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ABSTRACT

Manganese oxide has a potential application as electrode material of electrochemical
capacitor because of abundant resource, low cost, environment compatibility and high
theoretical capacitance. However, the poor conductivity of the MnO, is a major problem
in the electrochemical application. We prepared Ag/MnO, compound by a reassembling
reaction between Ag” ions and delaminated manganese oxide nanosheets, followed by
a reduction treatment. The addition of silver nanoparticles optimized the conductivity of
the material and prevented the reassembling process of the manganese oxide
nanosheets. The Ag/MnO, electrode shows a characteristic Faradic capacitance
behavior. It is a promising electrode for an energy storage/conversion device with
excellent performance.

1. INTRODUCTION

In recent years, the electrochemical capacitors have received conS|derabIe attention
because of their high capacity, high power density and long cycle life." The research
results show that the good performance of electrochemical capacitors usually results
from the high speC|f|c surface area as well as the high reversible redox reactions of the
electrode materials.? Porous carbon materials, conducting polymers and transmon
metal oxides are fundamental candidates for the electrochemical electrode materials.’
Among the transition metal oxides with various valence states, manganese oxide is one
of the most promising pseudocapacitor electrode materials because of its high specific
capacitance, environmental compatibility and cost effectiveness. 4“5 Up to now,
manganese oxide has been deeply studied to attain more information about its intrinsic
property and find the relation between morphological, structural and compositional
characteristics of material with the electrochemical performance.®

The specific surface area and the reversible redox reaction of electrode materlals
have an obvious influence on the performance of electrochemical capacitors.® The
large specific surface area and high electrical conductivity can improve the capacitance
performance of the electrode materials. The bulk manganese oxides have a small
specific surface area and low electrical conductivity because of their semiconducting
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character, which serlously I|m|t their application as the electrode materials of
electrochemical capacitors.'®"" Therefore, manganese oxide hybrid materials with a
large specific surface area and high electrical conductivity are expected. In general, the
electrical conductivity of the MnO,-based materials can be improved by doping some
conductive materials into manganese oxides.

Manganese oxide nanosheets have not only distinctive physicochemical properties,
associated with dimensions in the nanometer scope, but also a large specific surface
area. They can be obtained through the delamination reactlon of the layered MnO,, and
can be employed as a new class of nanoscale materials.'? Sophisticated functionalities
or nanodevices may be designed through the selection of nanosheets and combinin
materials, and precise control over their arrangement at the molecular scale.”™"’
Because of the excellent electronic conductivity of silver, it would be an ideal conductor
to form electron—transferring channels during manganese dioxide discharging. Recent
investigations show that the battery performance of the lithium manganese dioxide
electrode can be significantly improved by doping 1-8 wt % Ag." For example, in
comparison to pure RuO,, Ag-doped Rqu shows much higher specific capacitance
because of the increase in conductivity.'® Therefore, Ag-doped MnO, is expected to
increase the conductivity and shows higher specific capacitance. Up to now, Ag-doped
MnO; films have been prepared by a cathodlc electrolytic deposition from the KMnO4
aqueous solution containing AgNOs." The prepared films show improved capacitive
behavior and lower resistance compared to pure MnO, films, but the preparation
method has a complex procedure and high cost. Silver decorated y-manganese dioxide
nanorods are obtained evenly by a wet impregnation method, and the utility efficiency
of the as-prepared material is greatly enhanced when silver particles are introduction.
Silver nanoparticles not only accelerate the electron conducting but also improve the
proton diffusion throughout the electrode.'® Moreover, Ag,O can be used as electrode
materials in silver oxide batteries. Because of the high energy density, the silver oxide
battery is an ideal electronic device for use in small, thin button batteries. As the
cathode continues to discharge, the silver metal produced by the reaction helps to keep
the internal cell resistance low and the closed-circuit voltage high."®?' In the present
work, Ag-loaded manganese oxide nanosheets are prepared by a reassembling
reaction between Ag® ions and delaminated manganese oxide nanosheets and
followed by a reduction process. This design takes not only full advantage of the
pseudocapacitance from manganese oxide, but also the high electrical conductivity of
silver.

2. Experimental Section

2.1. Material

Tetramethylammonium hydroxide (25 wt %) was purchased from Alfa Aesar Co., and
poly(N-vinylpyrrolidone), Mn(NOs), (50%), H202 (30%), HNO3(65%), NaOH, AgNOs3,
Na,SO,4 and ethanol were analytical grade without further purification. Deionized water
was used throughout the experiments.

2.2. Synthesis of the Ag-MnO; material

The starting material, proton-type birnessite manganese OXIde (H-BirMO) was
synthesized and delaminated by the method described previously.???® H-BirMO (0.5 g)
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was treated in a 0.35 mol L™, 125 mL aqueous solution of tetramethylammonium
hydroxide (TMAOH) for 7 days at room temperature. The amount of TMAOH added
were 25-fold that of the exchangeable capacity of H-BirMO. After soaking, the colloidal
suspension was centrifuged at a speed of 13000 rpm for 20 min and washed with
deionized water to obtain delaminated BirMO slurry, which contained well dispersed
manganese oxide nanosheets. Then 0.1 mol L™ AgNOs aqueous solution was added
into the delaminated BirMO slurry, and the suspension was stirred for 24 h at room
temperature. The obtained sediment was filtered, washed with deionized water, and
dried at room temperature for 24 h, Ag»,O nanoparticles-loaded manganese oxide
nanosheets were obtained, which was abbreviated as Ag>O-MnO,. Sample Ag,O-MnO,
was then added into a mixture solution of PVP (0.1 g) and ethanol (100 mL), and the
mixture was refluxed at 70 °C for 6 h while stirring in a thermostatic oil bath and
followed by naturally cooling to room temperature. The obtained sediment was filtered,
washed with ethanol and dried at room temperature for 24 h, Ag loaded-manganese
oxide nanosheets were obtained, which was abbreviated as Ag-MnO..

2.3. Structure Characterization

The X-ray diffraction (XRD) analysis was performed on a D/Max-3c X-ray
diffractometer with Cu Ko radiation (A=1.5406 A) scanning from 5° to 70°, using an
operation voltage and current of 40 kV and 30 mA, respectively. Transmission electron
microscope (TEM) images were collected using a JEM-2100 microscope working at
120 kV. X-ray photoelectron spectroscopy (XPS) was performed with a K-Alpha
spectrometer using Al Ko radiation (1486.6 eV) at a power of 150 W (accelerating
voltage at 12 kV and current at 6 mA) in a vacuum of 8.0x10™® mPa. To ensure the
accuracy of the data measured, all the binding energies were calibrated relative to the
C1s peak (284.6 eV) from hydrocarbons adsorbed on the surface of the samples.?* The
Ag content was determined by atomic absorption spectroscopy after dissolving a
weighed amount of Ag-MnO, material in a mixed solution of HNO3 and H,0O».

2.4. Electrochemical Measurement

The working electrode was prepared by mixing active materials (MnO,, Ag20-MnQO.,
or Ag-MnO3) (75 wt %), acetylene black (20 wt %) and polyvinylidene fluoride (5 wt %)
(the purity of acetylene black and polyvinylidene fluoride are battery grade). The two
former constituents were first mixed together to obtain a homogeneous black power.
The polyvinylidene fluoride solution (0.02 g mL™", in N-methyl-ketopyrrolidine) was
added. This resulted in a rubber-like paste, it was then brush-coated onto a Ni foam
current collector with a definite area of 2.0 cm?. The foam was dried at 110 °C in air for
12 h for removal of the solvent, and it was uniaxially pressed to make the electrode
material completely adhere to the current collector.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
measured using a typical three-electrode system. A CS350 electrochemical workstation
(CorrTest Instrument Co., Wuhan, China) was used for the electrochemical
measurement. A beaker type electrochemical cell was equipped with a MnO, based
working electrode, a Pt-foil (2 cm?) as the counter electrode and saturated calomel
electrode (SCE) as the reference electrode. CV curves were preformed between -0.05
and 0.95 V in 1 mol L™" Na,SO, electrolyte. The average specific capacitance (SC) was
evaluated according to the following equations:?®
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. Ve,
i= (jVa i(v) dv)/(Vc -Va)
C,=i/mv
Where m is the mass of the active material impregnated into nickel foam, not including
the weight of the additives in the electrode; v is the potential scanning rate; i is the even
current response, which is obtained through integrating the area of the curves; Va and
Vc represent the lowest and highest voltage, respectively. EIS was measured in the

frequency ranges from 0.5 Hz to 8x10* Hz.

3. RESULTS AND DISCUSSION

3.1. Material Characterization
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Fig.1 XRD patterns of samples obtained at different stages: H-BirMO (a), delaminated
MnO; slurry (b), Ag2O-MnO; (c), and Ag-MnO, material (d).

The XRD patterns of the samples obtained at different stages are shown in Figure 1.
Precursor H-BirMO shows two obvious diffraction peaks at around 12.3° (001 planes)
and 24.6° (002 planes), suggesting that the prepared H-BirMO belongs to &-type crystal
with a layered structure and a basal spacing of 0.73 nm, with crystal water and
exchangeable H' ions in the interlayer space (Fig.1a).?° The precursor H-BirMO was
soaked in 0.35 mol L™' TMAOH solution for 7 days and then washed with distilled water.
The obtained BirMO slurry gives no clear peaks but only an amorphous halo (Fig. 1b).
The halo can be interpreted as scattering from the nanosheets which are aggregated
irregularly, similar to the case of layered titanic acid or graphite oxide.?”?® This indicates
that the water washing causes the delamination of stacked layered manganese oxide
plates to the individual primary plates.?® For Ag,O-MnO, material, the representative
diffraction peaks can be indexed to silver oxide, which are agree well with the value in
the standard card [Joint Committee on Powder Diffraction Standard (JCPDS) 65-3289),
and no characteristic peaks of manganese oxide are observed (Fig. 1c). These results
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suggest that the restacking process of the manganese oxide nanosheets is effectively
prevented, and manganese oxide nanosheets exist in a complete exfoliation state in
Ag20-MnO; material. Although there is no report on the preparation of Ag,O-loaded
MnO, material by a delamination/reassembling process, similar research results can be
observed from the preparation of metal oxide modified graphite. In these research
works,*®?*" the diffraction peaks of graphite nanosheets become weak or even
disappear if the regular stacks of graphite nanosheets are destroyed by exfoliation. For
Ag-MnO, material, the three strong diffraction peaks located at about 38.1°, 44.3° and
64.4° can be indexed as the (111), (200) and (220) planes of metal Ag (Fig. 1d),
respectively, which are consistent with the face-centered cubic structure of Ag in
JCPDS No. 65-2871. According to the atomic absorption spectroscopy experimental

result, te Ag cntent isS.C;%.
Fig.2 TEM images of MnO; nanosheets (a), Ag20-MnO;, (b), and Ag-MnO, materials
(c).

TEM photographs of MnO; nanosheets, Ag2O-MnO, and Ag-MnO, materials are
similar to each other and mainly consist of platelike MnO; (Fig. 2). For the delaminated
BirMO slurry, thin transparent platelets of width less than 0.5 ym are easily observed,
which are comparable to the crystal dimensions of the precursor H-BirMO (Fig. 2a).
The submicrometers to micrometer-sized nanosheets are contrasting to the nanosized
manganese oxide with lateral dimensions below 50 nm that has been derived by

delamination of H-BirMO.” TEM results indicate that the delamination process has
occurred at the layer level without destroying the nanosheets. The delaminated BirMO
slurry is dropped into AgNOs; solution. The obtained Ag.O-MnO, material still maintains
the thin transparent platelet morphology. Ag>.O nanoparticles with a size distribution
from about 5 to 15 nm are distributed homogenously on the MnO, nanosheets (Fig. 2b),
suggesting that MnO, nanosheets can be act as the support and Ag,O nanoparticles
are loaded homogenously on these nanosheets. In comparison to the TEM morphology
of Ag20-MnO, material, an obvious difference is that the Ag nanoparticle size becomes
small and the size distribution becomes narrower, the average size of Ag nanoparticles
is about 5 nm for Ag-MnO, material (Fig. 2c). Ag2O nanoparticles are readily converted
to Ag nanoparticles because of the reduction action of ethanol, and Ag nanoparticles
are highly monodispersed on the MnO, nanosheets without agglomeration. The Ag
nanoparticles are stably kept on the MnO, nanosheet surface, and this stability
probably arises from the strong bonding interaction between the surface atoms of the
nanoparticles and the surrounding oxygen atoms of the MnO; nanosheets. It is
noteworthy that almost all of the Ag nanoparticles spatially correlate with the
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nanosheets. In other words, there are no separated Ag nanoparticles under the
condition of the confinement or support of MNnO, nanosheets. The same reaction in the
absence of manganese oxide nanosheets produces aggregated Ag nanoparticles (20-
50 nm). It is very clear that MnO, nanosheets serve as effective nanoreactors for in situ
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chemical transformation of monodispersed Ag nanocrystals without coagulation and
bulk growth.
Fig.3 XPS spectra of Ag20-MnO; and Ag-MnO, materials: Ag 3d (a) and Mn 2p (b).

XPS provides a sensitive measure of the chemical state in the near surface region of
material. It is carried out on the compounds to prove the reducibility of ethanol and
identify the manganese oxide structure. The binding energy of the Ag 3ds» peak is
about 367.9 eV in Ag,O-MnO, material, suggesting that silver element exists in the
form of Ag® ions.>® A new peak at 368.2 eV can be observed for Ag-MnO, material,
which can be assigned to Ag simple substance (Fig. 3a).>* Therefore, it can be
concluded that Ag,O can be reduced into silver perfectly in ethanol. The Mn 2p spectra
of sample Ag-MnO, was individually divided by curve fitting to obtain the ionic state
information of the element and to estimate the relative proportion of the different ionic
states.® It can be seen that the sample shows two photoelectron peaks with different
binding energies, indicating that there are two manganese sources. Two photoelectron
peaks at 641.2 and 642.2 eV are ascribed to those of Mn,O3 and MnO,, which are in
good agreement with the literature (Fig. 3b).® On the basis of the peak areas, the
average oxidation state of manganese is 3.56 in sample Ag-MnO,. In comparison to the
average oxidation state of manlgljanese (3.67) reported by Post et al.,*” it can be
concluded that the content of Mn' is higher and the negative charge is more on MnO;
nanosheets. Therefore, more Ag® ions can be absorbed and more Ag nanoparticles are
loaded on MnO; nanosheets.

3.2. Electrochemical Behavior

CV is considered to be an ideal tool for the electrochemical property characterization
and the specific capacitance calculation of the material. The electrochemical behavior
of the obtained materials at different stages is investigated with a three-electrode cell
and the results are shown in Fig. 4. For MnO; electrode material, the cyclic
voltammetric curve is relatively rectangular in shape and exhibits a near mirror-image
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current response on voltage reversal, indicating an obvious supercapacitive behavior.
Meanwhile, the curve shows no obvious redox peaks, indicating that the electrode
capacitor is charged and discharged at a pseudo-constant rate over the complete
voltammetric cycle.®**° The specific capacitance value calculated from the CV curve is
found to be 90 F g at 10 mV s™' in 1 mol L™ Na,SOj4 electrolyte in the voltage from -
0.05 to 0.95 V versus SCE. On the other hand, the cyclic voltammetry curves of Ag,O-
MnO; and Ag-MnO; electrodes are different from that of MnO, electrode under the
same conditions. A pair of broad, symmetric, and well-separated redox peaks is
observed, indicating that the measured capacitance is based on the redox mechanism.
For Ag2O-MnO;, electrode, the cathodic peak is at 0.27 V and the anodic peak is at 0.58
V. In contrast, the Ag-MnO, electrode also shows a pair of well-defined redox peaks
(anodic peak at 0.61 V, with corresponding cathodic peak at 0.19 V). The anodic and
cathodic peaks shift respectively to the higher and lower potentials, pespectively,
because of the lower electrode polarization of Ag,O-MnO, electrode. In general, the
reason of the electrode polarization is ascribed to the rate of the ion diffusion, electron
transfer, and electrode reaction, but the rate for each process is not the same. For the
Ag-MnO;, electrode, the silver metal produced by the reaction helps to keep the internal
resistance low and the electrical conductivity high as the cathode continues to
discharge, and also, the specific capacitance and kinetic reversibility of the composite
electrodes are significantly enhanced because of the addition of Ag nanoparticles. For
the Ag.0O-MnO; electrode, the nanostructured Ag,O not only has the Potential of high
speed charge/discharge, but also promotes the redox reaction. ® The specific
capacitance of the Ag,O-MnO, electrode is 232 F g~', while the specific capacitance is
272 F g‘1 for the Ag-MnO, electrode. In comparison to the specific capacitance of the
MnO, electrode, Ag,O-MnO, and Ag-MnO, electrodes show a larger specific

Specific Current (A/g)

0.0 0.2 04 0.6 0.8 1.0
Potential (V vs. SCE)

capacitance. The specific capacitance is 272 F g‘1 for the Ag-MnO, electrode. The

larger specific capacitance is probably attributed to high electrical conductivity of Ag,O-

MnO, and Ag-MnO;, electrodes, which facilitates the access of the electrolyte ions onto

the MnO; surface and maximizes the use of manganese oxide pseudo-capacitance.*

Fig. 4. CV curves of pure MnO,, Ag>O-MnO,, and Ag-MnO, materials at 10 mV s™" in 1
mol L™ Na,SO, electrolyte in the voltage range -0.05-0.95 V vs. SCE.
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CV curves of the Ag-MnO;, electrode at different scan rates are shown in Fig. 5. At a
scan rate of 5 mV s™', a broaden oxidation peak appears at 0.58 V and the
corresponding reduction peak appears at 0.24 V. It can be noted that the oxidation
peak shifts positively and the reduction peak shifts negatively with the increase of scan
rates from 5 to 20 mV s™". It is well-known that the peak potential separation between
the oxidation peak and the reduction peak is used as a measure of reversibility. The
peak potential separation indicates that the Ag-MnO, electrode possesses worse

4 20 mVis —>
10 mV/s
5mV/s

Specific Current (A/g)
o

0 0.2 04 0.6 0.8 1.0
Potential (V vs. SCE)

reaction reversibility with the increase of scan rates The specific capacnance of Ag-

MnO, electrode measured at 5, 10, and 20 mV s™" is 340, 272, 208 F g™, respectively.

The decrease of capacitance ascribed to the effectlve use of the redox reaction is

limited to some extent with the increase of the scan rate.*

Fig. 5. CV curves of the Ag-MnO, electrode at different scan rates in 1 mol L™ Na;SO,4
electrolyte in the voltage range -0.05-0.95 V vs. SCE.

Electrochemical impedance can be used to understand the resistance characteristic.
The Nyquist plots of pure MnO2, Ag20-MnO,, and Ag-MnO. materlals are shown in Fig.
6. The Nyquist plots of the three cathode materials in 1 mol L™ Na,SO, electrolyte are
similar to each other in shape, consisting of a semicircle in the high frequency range
and a straight line in the low frequency range. The semicircle at high frequency range is
due to the charge transfer reaction at the interface of electrolyte/oxide electrode; it
corresponds to the charge transfer resistance (Rct) and can be calculated by
extrapolation of the semicircle on the real impedance axis.** From the Nyquist plots, the
diameter of the semicircles decreases on the order of MnO;, > Ag,0-MnO; > Ag-MnO.,
indicating that Rct of the Ag-MnO, electrode is the smallest and the electrochemical
reaction on the electrode/electrolyte interface is the most facile. This result confirms
that the presence of silver nanoparticles indeed decreases the electronic resistivity of
the electrode. In addition, the inclined line in the low frequency range is attributable to
Warburg impedance, resultlng from the frequency dependence of ion diffusion and
transport in the electrolyte.*® It can be seen that the linear region of the plot exhibits an
angle relative to the real axis, and the angle relative to the real axis increases in the
order of Ag-MnO; > Ag,O-MnO; > MnO electrode with the decrease of frequency. The
large Warburg region for MnO; electrode indicates a great variation in the ion diffusion
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path length and an increase of ion movement obstruction in the process of ion diffusion
into the interior of the electrode.** Meanwhile, the value of the intercept at the real axis
in the high frequency range can be used to estimate the solution or electrolyte

resistance (Rq), which is relevant to bulk electrolyte transport between the reference
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electrode and the working electrod. The resistance of Ag,O-MnO, and Ag-MnO,

electrodes is 3.7 and 3.3 Q, respectively, which is lower than 4.1 Q for the MnO,

electrode. These results show that the Ag-loaded manganese oxide electrode can

significantly improve the electrical performance because of the increase in conductivity.

Fig.6 Nyquist plots of pure MnO,, Ag.O-MnO,, and Ag-MnO;, electrode materials with a
frequent range of 0.5 Hz to 8 x10* Hz in 1 mol L™ Na,SO, electrolyte.

4. CONCLUSION

The Ag-loaded manganese oxide nanosheets (Ag-MnQO,) are prepared by chemically
precipitating Ag2O nanoparticles on the surface of MnO, nanosheets, followed by a
reduction reaction in a mixture solution of ethanol and PVP. Ag nanoparticles prevent
the reassembling process of manganese oxide nanosheets, and Ag-MnO, electrode
shows a characteristic Faradic capacitance behavior. This material takes not only full
advantage of the pseudo-capacitance from manganese oxide but also the high
electrical conductivity of silver nanoparticles. The Ag-MnO, material is a promising
electrode one for an energy storage/conversion device with excellent performance.
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