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Abstract

A facile electrochemical codeposition method was developed to prepare the manganese dioxide/poly(3,4-ethylenediox-
ythiophene) (PEDOT) composite electrodes for supercapacitor applications. Electrode characterizations include Fourier
transform infrared spectroscopy, X-ray diffraction, and energy dispersive X-ray spectroscopy, indicating that the MnO,/
PEDOT composite is prepared successfully. Electrochemical tests manifest that MnO,/PEDOT composite electrodes have
better electrochemical properties than individual MnO, and PEDOT electrodes. The as-prepared MnO,/PEDOT composite
achieves a high areal specific capacitance of 89.7 mF cm™ at 10 mV s~!, as well as superior rate capability and cycle sta-
bility (maintaining 97.1% of initial capacitance for 5000 cycles). The composite we have developed also exhibits superior
supercapacitive performances relative to other conducting polymers reported previously, including PEDOT based composite
electrodes. These properties of MnO,/PEDOT composite are closely related to the porous microstructures formed and the
synergic effect between the two components. The present MnO,/PEDOT based organic—inorganic hybrid materials are very

promising for supercapacitor applications.

1 Introduction

With traditional fossil energy resources being exhausted
gradually, the development of sustainable and highly-effec-
tive devices for energy conversion and storage has become
increasingly important. Supercapacitors, also known as
electrochemical capacitors, are one of the most attractive
electrochemical energy storage devices due to their relatively
high power and energy densities, long cycle life, and envi-
ronmental friendliness [1-3], which also fill the gap between
batteries and conventional capacitors [4, 5].

According to the charge storage mechanisms, supercapac-
itors can be categorized into electrical double-layer capaci-
tors (EDLCs) and pseudocapacitors. Thereinto, EDLCs store
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energy by ionic charge separation at the electrode/electro-
lyte interface. For pseudocapacitors, energy is stored by fast
and reversible faradaic redox reactions, which occur at the
surface or near-surface of electroactive substances [6, 7].
Currently, one major obstacle that hinders the applications
of supercapacitors is their relatively low energy density [8].
In contrast to EDLCs, pseudocapacitors have higher energy
density because faradaic redox reactions can provide lager
charge capacity. Therefore, researchers have been widely
investigating the pseudocapacitive materials, including tran-
sition metal oxides and conducting polymers (CPs) [9, 10].

Among transition metal oxides, manganese dioxide
(MnQ,) is considered to be one of the most promising can-
didates owing to its high theoretical specific capacitance,
low cost, environmental benignness and abundant source
[11, 12]. However, the dense morphology and poor electrical
conductivity of MnO, (107°~107> S cm™") usually result in
a low specific capacitance [13, 14]. CPs, an alternative kind
of pseudocapacitive materials, are attractive because of their
high faradaic pseudocapacitance. CPs have ideal intrinsic
conductivity from a few to 500 S cm ™" under the doped state.
In particular, poly(3,4-ethylenedioxythiophene) (PEDOT)
exhibits higher electrical conductivity (300-500 S cm™)
as compared to other CPs, such as polypyrrole (PPy) and
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polyaniline (PANI) [15]. Consequently, the composites
containing MnO, and PEDOT, a kind of organic—inorganic
hybrid materials, are actively pursued as promising pseudo-
capacitor electrode materials. For instance, Tang et al. [16]
and Hu et al. [17] prepared composite electrodes based on
PEDOT and MnO, via step-by-step anodic deposition on
nickel foam and carbon fiber derived from ramie, respec-
tively. Liu et al. [18] fabricated MnO,/PEDOT coaxial
nanowires by using anodic aluminum oxide (AAO) tem-
plate. Sen et al. [19] synthesized MnO,/PEDOT by reverse
microemulsion non-aqueous polymerization, which involves
multistep redox reactions. Kim et al. [20] fabricated MnO,/
PEDOT nanowires by galvanic displacement reaction. Yang
et al. [21] constructed MnO,/PEDOT composite by thermal
treatment and chemical vapor polymerization.

Although the above-mentioned MnO,/PEDOT compos-
ites [16-21] show good electrochemical capacitive prop-
erties, the preparation methods have limitations such as
harsh experiment conditions (corrosive reagents and high
temperature), fragility and time-consuming removal of
AAO template, and complicated multiple-step procedures.
Therefore, there is a demand in the development of a sim-
pler, facile, and cost-effective method for high performance
MnO,/PEDOT composite electrodes. In addition, almost all
relevant researches focus on the gravimetric specific capaci-
tance of electrode materials. When supercapacitors are used
for small scale electronics and energy storage of stationary
devices, areal specific capacitance is a better performance
indicator [22, 23]. For this purpose, the present study of
MnO,/PEDOT electrodes will focus on specific capacitance
in area units.

Here we propose a simple and facile one-pot electro-
chemical method to deposit MnO,/PEDOT composite on
graphite foil substrate. For comparison, individual MnO,
and PEDOT electrodes are also prepared using the same
procedure. Electrochemical capacitive properties of the three
types of electrodes are investigated using cyclic voltamme-
try (CV), galvanostatic charge/discharge (GCD) measure-
ments, and electrochemical impedance spectroscopy (EIS).
Supercapacitive performances of the MnO,/PEDOT com-
posite electrodes are also compared with those of other CP
based composites in the literature in terms of areal specific
capacitance.

2 Experimental

2.1 Electrode preparation

Commercial graphite foil was cut into a rectangular shape
and insulated with adhesive tape to expose conductive

areas of 1 cm X 1 cm as the substrate for electrodeposition.
To remove surface defects and contamination, the exposed
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substrate was successively polished with fine sandpaper,
etched in a 20 wt% H,SO, solution for 1 min, and dipped
into acetone for 30 s. Prior to use, the graphite foil was
cleaned with deionized water and dried in a vacuum oven
at 60 °C for several hours.

The MnO,/PEDOT composite was co-electrodeposited
on graphite foil with a standard three-electrode system in
the deposition bath containing 0.01 M EDOT monomer,
0.01 M MnSO,, and 0.1 M KCI. The deposition bath was
produced by dissolving the above chemical reagents in
deionized water under ultrasonication for about 15 min.
All chemicals were analytical grade and used as-received.
For the electrodeposition, a saturated calomel electrode
(SCE) was used as the reference electrode and a platinum
sheet with large area as the counter electrode. Electrodepo-
sition was performed at a constant potential of 1.0 V ver-
sus SCE for 40 min. After deposition, the MnO,/PEDOT
composite electrode was rinsed with deionized water
to remove unreacted substance. For comparison, MnO,
electrode was prepared with the same procedure in the
deposition bath containing 0.01 M MnSO, and 0.1 M KCl.
PEDOT electrode was prepared in the deposition bath con-
sisting of 0.01 M EDOT monomer and 0.1 M H,SO, under
the same electrodeposition condition.

2.2 Characterizations

Fourier transform infrared (FT-IR) spectroscopy and X-ray
diffraction (XRD) were performed using Bruker Tensor
27 FT-IR spectrometer and Rigaku Ultima IV X-ray dif-
fractometer, respectively. The morphology of samples
was observed by a field emission scan electron micro-
scope (FE-SEM, JSM-6701F, JEOL) and a high-resolution
transmission electron microscopy (HRTEM, Tecnai G2
F20, FEI). Energy dispersive X-ray spectroscopy (EDS)
was measured using a SEM (S-4800, Hitachi) equipped
with an X-ray energy dispersive spectrometer. For the
FT-IR, XRD, and TEM characterizations, the samples
were scraped from the deposit coated conducting glasses,
because it would scrape off graphite when scraping from
the surface of the deposit coated graphite foils.

Electrochemical capacitive properties of as-prepared
electrodes were measured using a two-electrode system,
which was composed of two pieces of identical deposit
coated graphite foils, with a sandwiched filter paper
soaked with 1.0 M KCI aqueous solution as the separa-
tor. The CV, GCD, and EIS tests were conducted with an
electrochemical workstation (CHI 660E, Chenhua, China).
The EIS curves were measured at a frequency range from
10° to 1072 Hz using a 5 mV (rms) AC sinusoid signal
referring to the open circuit potential.
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3 Results and discussion
3.1 Component analyses and morphology

The resulting MnO,, PEDOT, and MnO,/PEDOT composite
materials were characterized by FT-IR, which are shown
in Fig. l1a. For MnO,, the band at 1630 cm™" is related to
the O-H vibration of absorbed water. Peaks at 746, 522,
and 467 cm™', which are below 750 cm ™, are ascribed to
Mn-O vibrations of MnOy octahedra in a-MnO, [24, 25]. In
the spectrum of PEDOT, vibrations at 1517 and 1355 cm™!
correspond to C=C and C—C stretchings, respectively, of the
quinoid structure in the thiophene ring [26]. The absorption
peaks at 1203, 1144, and 1090 cm™! are attributed to C—O-C
stretching in the ethylenedioxy group [27]. Additionally, the
vibrations of C—S bond in the thiophene ring are observed at
983, 841, and 692 cm™! [28]. For MnO,/PEDQOT, it can be
seen that both of the above characteristic peaks originated
from PEDOT (black font) and MnO, (red font) exist, indicat-
ing the formation of MnO,/PEDOT composite.

The crystal phases of as-prepared electrode materials
were investigated by XRD. Figure 1b shows the XRD pat-
terns of MnO,, PEDOT, and MnO,/PEDOT. For MnO,,
there are three diffraction peaks at 25.7° (220 plane), 37°
(211 plane), and 65.6° (002 plane), which can be indexed to

(a)

(b)

a-MnO, (JCPDS card No. 44-0141) [29, 30]. The intensity
of these peaks is weak and broad, indicating a small degree
of crystallization for electrodeposited MnO,. For PEDOT,
the diffraction peak located at 26° originates from the (020)
plane of PEDOT [31]. In the case of MnO,/PEDOT, the dif-
fraction peak of PEDOT and those of (211) and (002) planes
of a-MnO, are observed. The XRD tests further indicate that
MnO,/PEDOT composite was successfully prepared through
a facile one-pot electrochemical method. Moreover, from
the EDS pattern (Fig. 1c), atomic ratio of C:0:S:Mn in the
composite is 47.9:38.1:1.8:12.2.

Surface morphology of electrode materials is a critical
factor that affects their supercapacitive properties. The top
panels of Fig. 2 show the SEM images of MnO,, PEDOT,
and MnO,/PEDOT. We can see that MnO, presents a dense
fibrillar morphology, where nanofibers accumulate together.
Also a morphology of compact polymer is observed for
PEDOT. However, the MnO,/PEDOT composite has loose
and porous microstructures, which are markedly different
from those of PEDOT. This difference appears to be due
to the incorporation of MnO,. As indicated by the arrows,
MnO, is anchored within the PEDOT matrix. Such favour-
able porous microstructures shorten the diffusion path of
electrolyte, enabling electrolyte to penetrate easily to the
inner of the composite. Consequently, MnO, and PEDOT
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Fig. 1 a FT-IR spectra and b XRD patterns of MnO,, PEDOT, and MnO,/PEDOT composite electrodes; ¢ EDS of MnO,/PEDOT composite
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Fig.2 SEM images (top panels) of MnO,, PEDOT, and MnO,/
PEDOT composite electrodes. In MnO,/PEDOTMnO, composite,
MnO, anchored within PEDOT matrix is marked with black arrows

in MnO,/PEDOT composite can both be adequately utilized
for electrochemical energy storage.

The bottom panels of Fig. 2 show TEM images of
PEDOT and MnO,/PEDOT. Using the image of PEDOT
as a reference, it is seen in MnO,/PEDOT composite that
MnO, is anchored on PEDOT, even though the composite
has suffered from long time ultrasonication during sample
preparation for TEM tests. This observation indicates that
MnO, and PEDOT within MnO,/PEDOT composite have
rather strong interactions. In short, the MnO,/PEDOT com-
posite exhibits porous microstructures with strong interac-
tions between individual components, which should lead
to good synergic effect between MnO, and PEDOT. To be
specific, highly conductive PEDOT helps make up the dis-
advantage of MnO, for poor electrical conductivity, whereas
MnO, with high theoretical specific capacitance promotes
the capacitance properties of PEDOT. Consequently, the
MnO,/PEDOT composite is anticipated for superior electro-
chemical capacitive properties with respect to its individual
components; see below.

3.2 Electrochemical properties
Supercapacitive behaviors of MnO,, PEDOT, and MnO,/
PEDOT electrodes were evaluated using a two-electrode

system, which allows a better assessment of the materials
for practical supercapacitor applications [32]. Figure 3a
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100nm

and the inset in the image shows MnO, at higher magnification. Bot-
tom panels are TEM images of PEDOT and MnO,/PEDOT electrodes

shows the CV curves at 10 mV s~! of MnO,, PEDOT, and
MnO,/PEDOT electrodes. It is obvious that the shape of
CV curve of MnO, electrodes deviates from rectangle,
indicative of its unsatisfactory supercapacitive nature.
The PEDOT electrodes show the shape closer to rectan-
gle. Remarkably, the MnO,/PEDOT composite electrodes
exhibit a nearly perfect rectangular shape. Moreover,
as shown in Fig. 3b, the rectangle-like CV curves show
almost symmetric /-E responses up to 200 mV s~! and the
current density persistently increases at higher scan rate,
demonstrating that MnO,/PEDOT composite has superior
rate capability, a key specification for supercapacitors.
Areal specific capacitance (Cy) of electrodes can be cal-
culated from the CV curves using the following equation:

Cs = (/IdV)/(SXAVXV) (D
where Cg represents the areal specific capacitance in F cm™2;
/I dV the integrated area of the CV curve; S the geometric
surface area of electrode in cm?, which is fixed to 1 cm? in
this research; AV the scanning potential window in V; and v
the scan rate in V s~!. As shown in Fig. 3c, MnO,/PEDOT
electrodes have the largest specific capacitance at all scan
rates, manifesting that they have superior electrochemical
capacitive properties as compared to individual MnO, and
PEDOT electrodes. The MnO,/PEDOT electrodes achieve
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Fig.4 a GCD curves at current density of 0.2 mA cm™ and b
plots of specific capacitance versus GCD current density for MnO,,
PEDOT, and MnO,/PEDOT composite electrodes

a specific capacitance of 89.7 mF cm~2 at 10 mV s~!, which
is higher than those of CP based composites in literature:
TiO,/PPy (64.6 mF cm~2 at 10 mV s~!) and graphene oxide/
PEDOT (66.3 mF cm™2 at 10 mV s~!) [33, 34].

GCD measurements were conducted to further compare
the performances of MnO,, PEDOT, and MnO,/PEDOT
electrodes. As shown in Fig. 4a, the three types of electrodes
exhibit triangle-shaped GCD curves, with MnO,/PEDOT
composite electrodes having the longest discharge time. Also,
MnO,/PEDOT electrodes show an observably lower IR drop
with respect to MnO, and PEDOT electrodes, which suggests
that the tested supercapacitor cell assembled with MnO,/
PEDOT electrodes has an obviously smaller internal resist-
ance. It is stressed that a low internal resistance is importance
for energy-storing devices, because it will save energy by
avoiding the production of unwanted heat during the charg-
ing/discharging processes [35].

On the basis of GCD curves, areal specific capacitance of
electrodes can be obtained from the equation:

Co=02XIXD/(SXAV) 2)
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where Cg is the areal specific capacitance in F cm™2, [
the discharge current in A, ¢ the discharge time in s, S the
geometric surface area of electrode (fixed as 1 cm? in this
study), and AV the scanning potential window in V. It can
be observed from Fig. 4b that the MnO,/PEDOT electrodes
have the highest specific capacitance at all GCD current den-
sities, in line with the CV results. Here, MnO,/PEDOT elec-
trodes delivery a large areal capacitance of 94.3 mF cm ™~ at
0.2 mA cm™2. This value is to be compared with those of
the CP based electrode materials reported previously, such
as 3D porous graphene/PANI composite (67.2 mF cm™>
at 0.05 mA cm~?), Prussian blue/PEDOT (40.0 mF cm™>
at 0.45 mA cm~?), and graphite oxide/PANI composite
(6.3 mF cm™ at 0.16 mA cm™?) [36-38]. Note that the
specific capacitance of MnO,/PEDOT electrodes shows
a slow and relatively smooth decline with the increase of
current density, retaining 72.4% of initial capacitance when
the current density is increased by as much as 25 times
(68.3 mF cm™2 at 5 mA cm™?). For comparison, when cur-
rent density increases from 0.2 to 5 mA cm~2, PEDOT elec-
trodes keep 64.2% of initial capacitance, while MnO, elec-
trodes only maintain 30.9%. This trend indicates that MnO,/
PEDOT composite electrodes have effectively promoted rate
capability with respect to its individual components.

As a powerful tool, EIS is used to evaluate charge trans-
port at the electrode/electrolyte interface and ion diffusion
within electroactive substances. Figure 5 illustrates the
Nyquist plots of MnO,, PEDOT, and MnO,/PEDOT elec-
trodes. Capacitive character can be observed for these three

-500
—e— MnO,/PEDOT
—e— PEDOT
—o— MnO,
-400
-300
3
N
-200
-100
0 4
0 500

Fig.5 Nyquist plots of MnO,, PEDOT, and MnO,/PEDOT compos-
ite electrodes. The insert shows the EIS curves in the high-frequency
region
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types of electrodes, because all of them display a vertical
trend for impedance plots at low frequencies. Neverthe-
less, in the low frequency region, the straight line of MnO,/
PEDOT electrodes leans more towards the imaginary axis
with respect to MnO, and PEDOT electrodes, indicating
better capacitive behavior for MnO,/PEDOT [39]. Equiva-
lent series resistance (ESR) is an important parameter that
can be obtained at high frequency, which is associated with
the electrolyte solution resistance, the intrinsic resistance
of active materials, and the interfacial contact resistance
between active materials and current collectors [40]. It can
be determined by the intercept at the x-axis in EIS plot. The
inset in Fig. 5 shows that, compared to MnO, and PEDOT
electrodes, the MnO,/PEDOT electrodes have the smallest
ESR, which is beneficial to electrochemical energy-storing
devices.

The knee frequency (fy,..) is introduced to further com-
pare the electrode processes for the three types of electrodes.
It is the maximum frequency at which predominant capaci-
tive behavior is maintained, determined by the crossing of
Warburg-type line (inclined 45°) and low-frequency verti-
cal line. Higher knee frequency means faster charge transfer
rates and lower ionic diffusion impedance [39, 41]. We can
see from the inset of Fig. 5 that MnO,/PEDOT compos-
ite electrodes exhibit higher f,,.. (31.5 Hz) than those of
PEDOT (25.7 Hz) and MnO, electrodes (2.1 Hz), further
indicating that the composite electrodes have better charge
transfer and ion diffusion of electrolyte. The EIS tests also
demonstrate that MnO,/PEDOT electrodes have superior
capacitive behavior with respect to MnO, and PEDOT
electrodes, which agrees well with CV and GCD data. As
described in morphology characterizations, the enhanced
supercapacitive properties for MnO,/PEDOT composite can
be attributed to the porous microstructures and the synergic
effect between the individual components.

3.3 Cycle performance and Ragone plot

Cycle life is a key index for supercapacitor electrodes
in practical use. In this study, the cycle stability of elec-
trodes was assessed for 5000 CV cycles at the scan rate of
80 mV s~'. As shown in the inset of Fig. 6a, the CV curve
of cycle 5000 is almost identical to that of cycle 1 for the
MnO,/PEDOT electrodes, maintaining 97.1% of initial
capacitance after 5000 cycles. Furthermore, it can be also
seen from Fig. 6b that the MnO,/PEDOT composite main-
tains the unchanged loose and porous microstructure after
5000 cycles. In contrast, PEDOT and MnO, electrodes retain
89.3 and 68.8%, respectively. The above numbers suggest
that the cycle life of MnO, electrodes is markedly extended
after incorporating with PEDOT in the MnO,/PEDOT elec-
trodes. Previous studies have suggested that active materi-
als dissolve during electrochemical cycling, which accounts
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Fig.6 a Relationship of capacitance retention and cycle number for
MnO,, PEDOT, and MnO,/PEDOT composite electrodes. The inset
shows CV curves of MnO,/PEDOT at cycle 1 and cycle 5000; b SEM
images of MnO,/PEDOT composite electrodes after cycling test at
different magnifications; ¢ Ragone plot of supercapacitor composed
of MnO,/PEDOT composite electrodes, as compared with data from
previous supercapacitors composed of CP based composite electrodes

for major capacitance loss of MnO, electrodes [42, 43]. An
effective route to prevent MnO, from electrochemical dis-
solution is to introduce other active materials as an effective
barrier to Mn cation permeation while allowing electrolyte
to be accessible [44]. We believe PEDOT within MnO,/
PEDOT composite plays the role of an effective barrier to
protect MnO, from dissolution. Consequently, the cycle life

of MnO, electrodes is markedly extended. Likewise, it is
possible that the incorporated MnO, may partially prevents
PEDOT from swelling and shrinking during cycling, which
explains why the composite electrodes also have better
cycling stability than individual PEDOT electrodes.

Areal specific energy density and power density of the
supercapacitor composed of two pieces of identical MnO,/
PEDOT electrodes can be obtained from Eqs. (3) and (4)
[34, 38], respectively:

1 2
-C.AV
=25 3)
3600
p= 3600E @

t

where E is the areal specific energy density in Wh cm™2;

P the areal specific power density in W cm™%; C; the areal
specific capacitance of supercapacitor in F cm™2; AV is the
potential window subtracting /R drop in V; ¢ the discharge
time in s; and 3600 is for unit conversion between second
and hour. Figure 6¢ shows the Ragone plot of the superca-
pacitor composed of MnO,/PEDOT electrodes. It achieves
the highest power density of 3.5 mW cm™2 and the maxi-
mum energy density of 6.5 yWh cm™2, which are higher than
the CP based supercapacitors: PEDOT/poly(styrene sul-
fonate) [45], PEDOT/sodium dodecyl sulfate [46], PEDOT/
graphene oxide [47], PANI/graphite oxide [38], PPy/carbon
paper [48], and so on.

In short, compared with individual MnO, and PEDOT
electrodes, the enhanced supercapacitive performances for
MnO,/PEDOT composite electrodes can be ascribed to
the porous microstructures formed, in which strong inter-
actions are present between individual components. This
shortens the diffusion path of electrolyte and enables eas-
ily penetration of electrolyte to the inner of the composite.
Consequently, electroactive materials containing MnO, and
PEDOT can be adequately utilized in MnO,/PEDOT com-
posite electrodes. Also, better synergic effect between MnO,
and PEDOT due to their strong interactions is anticipated to
boost the supercapacitive performances. Highly conductive
PEDOT helps make up the disadvantage of MnO, for poor
electrical conductivity, whereas MnO, with high theoretical
specific capacitance promotes the capacitance properties of
PEDOT.

4 Conclusions
We have fabricated MnO,/PEDOT composite electrodes
through a facile method of electrochemical co-deposition.

The MnO,/PEDOT electrodes show effectively improved
electrochemical capacitive properties relative to the
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individual components. The composite electrodes also show
superior supercapacitive performances comparing to other
CP based composite materials in the literature. The prepared
composite electrodes not only achieve a high areal specific
capacitance of 89.7 mF cm~2 at 10 mV s~!, but also show
superior rate capability and cycle stability (maintaining
97.1% of initial capacitance for 5000 cycles). These obser-
vations are associated to the porous microstructures of the
composite and the synergic effect of MnO, and PEDOT.
The MnO,/PEDOT composite we have prepared, with ideal
supercapacitive properties and cycle stability, is promising
for uses in low-cost and high performance electrochemical
energy-storing devices.
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