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Along with lithium-ion batteries, supercapacitors have
received great attention as a future energy storage system.!
Despite the successful commercialization of electrical dou-
ble layer capacitors (EDLCs), one type of supercapacitors,
their utilization has been somewhat limited in comparison
to lithium-ion batteries, which results mainly from their
low energy densities.>® To overcome such restriction,
pseudocapacitors that resemble batteries in the charge
storage mechanism have been intensively investigated
over the last decades. A variety of transition metal oxides
and hydroxides, such as MnO», C0304, Co(OH),, NiO,
Ni(OH),, have been utilized as active electrode materials.*
Among them, MnO; has received great attention because
of its earth-abundance, low-cost, a high theoretical spe-
cific capacitance of ~1380 F/g.>® Like other transition
metal oxide materials, however, the practical application
of MnO; in supercapacitors has been hindered due to its
low electrical conductivity (10°~107° S/cm).” This draw-
back can be alleviated to some extent by mixing MnO,
with activated carbon. However, this conventional pro-
cedure often leads to the aggregation of MnO», thus lim-
iting the full utilization of MnO». Recent efforts to address
this issue are such that MnO, is directly deposited onto
various free-standing conductive substrates such as Ni
foam, graphene foam, and carbon cloth to maximize the
utilization of MnO, surface.>? In this study, we employed
a carbon fiber paper (CFP) as a substrate and directly grew
MnO; on CFP via a simple hydrothermal reaction. Inter-
estingly, we observed that different crystallographic struc-
tures of MnO (a-MnO, and 8-MnQO;) were obtained
depending on the presence or absence of a pre-treatment
by Pt sputtering. We also found that these two MnO, spe-
cies showed different specific capacitances when evalu-
ated as pseudocapacitor electrodes.
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6-MnO, was prepared by a simple hydrothermal reac-
tion. For the deposition of a seed layer, a piece of bare CFP
(SGL Technologies) was dipped into a solution contain-
ing 0.03 M manganese acetate for 15 min and annealed at
450 °C for 30 min. The seeded CFP was dipped into an
aqueous 71.2 mM KMnOj solution containing HCI (1 mL),
and the whole solution (40 mL) was transferred to a 100 mL
Teflon-lined stainless steel autoclave and heated at 120 °C
for 1 h. The CFP was removed from the cooled autoclave
and washed with deionized water to remove the unreacted
species adsorbed on its surface. a-MnO> was synthesized
under the similar reaction condition except that the CFP
was sputtered with Pt (Pt/CFP) prior to the reaction and
the reaction time was prolonged to 3 h at 150 °C.

Fig. 1 shows X-ray diffraction (XRD) patterns of the
obtained products. The diffraction peaks of MnO, grown
on bare CFP are indexed to 8-MnO» (JCPDS 80-1098, mon-
oclinic symmetry with C2/m space group, lattice param-
eters of a=5.15 A, b=2.84 A, c=7.17 A), whereas those of
MnO, grown on Pt/CFP match the peaks from pure a-MnO,
(JCPDS 44-0141, tetragonal symmetry with /4/m space
group, lattice parameter of a=b=9.78 A, ¢=2.86 A).'" The
basic building block of MnO; is [MnOg] octahedral units.
Depending on how these building blocks are intercon-
nected, several polymorphs of MnO» can be formed. 5-MnO>
forms when the [MnQOg] octahedral units assembled into
two-dimensional sheets held together with a distance of
0.73 nm. On the contrary, the crystal structure of o.-MnO,
consists of double chains of [MnOg] octahedral forming
2x2 and 1x1 tunnels with the sizes of 0.46 and 0.189 nm,
respectively.!! It has been known that raising a reaction
temperature facilities the anisotropic growth of MnO»,
thus leading to the formation of a-MnQ,.'° Unlike the pre-
vious report, we could not observe the formation of a-MnO;
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Figure 1. XRD patterns of (a) 6-MnO; and (b) a-MnO, depos-
ited on CFP and Pt/CFP substrates (peaks from 8-MnO,, o-MnO»,
Pt, and CFP are shown in red, blue, green, and black, respec-
tively).

even at an elevated temperature (150 °C) when the bare
CFP was employed as a substrate. However, the use of the
Pt/CFP substrate allowed us to synthesize a-MnQO, at 150 °C.
In general, a-MnO is formed when 6-MnO, created at an
early stage of the reaction undergoes a phase-transforma-
tion at a high temperature. In our synthesis, it is obvious
that raising the reaction temperature failed to induce the
phase-transformation. Therefore, we concluded that Pt depos-
ited on CFP played a critical role in the formation of o-MnQO;
and facilitated the phase-transformation as a catalyst.
Fig. 2 shows the scanning electron microscopy (SEM)
images of 6-MnO; and o-MnO, deposited on CFP and Pt/
CFP substrates, respectively. The entire surface of CFP
was fully covered with MnO> in both samples. In the case
of 6-MnO,, a myriad of nanoflakes were vertically inte-
grated on top of CFP. On the contrary, one-dimensional,
thorn-like nanostructure was observed for o-MnQ,. This
difference in the morphology reflects the characteristics of
crystal structures of 3-MnO> and o.-MnO». 8-MnO; pos-
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Figure 2. SEM images of (a and b) 3-MnO» and (c and d) a-MnO»
deposited on CFP and Pt/CFP substrates.

sesses two-dimensional lamellar structure, thus the inte-
gration of nanoflakes is favored when it grew on the CFP
substrate. However, one-dimensional tunnels feature promi-
nently in a-MnO», thus the anisotropic growth results in
the formation of nanothorns.

This structural difference may have a significant effect
on the pseudocapacitance behavior of MnO; because the
charge storage mechanism of MnO; is based on the inter-
calation and deintercalation of protons or cations through
the gap between interlayers in the case of 3-MnQO; or the
nanochannels in the case of a-MnO,.">"* To investigate
the effect of the structural difference on pseudocapaci-
tance, -MnO- deposited on CFP and a-MnO- on Pt/CFP
were employed as pseudocapacitor electrodes. Figs. 3a
and 3b show the cyclic voltammograms (CVs) of 8-MnO,
and a-MnO:s electrodes at various scan rates. It is well-
known that the capacitive behavior of MnO, results from
the following redox reaction (eq. 1):"*

MnO, + M*+ & <>MnOOM (M: proton or cations) (1)

However, no characteristic redox peaks were observed
for both electrodes, implying that the MnO> electrodes
were charged and discharged at pseudo-constant rates
over the entire potential range. This unique feature indi-
cates that the capacitive behavior of both electrodes show
a nearly ideal capacitive behavior."> The mass-specific
capacitances (Cn) of both electrodes were calculated
determined from CV curves using the following equation
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Figure 3. Cyclic voltammograms of (a) 6-MnO- and (b) a-MnO> in 0.1 M NaxSO; electrolyte at different scan rates; Specific capac-

itances of (¢) 6-MnO- and (d) a-MnO; as a function of scan rates.

(eq. 2):
Cm = [I-dt/(AV-m) )

where I is the oxidation/reduction current, dt is the time
differential, AV is the potential window, and m is the mass
of active material.'® Figs. 3c and 3d display the specific
capacitances of 8-MnO» and a-MnO> electrodes at dif-
ferent scan rates. The mass-specific capacitances of 6-MnQO,
were found to be 261.5, 190.8, 122.7, 58.6, and 31.3 F/g at
the scan rates of 5, 10, 20, 50, and 100 mV/s, respectively.
In the case of a-MnO,, 184.8, 116.8, 70.7, 33.9, and 19.0
F/g were obtained at each scan rate, respectively. This
clearly shows that the specific capacitances of 5-MnO,
were larger than those of a-MnQO,, which we attributed to
the difference in crystallographic structures. 8-MnO- pos-
sesses a large interlayer gap of 0.73 nm, whereas a-MnO»
features the nanochannels with tunnel sizes of 0.46 and
0.189 nm. The larger interlayer separation in 5-MnO- can
facilitate the intercalation and deintercalation of charged
species, thus leading to a better capacitor performance as
compared to o-MnOs.

In summary, we demonstrated in this study a simple
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synthesis route that can allow for a delicate control over
the crystal structures of MnO,. When the bare CFP was
employed as a substrate for the growth of MnO,, 6-MnO,
was formed. Unlike the previous reports, an elevated tem-
perate was not capable of inducing the phase formation
from 3-MnO; to a-MnO.. Upon Pt deposited on the CFP,
however, o.-MnO» was successfully grown even at a mild
temperature, which was attributed to the role of Pt as a cat-
alyst for the phase transformation. When evaluated as
electrodes for pseudocapacitor, both 5-MnO, and o-MnO;
electrodes showed a nearly ideal capacitive behavior. The
mass-specific capacitances of 3-MnQO» were larger than those
of a-MnQO,, which was ascribed to the more ion-accessible
crystallographic structure of 8-MnO». Given that MnO,
has various crystal structures (e.g., B-MnO,, A-MnO») other
than 8-MnO; and a-MnQO,, we believe that further inves-
tigation of the effect of crystallographic structure of MnO»
on the pseudocapacitance would shed light on this prom-
ising energy storage material.
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