallel with a charge-transfer resistor is a
double layer capacitor, W is Warburg impedance, and
Ri. is charge transfer resistance at the electrode
electrolyte interface due to the discontinuity in the
charge transfer because of conductivity
solid

conductivity) and liquid electrolyte phase

process

difference  between the oxide (electronic
(ionic
conductivity). The distinctive semicircle of the MnO,
sample after charge-discharge cycles in the medium
frequency region is small as compared to that before
the cycles, suggesting lower diffusion resistance
during insertion/de-insertion of H* and Na* ions inside
the matrix of porous MnO, sample. A major difference
is the slope of the 45° portion of the curve called the
Warburg resistance (Zy), which is a result of the
frequency dependence of ion diffusion/transport in the

electrolyte to the electrode surface.

Moreover, the
increased Warburg resistance after 500 cycles is
attributed to the increased diffusion and migration
pathways of electrolyte ions during the charge/
discharge processes. Long cycling life is an important

40
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Fig.8 Nyquist plots of MnOy-c electrode before and after
500 cycles; Inset shows the electrical equivalent

circuit used for fitting impedance spectra

requirement for supercapacitors™”. The cycling life test
over 500 cycles for the MnO,¢ and MnO,-s sample
electrodes was carried out by repeating the
galvanostatic charge-discharge test between —0.2 and
0.8 V at a current density of 0.5 A -g . The
capacitance retention of 83% is observed after 500
cycles, which is higher for MnOyc sample as
compared to MnO,s sample. These results indicate
that the hierarchical superstructure endow the hollow
urchins with excellent rate capability and long cycling
stability.
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Fig.9 Specific discharge capacity of MnO,-¢c and MnO,-s
sample tested for 500 cycles at a current density

of 0.5A ¢
3 Conclusions

In summary, 3D hierarchical £-MnO, microcubes
and spindles have been prepared by shape-preserving
KMnO, oxidation of micrometer-scale manganese
carbonate structures. The formation of the unique
from Kirkendall effect and
chemical etching by hydrochloric acid. The electro-

superstructure stems
chemical studies indicate the product shows a specific
capacitance value of 115 F -g™' with excellent rate
capability and good cycling stability. Furthermore, the
asprepared materials with distinct morphology may
find potential applications in the fields of super-
catalysts, absorbents, electro-

capacitors, sensors,

magnetic and microelectronic devices.
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