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Abstract We report here a simple and effective strategy
to promote supercapacitive properties of the MnO, elec-
trode, in which sodium dodecyl benzene sulfonate (DBS)
as an anionic surfactant is added into the solution used for
electrosynthesis. Morphology characterizations indicate
that the DBS acts like a pore-forming agent, allowing the
deposited MnO, nanofibers to form a three-dimensional
porous nano-network. The formation mechanism of porous
nano-network under DBS assisted electrosynthesis is ana-
lyzed accordingly. Electrochemical measurements show
that the supercapacitive performance of MnO, electrode is
effectively enhanced. The MnO, electrode prepared with
DBS presents a high specific capacitance of 259.7 F g™!
at 1 A g!, which is increased by 30.9% with respect to
198.3 F g~ for the electrode prepared without DBS. Nota-
bly, the cycle stability of MnO, electrode is significantly
improved due to the addition of DBS, which retains 91.0%
of its initial capacitance for 2500 cycles. In contrast, the
MnO, electrode prepared without DBS only maintains
48.7%. The improved properties should promote the appli-
cations of MnO, in electrochemical capacitors.
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1 Introduction

Supercapacitors have attracted intense attentions due to
their high power density, longer cycle life relative to those
of secondary batteries, and higher energy density than con-
ventional dielectric capacitors [1, 2]. It is well known that
electrode materials are a key factor that determines the per-
formance of a supercapacitor. Among the electrode materi-
als for supercapacitor applications, MnO, has been exten-
sively investigated because of its high theoretical specific
capacitance, low cost, and environmental friendliness [3].
However, the supercapacitive performance of MnO, is lim-
ited by its compact morphology and poor electrical con-
ductivity [4]. To this end, recent efforts have been made to
improve its electrochemical performance, such as develop-
ing different methods (vacuum-assisted filtration [5], chem-
ical bath deposition [6], and sol-gel template synthesis [7])
to prepare MnO, with various nanostructures, or incorpo-
rating other electrode materials such as Co;0,, graphene,
and polyaniline into MnO, to form nanocomposites [8§—10].

Among the preparation methods of MnO,, electrochemi-
cal synthesis shows some advantages. It is easy to handle
under mild conditions, simple in adjusting the influence
factors, and binder free. However, different process param-
eters of electrodeposition, including deposition solutions
and parameters, have direct influence on the surface mor-
phology and the electrochemical properties of MnO, as
prepared. Chuang et al. [11] investigated the effect of pH
values of the deposition solution on the morphology, Li
et al. [12] studied the influence of the Mn-based precursor
solutions on the electrochemical performance, and Ali et al.
[13] compared the difference of potentiostatic and galvano-
static deposition modes on the structural and electrochemi-
cal properties.
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Owing to their unique amphiphilic structures, sur-
factants are known to be capable of significantly reducing
the surface energy and surface tension of nanoparticles.
The steric effect of surfactant possessing long molecular
chains can prevent them from getting together. More impor-
tantly, surfactants in solutions can be utilized as templates
to facilitate the regulation and control of morphology and
structures of materials [14, 15]. Recently, there have been
a number of reports on the use of surfactants in the prepa-
ration of electrode materials for supercapacitors. Zhang
et al. [16] prepared MnO, hollow nanospheres by liquid co-
precipitation in the presence of cationic surfactant CTAB.
Zhou et al. [17] used non-ionic surfactant F127 to enhance
the mesoporosity of carbon aerogel for electric double layer
capacitor application. In the previous study, we showed
that the use of surfactant SDS obviously changes the mor-
phology of electropolymerized conducting polymer [18].
Based on these inspirations, we speculate that the addition
of surfactant into the deposition solution may facilitate the
change of compact surface morphology of electrodeposited
MnO, and hence improve its supercapacitive performance.

In this contribution, we choose a new anionic surfactant,
sodium dodecyl benzene sulfonate (DBS), for electrodep-
osition of MnO,. We report on the comparative findings
regarding the morphologies and electrochemical proper-
ties of MnO, deposited under conditions with and with-
out DBS. Meanwhile, the corresponding mechanism is
discussed.

2 Materials and methods
2.1 Fabrication of MnO, electrodes

Mn(CH;COO),-4H,0 and DBS were of analytical grade.
The electrosynthesis was performed with a three-elec-
trode cell, in which a piece of smooth graphite paper
(1 cmx 1 cm of conductive area) acted as the working elec-
trode, a Pt foil with large area and a saturated calomel elec-
trode (SCE) were used as the counter electrode and refer-
ence electrode, respectively. To remove surface defects and
contamination, before use, the graphite paper serving as
working electrode was etched in a 20 wt% H,SO, solution
for 1 min, and dipped into acetone for 30 s successively.
After that, it was cleaned with deionized water and dried in
a vacuum oven at 60 °C for several hours.

MnO, was electrodeposited on the graphite paper
through a constant potential of 0.6 V versus SCE with an
optimal deposition time of 5 min, the aqueous deposition
solution was composed of 0.1 M Mn(CH;COO), with or
without 0.01 M DBS, respectively. The mass of MnO,
was determined by the weight difference of graphite paper
before and after electrodeposition, using a MS105DU
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Mettler—Toledo microbalance with an accuracy of 10 pg.
To ensure weighing the MnO, accurately, the graph-
ite paper was dried in the dry oven for 1 h at 60°C after
the deposition. The loading mass of MnO, electrodepos-
ited with and without DBS was 0.14 and 0.12 mg cm™2,
respectively.

2.2 Characterizations

The samples were characterized by the FT-IR spectra
(Bruker Tensor 27 FT-IR Spectrometer), XRD (Rigaku
Ultima IV X-ray diffractometer), SEM (JSM-6701F,
JEOL), and TEM (JEM-2100, JEOL), respectively. For
the FT-IR, XRD, and TEM characterizations, the samples
were scraped from the deposit-coated conducting glasses,
because it would scrape off the graphite when scraping
from the surface of the deposit-coated graphite paper. Elec-
trochemical performances of MnO, electrodes were tested
by an electrochemical workstation (CHI 660E, Chenhua)
with two-electrode system, which consists of two pieces
of identical MnO, deposited graphite paper electrodes,
using a sandwiched filter paper soaked with 1.0 M KCl
aqueous solution as the separator. The cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD) were per-
formed between potentials of —0.5 to 0.5 V. Electrochemi-
cal impedance spectroscopy (EIS) were recorded at open
circuit potential using 5 mV (rms) AC sinusoid signal, and
the data were collected in the frequency range of 10° to
0.01 Hz.

3 Results and discussion
3.1 Composition and structure

Figure la presents the FT-IR spectra of MnO, prepared
with and without DBS. The spectra are consistent with each
other for most of the characteristic peaks. The broadband at
3438 cm™! and absorption at 1630 cm™" are ascribed to the
stretching and bending vibrations of physically adsorbed
water or crystal water, respectively, whereas the absorp-
tions at around 746 and 521 cm™' can be attributed to
Mn-O vibrations of the MnOg octahedra in a-MnO, [19,
20]. In comparison to the “without DBS” spectrum, addi-
tional peaks appear at 1010, 1040, 1125, and 1170 cm™ in
the box for the “with DBS” spectrum, which are due to the
S—O vibration of DBS used in its preparation process [21,
22]. This observation clearly indicates that for the MnO,
prepared in the presence of DBS, the MnO, sample indeed
contains DBS, which is anticipated to affect its morphology
and electrochemical properties; see below.

Figure 1b shows the XRD patterns of MnO, prepared
with and without DBS. It can be seen that they display the
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Fig.1 FT-IR spectra (a) and XRD patterns (b) of the MnO, prepared
with and without DBS

same characteristic peaks, suggesting that the addition of
DBS in the preparation has no effect on the crystalline
phase of MnO,. The diffraction peaks located at 26=37°
(211 plane) and 65.6° (002 plane) can be indexed to
a-MnO, (JCPDS Card No. 44-0141) [23]. The intensity
of diffraction peaks are weak and broad, indicative of a
small degree of crystallization for the electrodeposited
MnO,. Thereinto, the diffraction peaks are relatively
weaker for MnO, prepared with DBS, which appears to
be due to the fact that such MnO, sample contains DBS.

3.2 Morphology

The supercapacitive performance of metal oxides is
strongly related to their morphological characters. It can be
observed from the SEM images in Fig. 2 (top panels) that
both of MnO, prepared with and without DBS exhibit the
morphology of sheet-like arrays of nanofibers. However,
it is clear that the “with DBS” MnO, shows the morphol-
ogy more like looser and dispersed nanofibers, while the
“without DBS” MnO, presents the morphology more like
compact and stacked nanosheets. The sheet-like arrays of
nanofibers of MnO, prepared with DBS are crosslinked,
loose, and dispersed, forming a three-dimensional porous
nano-network. This morphology will facilitate the increase
of contact area of MnO, with electrolyte and shorten the
diffusion path of electrolyte, which benefit the supercapaci-
tive performance.

TEM images can show the morphological details more
clearly for the resulting MnO,. As shown in Fig. 2 (bot-
tom panels), obviously more MnO, nanosheets aggregate
together for the “without DBS” MnO,, resulting in darker
color, while relatively loose nanosheets can be observed
for the “with DBS” MnO,. In short, the morphology char-
acterizations indicate that the surfactant DBS assisted
electrosynthesis can reduce the agglomeration of MnO,
nanosheets and make them more dispersed and porous.

3.3 Formation mechanism

The formation mechanism of MnO, with or without DBS is
relatively simple. As illustrated in Fig. 3, when Mn** ions
diffuse to the electrode surface, the MnO, film is formed
by the oxidation of Mn?* to Mn**. Thus a compact film is
expected in absence of DBS. However, after adding amphi-
philic molecules DBS into the deposition solution, the
negative charged head groups of DBS are readily adsorbed
on the anode surface, whereas the hydrophobic chains are
repelled from the electrode surface. The adsorbed DBS
may cover parts of the electrode surface, hindering the
Mn** ions from accessing the corresponding areas of the
electrode surface. Therefore, the surfactant DBS acts like a
pore-forming agent and the deposited film has macropores
distributing throughout its entirety, forming a three-dimen-
sional porous nano-network. This also testifies to the fact
that DBS are incorporated effectively into the MnO, pre-
pared with DBS, as revealed from the FT-IR spectroscopy
(Fig. 1a).

3.4 Electrochemical properties
In this study, the supercapacitive properties of the as-pre-

pared MnO, samples were investigated using two-elec-
trode cells, which allow a good estimation of the electrode
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Fig. 2 SEM (top panels) and TEM (bottom panels) images of the MnO, prepared with and without DBS

materials for practical use [24]. Figure 4a shows the CV
curves at 10 mV s~! of MnO, electrodes prepared with and
without DBS. The curve of “with DBS” exhibits the shape
that is closer to rectangular, as well as larger area than that
of “without DBS”, indicating better supercapacitive behav-
ior for the electrode prepared with DBS. Note that the CV
curves of MnO, electrodes do not show obvious redox
peaks, which is because the electrochemical measurements
were carried out with a two-electrode system assembled by
two pieces of symmetric MnO, electrodes. During the tests,
one was oxidized and the other reduced, resulting in the
redox peaks of MnO, being unobvious. Furthermore, it can
be seen from Fig. 4b that the CV curves of “with DBS”,
ranging from 50 to 200 mV s~!, systematically show larger
areas than those of “without DBS”. The current obviously
increases with the adding of scan rate and rectangle-like
shapes of CV curves can be observed up to 200 mV s~! for
the “with DBS” MnO, electrode, manifesting its superior
rate capability.

Figure 4c exhibits the GCD curves of MnO, electrodes
prepared with and without DBS at the current density of
2 A g7!. It can be observed that both types of electrodes
exhibit triangular-shape charge/discharge curves, but the
electrode prepared with DBS shows longer discharge time
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and lower IR drops produced by the internal resistance of
electrodes than those of “without DBS” electrode. Note that
the low internal resistance is a key factor for supercapaci-
tors, because it will be beneficial to decrease the produce of
unwanted heat during the charging/discharging processes.
Furthermore, the columbic efficiency () of electrodes can
be determined by calculating the ratio of discharge time #,
to charge time 7. based on the GCD curves. The results cal-
culated manifest the 5 of “with DBS” electrodes is 91.5%,
which is higher than 87.2% of “without DBS” electrodes.
The specific capacitance of MnO, electrode can be calcu-
lated based on GCD curves using the following equation:
C, = 2xIXt)/(mxAV), where C, (F g_l) is the spe-
cific capacitance of the electrode, I (A) the discharge cur-
rent, ¢ (s) the discharge time, m (g) the mass of electroac-
tive materials, and AV (V) the potential window. Figure 4d
demonstrates that “with DBS” electrode delivers higher
specific capacitance than “without DBS” electrode at vari-
ous GCD current densities. The resulting MnO, electrode
prepared with DBS presents a high specific capacitance of
259.7 Fg7'at 1 A g7!, which is increased by 30.9% rela-
tive to 198.3 F g~! for “without DBS” electrode. Moreover,
the electrode prepared with DBS retains 46.2% of initial
capacitance when the current density increases from 1 to
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Fig. 3 A schematic illustration for the formation mechanism of the
MnO, electrodes prepared with and without DBS

20 A g7!, which is higher than 34.3% of “without DBS”
electrode, demonstrating that the addition of DBS enhances
the rate capability of the electrode prepared. As shown in
morphology characterizations, the enhanced electrochemi-
cal performance of MnO, prepared with DBS can be attrib-
uted to its dispersed and porous microstructures due to the
introduction of DBS during the process of preparation,
which increases the contact area of MnO, with electrolyte
and shortens the diffusion path of electrolyte.

Figure 5 illustrates the Nyquist plots of the MnO, elec-
trodes prepared with and without DBS. Compared with the
“without DBS” electrode, the straight line in low frequency
region for the “with DBS” electrode leans more towards
the imaginary axis, indicating better capacitive behavior
[25, 26]. The equivalent series resistance (ESR) can be
obtained from the intercept of the curve at the x-axis, which
mainly arises from the electrolyte, the intrinsic resistance
of active materials, and the contact resistance at the inter-
face between current collector and active materials. The
inset of Fig. 5 shows that the intercept at x-axis for “with
DBS” electrode (5.0 Q) is smaller than that of “without
DBS” electrode (9.3 Q), that is, the former has a smaller
ESR. Low ESR is important for electrochemical capacitors,
because it contributes to the reduction of unwanted heat
produced during the charging/discharging [27].

To further compare the electrode processes for the two
types of electrodes, the knee frequency (fy,..) is introduced.
As marked in the inset of Fig. 5, it is the maximum fre-
quency at which predominant capacitive behavior can be
maintained, which is determined by the crossing of War-
burg-type line (inclined 45°) and low-frequency vertical
line. Higher knee frequency means faster charge transfer
rates and lower ionic diffusion impedance [28, 29]. We can
see that the “with DBS” electrode exhibits a higher f ..
(6.6 Hz) than the “without DBS” MnO, electrode (3.1 Hz).
This further indicates that the “with DBS” electrode has
better charge transfer and ion diffusion of electrolyte, which
will facilitate the rapid charge/discharge performance.
Likewise, EIS tests indicate that the introduction of DBS
during electrodeposition effectively boosts the supercapaci-
tive performance of the MnO, electrode.

3.5 Cycle stability

In addition to poor electrical conductivity, another impor-
tant issue of MnQO, is its poor electrochemical cyclability.
Herein, a test of 2500 CV cycles at 80 mV s~ was carried
out to investigate the stability of electrodes, as shown in
Fig. 6. It is observed that the “without DBS” electrode dis-
plays a large decline, only maintaining 48.7% of its initial
capacitance. Remarkably, the “with DBS” electrode shows
a far smoother decline trend, retaining 91.0% of the initial
capacitance after 2500 CV cycles. The corresponding rea-
sons are as follows.

The dissolution of MnQO, into the electrolyte during the
tests of cycle stability is believed to be the main cause of
capacitance loss of MnO, electrodes [12, 30]. An effec-
tive route to prevent MnO, from electrochemical dissolu-
tion is to introduce an effective barrier to Mn cation per-
meation while allowing the electrolyte to be accessible
[31]. In our investigation, the introduced DBS with long
alkyl chain probably plays the role of an effective barrier
to protect MnO, from dissolution during electrochemical
cycling. The other possible reason is that the “with DBS”
electrode has enhanced capacity for depolarization due to
faster charge transfer rate and lower ionic diffusion imped-
ance (as shown in EIS), which result in less dissolution of
MnO, into the electrolyte. Consequently, the cycle life of
the “with DBS” electrode is effectively extended. The cycle
stability tests also demonstrate that the DBS surfactant
assisted electrosynthesis is a mild and effective method to
improve the supercapacitive performance of MnO,.

4 Conclusions

In summary, an easy and feasible method has been dem-
onstrated to promote the supercapacitive performance of
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quency region

MnO, electrode by adding DBS surfactant into the solution
for electrosynthesis. With the assistant of DBS, the mor-
phology of electrodeposited MnO, is changed obviously,
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the supercapacitive performance enhanced, and the cycle
life extended. Thereinto, the MnO, electrode prepared
with DBS achieves the specific capacitance of 259.7 F g~!
at 1 A g7, which is increased by 30.9% relative to
198.3 F g7! for “without DBS” electrode. Also its cycle
stability is promoted to 91.0% of its initial capacitance for
2500 cycles. These findings should well promote the appli-
cations of MnO, in supercapacitors. Furthermore, the sur-
factant assisted method we have developed herein may be
further extended to prepare other metal oxides for enhanced
supercapacitive performance.
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