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Two kinds of manganese oxide films (denoted as p-MnOy and g-MnOy) were electrodeposited on
graphite substrate by the pulse current or galvanostatic methods, respectively. The g-MnOx showed
Mn3O, characteristics and the p-MnOy exhibited a mixture of Mn3O4 and MnOOH phase from XRD
pattern and Raman spectra. The g-MnO, showed the capacitance of 160 F g™ while p-MnOy exhibited
252 F g™ at the scanning rate of 10 mV s™. Interestingly, the retained ratio of capacitance of g-MnOy
was 31% whereas that of p-MnO, was still 56% when the scanning rate increased to 500 mV s™. The
high-rate capability of p-MnOy may be primarily attributed to the improvement in wettability on the
interface of electrode/electrolyte, which came from its more amount of hydroxyl, resulting in easier
cation ions transport and more accessible active sites.
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1. INTRODUCTION

Supercapacitors are extensively studied as auxiliary energy storage devices to be used with
rechargeable batteries [1]. It has been reported that supercapacitors with a ruthenium oxide electrode
exhibit a large specific capacitance (SC) of as high as 720 F g* [2]. However, the commercial
application of ruthenium oxide is limited because of its expensive price, toxicity, and requires the use
of a strong acidic electrolyte such as sulfuric acid. In order to develop alternative materials, activated
carbons, transition metal oxides, and electronically conductivity polymers have been studied widely
[3-5]. Among them, manganese oxide has attracted considerable attention in the supercapacitors due to
its low-cost, friendly environment, and good electrochemical performances [6, 7].

Manganese oxide has been prepared by the various approaches, such as chemical precipitate
[8], pyrogenation [9], sol-gel [10], mechanical grinding [11], hydrothermal synthesis [12] and
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electrochemical deposition [13]. Since electrochemical deposition is clean, controllable and simple
technique, many investigations have been focused on the electrochemical deposition of manganese
dioxide films [14, 15]. Electrochemical deposition has various methods, including galvanostatic,
potentiostatic, potentiodynamic and pulse deposition. Pulse deposition as one of important techniques
has been widely applied to synthesize different thin films [16-18]. It can control chemical-physical
properties of materials (such as morphology, electrical conductivity, porosity, adhesion, and compound
content) through modifying pulse parameters [19]. Zhitomirsky and Jacob have prepared manganese
oxide films using pulse or reverse pulse electrodeposition from KMnQO, solutions and found that these
films had higher capacitance due to their highly porous nanostructure [20]. Additionally, Ghaemi and
Adelkhani have also found that manganese dioxide deposited by pulse current showed higher specific
capacitance because of its higher level of cation vacancy, water content and porosity [21]. However,
power characteristic is important for application of supercapacitors.

In this work, the manganese oxide films (denoted as p-MnO, and g-MnOy) were
electrodeposited by the pulse current or galvanostatic methods from manganese acetate solutions,
respectively. The characteristics of MnOy films were examined by scanning electron microscope, X-
ray diffraction (XRD), Raman spectra, X-ray photoelectron spectroscopy (XPS), contact angle,
electrochemical impedances and cyclic voltammograms (CV).

2. EXPERIMENTAL

2.1 Synthesis.

Graphite slices (area: lcm x 2cm) were chosen as substrates for the electrochemical
depositions. The substrates were firstly polished with SiC paper of 1000 grit, degreased with acetone
and water, then etched in a 0.5 mol L™ H,SO, solution for 10 min, and finally washed with water in an
ultrasonic bath. All MnO, films were electrodeposited in a neutral 0.25 mol L™ Mn(CHs;COO),
solution at 25 +1°C. The electrochemical cell for deposition included the graphite substrates, a
platinum counter electrode and a saturated calomel reference electrode (SCE). Pulse current deposition
was conducted on with on-time of 0.25 s, off-time of 0.5 s, current density of 25 mA cm™ and 7200
deposition cycles. Galvanostatic deposition was performed at the same current density during 30 min.
The obtained samples were washed with deioned water, dried at 50 °C in vacuum for 12 h.

2.2 Characterization.

The surface morphologies were examined by a field-emission scanning electron microscope
(JEOL JSM-6700F). XRD patterns were recorded by X’Pert PRO (PANalytical Ltd.) with a Cu Ka X-
ray source (= 1.5418 nm) in the region of 20 - 80°. The Raman spectra were taken at room temperature
in the spectral range 200 - 750 cm ' using a LabRAMhr 800 (HORIBA JOBIN YVON) Raman
microscope system. XPS analysis was performed on a Kratos Axis Ultra-DLD system, using Al Ko
radiation (1486.6 eV, pass energy of 10.0 eV). The contact angles of water on MnOy films were
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measured by a contact angle goniometer (Shanghai Solon, SL200B). The mass of deposited film was
measured using electronic balance AG135 (Mettle Toledo, with 0.01 mg sensitivity). Electrochemical
measurements were carried out by the Versatile Multichannel Potentiostat (Princeton Applied
Research, VMP2/Z) using the three-electrode cell in 3 mol L™ KCI solution. The impedance data were
analyzed and modeled using ZSimpWin V 3.20 of EChem Software.

3. RESULTS AND DISCUSSION

The morphologic photographs of g-MnOy and p-MnOy are shown in Fig. 1. The g-MnOy in Fig.
1a exhibits rough surface with many cracks, which were probably caused by shrinkage stress during
drying. Whereas the morphology of p-MnOy (in Fig.1b) is relatively compact and well covered with
spherical grains of uniform size (about 500nm). The results demonstrate that pulse current deposition
causes the morphology of MnOy to be more regular and more compact.

Figure 1. SEM photographs: (a) g-MnOy and (b) p-MnOy
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Figure 2. XRD patterns: (a) g-MnOy and (b) p-MnOy
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The XRD patterns of g-MnOy and p-MnOy were shown in Fig.2. The reflection of the XRD
pattern of g-MnOy (in Fig.2a) is indexed to tetragonal phase of Mn3;O, (JCPDS 01-75-1560). However,
the diffraction peaks on XRD pattern of p-MnOx can be indexed to two structures of manganese
oxides, i.e., tetragonal Mn3O, (JCPDS 01-75-1560) and orthorhombic MnOOH (JCPDS 01-74-1842)
(in Fig.2b). Pulse current method probably generates high instantaneous current densities, leading to
very high positive potentials at the interface of electrode/electrolyte [19, 22]. Therefore, the higher
valence of the p-MnOx should be attributed to high positive potentials. Because the on-time of pulse
current was very short, the p-MnOy was mixture consisting of Mn3;O4 and MnOOH.
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Figure 3. Raman spectra: (a) g-MnOy and (b) p-MnOy

Raman spectroscopy is an effective technique to investigate structure characteristics and
chemical composition for manganese oxide. Fig.3 showed Raman spectra of the g-MnOy and p-MnOx.
The Raman spectrum of g-MnO, shows peaks at 311, 364 and 653 cm™ (in Fig.3a), which are in good
agreement with those of MnsO, [23, 24]. The strongest peak at 653 cm™ corresponds to the Mn-O
breathing vibration of divalent Mn ions in tetrahedral coordination [23]. The weaker peaks at 311 cm™
and 364 cm™ are correspond to the out-of-plane bending modes of Mn-O [25] and the asymmetric
stretch of bridge oxygen species (Mn-O-Mn) [26], respectively. However, the Raman spectra of p-
MnOy (in Fig.3b) displays a sharp peak at 653 cm™, bands with weak intensity at 558 cm™ and a broad
band from 260 to 390 cm™. The peak at 558 cm™ which is attributed to the stretching modes of MnOs
octahedra, is assigned to MNOOH [23, 24]. The broad band may be formed due to the overlap of these
characteristic peaks corresponding to MnzO4 and MnOOH [27, 28].

MnOy samples were characterized further using XPS analysis. In Fig.4 (a), two MnOy samples
show same binding energy of Mn 2py, at 653.7 eV. The Mn 2ps;, peaks of g-MnOx and p-MnOy
position at 642.0 eV and 642.1 eV, respectively. Higher oxidation state of manganese denotes higher
binding energy [29, 30]. The Mn 2p3; of p-MnOy is slightly shifted to the higher binding energy side
due to presence of MNOOH in p-MnOy. Moreover, the Mn 2p spectrum of p-MnOy displayed a distinct
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shoulder peak between 645 and 646 eV in Fig.4 (a) (i.e., this peak indicated by arrows). This shoulder
peak may be attributed to trivalent Mn ions of MNnOOH in p-MnOy. The Mn3s core level spectra of
MnOy samples also shows in Fig.4 (b).
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Figure 4. XPS spectra of MnOy samples: (a) Mn 2p and (b) Mn 3s. The arrow indicates a shoulder
peak
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Figure 5. O 1s spectra of g-MnOy and p-MnOy

The multiplet peaks of Mn 3s are the result of the exchange interaction between the core level
electron (3s) and the unpaired electrons in the valence band level (3d) by photoelectron ejection [31].
The multiplet splitting of Mn 3s peaks is very useful for determining oxidation state of Mn. The
splitting energy (AE) of g-MnOy and p-MnOy are 5.5 eV and 5.3 eV, respectively, as shown in Fig.4
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(b). According to the references [8, 31, 32], the calculated average oxidation state of Mn in g-MnOy
and p-MnOy is about 2.5 and 2.9. The higher oxidation state of p-MnOx is attributed to MNOOH.

The Ol1s XPS spectra of the MnOy samples are shown in Fig. 5. The data of O 1s are
summarized in Table 1. The O 1s spectra consist of three oxygen-containing bonds, which are Mn
oxide (Mn-O-Mn) at 529.3-530.3 eV, the hydroxyl (Mn-OH) at 530.5-531.5 eV, and residual structure
water (H-O-H) at 531.8-532.8 eV [33]. The amount of hydroxyl was determined to be 37.3 % (g-
MnOy) and 62.8 % (p-MnOy), respectively. Since alkaline or proton ions diffusion in manganese oxide
electrodes occur via hopping of these cation between H,O and OH" sites, the more H,O/OH™ hopping
sites should enhance the cation diffusion rate [1, 34, 35, 36].

Table 1. Data obtained from the O 1s XPS Spectra

Sample 'g-MnOy _ _ P-MnOy _
Mn-O-Mn Mn-OH H-O-H Mn-O-Mn Mn-OH H-O-H
BE (eV) 529.8 531.2 532.7 529.9 531.5 532.6
Area (%) 46.2 37.3 16.5 26.2 62.8 11.0
(a) g-MnO, (b) p-MnO,

Figure 6. The contact angles of water on (a) g-MnOy and (b) p-MnO

The contact angles of both MnO, were measured in order to investigate their surface wettability
[37-39]. As shown in Fig.6, the contact angle of p-MnOy is obviously smaller than that of g-MnQy,
indicating better wettability of p-MnOy. These results is attributed to p-MnOyx had the more compact
morphology and the more amount of hydroxyl. Therefore, the better wettability of p-MnOy is expected
to enhance the cation diffusion during the charge-discharge process.

The electrochemical impedance spectra were further measured for g-MnOy and p-MnOy, as
shown in Fig.7. In Nyquist plots, the depressed arc at high frequencies is attributed to the processes
occurring at the electrode/electrolyte interface [1]. And the straight line inclined to the real axis at low
frequencies consists of the impedance due to electrolytes cation diffusion within the electrode and the
capacitive behavior of active materials [1].
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Figure 7. The Nyquist plots of g-MnOy and p-MnOy. And the solid lines represent the fitted data to the
equivalent circuit

The impedance data were analyzed via the nonlinear least squares fitting program. The
equivalent circuit consisting of five elements is shown in Fig.7. The resistance R; represents the ohmic
resistance, which includes the resistance of the electrolyte, current collectors, electrical leads [1, 40].
R, and C in this model are the charge-transfer resistance and the electrical double layer capacitance at
the interface of electrode/electrolyte. The Warburg impedance W is associated with the cation
diffusion in the electrode. A constant phase element (CPE) is used to the non-ideal capacitive behavior
at the impermeable interface [41]. The mean error of modulus is smaller than 1% in this fitting process,
which represents a good fitting of the experimental data.

The modeling results show that charge-transfer resistance R are g-MnOy of 17.7 Q cm 2 and
p-MnO, of 3.93 Q cm %, respectively. Since charge-transfer resistance corresponds to the reciprocal of
the potential-dependent charge-transfer rate in the Faradic reaction [1], the less R, value of p-MnOy
indicates its faster charge-transfer rate. On the other hand, the Warburg impedance values are g-MnOx
of 0.0163 S sec®® cm and p-MnOy of 0.00711 S sec®® cm™, respectively. The former is more 2 times
higher than the latter, indicating the faster cation diffusion in p-MnQO,. This result is attributed to more
H,O/OH’ sites in p-MnOx.
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Figure 8. CV plots of g-MnO, and p-MnOj at the different scanning rates: (a) 10 mV s™, (b) 50 mV s’
! (c) 100 mV s and (d) 500 mV s

Figure 8 shows the CV curves of MnO, samples at the scanning rate from 10 mV s to 500 mV
s™. In Fig.8 (a), two CV curves show the retangle-like shape, indicating the good electrochemical
characteristics of both MnOy samples. Additionally, both the CV curves present a couple of redox
peaks nearly at 0.5 V (vs. SCE) [42]. This redox peaks can be assigned to the proton or alkali ions
deintercalation upon oxidation and intercalation upon reduction. However, the CV curve of p-MnOy
(in Fig.8a) appears a current peak nearly at 1.0 V (vs. SCE). It was possibly attributed to the oxygen
evolution reaction catalyzed by the manganese oxide [43, 44]. Fig. 8 (b — d) shows the CV curves of
two MnOy samples at other different scanning rate of 50, 100, and 500 mV s™. The CV curves of g-
MnOy deviated from the ideal capacitive behavior with the increase of scanning rate in Fig.8 (c and d).
However, the CV curve of p-MnOy still exhibits a perfectly symmetrical rectangular shape.

The specific capacitance (C) of the MnOy is determined from the CV data [26]. The plots of C
and retained ratio of C against the scanning rates are shown in Fig.9. The capacitance values of g-
MnO, and p-MnO, were 160 F g™* and 252 F g%, respectively, as the scanning rate of 10 mV s *. The
capacitance of g-MnO, decreased to 50 F g when the scanning rate increased to 500 mV s™.
However, the p-MnOj retained the capacitance of 140 F g, which was nearly 3 times than that of g-
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MnOy. The retained ratio of capacitance of g-MnOy was 31% while that of p-MnO, was still 56% with
the scanning rate increasing from 10 mV s to 500 mV s™.
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Figure 9. Specific capacitance and retained ratio of (a) g-MnOx and (b) p-MnOy vs. the scanning rate
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Figure 10. Variation of the voltammetric charge (q°) with respect to the scanning rates (v): (a) the q°
vs the 1/v'2 plot; (b) the 1/q* vs v plot

Voltammetric charges (q°) of MnO, samples were calculated as a function of the scanning rate.
Fig. 10 (a) shows the plots of q" as a function of the inverse of square root of the scanning rate v
By extrapolating v/2 to infinity, outer voltammetric charge (qo) can be calculated, which is the charge
on the most accessible active surface. Fig. 10 (b) shows the plot of q" versus square root of the scan
rate (vV/?). By extrapolating v'? to zero, total voltammetric charge (gr) can be determined, which is
involved to the whole inner and outer active sites. Moreover, the difference between g+ and go gives
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qi, which is related to the inner and less accessible active sites. The ratio of q,/qr and go/qr indicate the
shares of electrical charge due to inner and outer active sites, respectively. All the calculated charge
values and their ratio are presented in Table 2. The qo value of p-MnOxy is nearly three times than that
of g-MnOy. The higher qo value of p-MnOy should be attributed to H,O/OH" sites in p-MnOy.
Moreover, the ratio of qo/qr of p-MnOy is also higher than that of g-MnOy. At the high scanning rates,
the charge storage may mainly utilize the outer active site of the electrode [1, 45]. Therefore, the p-
MnOy shows the higher capacitance at the high scanning rate.

Table 2. The estimated values of voltammetric charge on the basis of plots in Fig.10. (unit is C cm™? g’

9

Sample Jo Or qi qi/0r : Qo/Qr
g-MnOy 24.9 106.4 81.5 0.77 0.23
p-MnOy 68.1 150.4 87.9 0.57 0.43

4. CONCLUSIONS

Two MnOy films were electrodeposited by the pulse current method or galvanostatic method,
respectively. The morphology of p-MnO, was more regular and more compact than that of g-MnOx.
The structure of g-MnOy was indexed to Mn3O,4 while p-MnOy showed the mixture of MnzO, and
MnOOH from the XRD and Raman results. According to XPS spectra, the amount of hydroxyl in p-
MnOy was as high as 62.8%. The contact angle of p-MnOy was obviously smaller than that of g-MnOy,
revealing the better wettability of the former. It may be attributed to the more compact morphology
and the higher amount of hydroxyl of p-MnOy. The diffusion of cation ions in p-MnOy is easy because
of its better wettability. It had been proved by the modeling results of impedance data, which showed
the less charge-transfer resistance and Warburg impedance in p-MnOy. The analysis of voltammetric
charges showed that the ratio of qo/gr of p-MnOy was nearly two times higher than that of g-MnO,
indicating more accessible active sites of the former. Therefore, the better high-rate capability of p-
MnOy may be attributed to its good wettability, leading to the easier diffusion of cation ions and the
more accessible active sites. These results demonstrate that pulse current prepared MnOy film is an
ideal candidate as electrode material for supercapacitor.
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