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Abstract: Potassium manganese oxides were prepared by cathodic deposition from aqueous KMnO, solution on
an indium tin oxide slide. The products were characterized by XRD, XPS and SEM techniques. The as-prepared
products were potassium manganese oxides with different manganese valence states. The component, morphology
and size of the products could be controlled through adjusting the preparation parameters such as deposition
potential, deposition time and acidity of the electrolyte. The results show that the deposition of potassium
manganese oxide from aqueous KMnOy, is a pH value dependent procedure. Due to the facilitating of intercalation
and deintercalation of cations, the specific capacitance of the products deposited for 500 s is higher than that of
3000 and 6000 s. At a scan rate of 2 mV+s™ in 0.2 mol -L" K;SO, aqueous electrolyte, the specific capacitances
of products are 119.4, 99.5 and 109.0 F-g™ corresponding to the deposition time of 500, 3 000 and 6 000 s,
respectively. Electrochemical experiments indicate that the reversibility and performance of these potassium

manganese oxides are also changed with the deposition time.
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0 Introduction performance as electrode material in supercapacitors!™.
Although ruthenium oxide has the largest specific

Due to their excellent electrochemical properties, capacitance (SC) value of 2 200 F g™ and excellent
metal oxides such as RuO, and MnO, have shown high  reversibility, the high cost, toxic nature and the use of a
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strong acidic electrolyte inhibit its commercial applica-
tion. There have been increasing interests in finding
alternatives to ruthenium oxide as advanced electrode
materials. As a potential capacitor material, manganese
oxide materials have shown excellent capacitive charac-
teristics with high theoretical SC value (about 1370 F-
¢™) and are in abundance as well as non-toxic 7,
Therefore, a lot of efforts have been devoted to their
capacitive characteristics.

The preparation techniques of manganese oxides
for capacitor include electrochemical deposition, chem-

0]

#169 hydrothermal synthesis!"%,

ical co-precipitation!
sol-gel processes™ . Electrochemical deposition techn-
ique is advantageous, because the mass, thickness, and
morphology can be easily controlled by simply adjusting
the electrochemical depositing parameters such as the
component, acidity and temperature of the electrolyte.
In addition, metal oxide films synthesized by electro-
chemical deposition are more likely to be nanostru-
ctured. The nanostructure of manganese oxide is espe-
cially important for the development of electrochemical
capacitors. It has been shown that the SC of manganese
oxides is influenced by some factors such as shape and
crystal structure of the product, chemical composition,
valence state of manganese, and surface area.

electrochemical

Previous preparations  were

focused on anodic deposition of manganese oxides",
The anodic deposition variables such as current density,
pH value, composition and temperature of plating bath
were found to be the key factors influencing the SC

28]

of manganese oxide™. The deposits prepared by the
anodic deposition were amorphous at annealing temp-
eratures below 400 °C or contained poorly crystalline
structure*?. The mean oxidation state of Mn increased
with increasing annealing temperature. The SC of
manganese oxides deposited by anodic deposition
decreased with increasing film thickness™. Besides the
ability to avoid anodic dissolution of metallic substrates,
cathodic deposition can also co-deposit various oxides
and metals, and modify the composition, conductivity
and electrochemical performance of the obtained
products. Since the pioneering work of Zhitomirsky et

al., there have some studies on the cathodic deposition

342 For example, birnessite mang-

of manganese oxides!
anese oxide films named as K.MnO,,(H,0). has been
prepared by galvanostatic pulse and reverse pulse
deposition through cathodic reduction of KMnO,
solutions, and the deposits microstructure can be varied
by altering the deposition conditions™. Although the
electrochemical capacitor properties of manganese
dioxides have been extensively studied, the influence of
fabrication parameters such as applied potential,
deposition time and the acidity of the electrolytes on the
component, morphology and size of the prepared
products have not been elucidated clearly, and there
have less reports on the deposition mechanism of
cathodic deposition of manganese dioxides*.

In this work, potassium manganese oxides with
controllable size and shape were deposited by cathodic
reduction of MnO,” ions at room temperature. The
crystalline structure, surface morphology, component
and chemical environment of the products were
characterized with XRD, SEM and XPS techniques. The
influence of deposition conditions on the component,
morphologies and size of the products were examined.
The capacitor properties of the potassium manganese
oxides with different components, morphologies and
sizes were studied by techniques of cyclic voltammetry

(CV) and chronopotentiometry (CP).
1 Experimental

Analytical grade of potassium permanganate
(KMnOy,), potassium nitrate (KNOs), potassium sulfate
(K»SO,) and other chemicals were purchased from
Shanghai Chemical Reagent Co. All reagents were used
without further purification, and distilled water was
used throughout.

The potassium manganese oxides were synthesized
by amperometric method. The deposition was carried
out on a CHI 660C electrochemical workstation
(Chenhua, Shanghai, China) at room temperature. A
traditional three-electrode configuration was used with

(ITO) slide as the working

electrode. A platinum wire and a saturated calomel

an indium tin oxide

electrode (SCE) were served as counter electrode and

reference electrode, respectively. All potentials given
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below were relative to the SCE. In a typical procedure,
the ITO electrode was immersed into the mixture
containing 10.0 mmol L.~ KMnO, and 0.1 mol -L ™
KNO; with different acidity, the potential was kept at a
certain value for given times. Then, the ITO electrode
was washed with doubly distilled water to remove the
adsorbed salts. The ITO slide with deposited products
was dried in a desiccator for XRD, SEM and
electrochemical measurements. For XPS measurements,
the electrodeposited potassium manganese oxides were
scraped from the ITO slide by a stainless steel knife.
Powder XRD measurement was performed on a
Shimadzu XD-3A X-ray diffractometer at a scanning
rate of 4° min~" in the 20 range from 10° to 80°, with
graphite monochromatized Cu Ko radiation (A=0.154 18
nm). The XPS spectra were recorded on an ESCALAB
MK II X-ray photoelectron spectrometer by using
nonmonochromatized Al Ka X-ray as the excitation
(284.6 eV) as the reference
line. The SEM images were carried out on an S-3000 N

source and choosing Cls

(Hitachi, Japan) scanning electron microscope operating
at 20 kV.

CV studies were performed within a potential
range of 0~1.0 V with varying potential scan rates in a
0.2 mol ‘L " K,SO, aqueous electrolyte. In the CP
measurements, a current density of 0.5 A -g™ was used

to investigate the capacitor performance.
2 Results and discussion

2.1 XRD analysis

Fig.1 shows XRD patterns of potassium manganese
oxides deposited in 10.0 mmol - L.™' KMnOy, solutions at
-0.6 V for different times. The changes in the
component of the deposits are clearly noticed in the
XRD patterns. The XRD pattern of the film deposited
for 200 s (curve a) shows that the component of the film
is a mixture of cryptomelane-type potassium manganese
oxide (K, MngOy, PDF No.44-1386) and birnessite-type
potassium manganese oxide (Kg4Mn,0, (Hy0),4, PDF
No.80-1098). The diffraction peaks at 26 =12.5° and
25.2° splitting into two or more broad peaks suggest that
the product is a mixture of poorly crystallized

microdomains with slightly different cell parameters®.

The ratio of the strongest peaks integral intensity areas
shows that the content of birnessite-type potassium
manganese oxide is less. When the deposi-tion time
reaches 4 000 s, the intensity of birnessite-type
potassium manganese oxide peaks become stronger,
implying that the content of birnessite -type potassium
manganese oxide increases with the deposition time as
shown in b. If the deposition time extends to 9 000 s,
the product is mainly composed of birnessite-type
potassium manganese oxide as displayed in c. The XRD
results indicate that the component of the products was

varying with deposition time.
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Fig.I XRD patterns of samples deposited at 0.6 V
for different times

2.2 XPS studies

The XPS spectra of the products deposited at —0.6
V for 9000 s are shown in Fig.2. Fig.2a shows the wide-
scan XPS spectrum of the potassium manganese oxides.
The only detectable peaks of K, Mn, O and the added
reference C are observed, which confirms that the
product is a compound of potassium manganese oxide.

The high-resolution XPS spectra of Mn3s, Mn2p,
and Ols are shown in Fig.2b, 2¢ and 2d, respectively.
Due to the parallel spin coupling of the 3s electron with
the 3d electron during the photoelectron ejection, Mn3s
core level spectrum usually shows a peak splitting and a
doublet™. The magnitude of the splitting energy of
Mn3s photoelectron peaks (AE) is known to increase
approximately linearly as the Mn oxidation state (n)
decreases: AE=7.88~0.85n"". As reported in Fig.2b,
the Mn3s splitting energy for the product is about 5.17

eV, and the calculated average oxidation states of
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Fig.2 XPS spectra of the as-prepared sample: (a) survey spectrum, (b) high-resolution spectrum of Mn3s,

(c) high-resolution spectrum of Mn2p,, and Mn2ps,, and (d) high-resolution spectrum of Ols

surface Mn atoms is about 3.2. In Fig.2c, the Mn2p;p,
and Mn2p , transitions are centered at 642.6 and 653.8
eV, respectively. The Mn2ps;, spectrum shows two peaks
with maximum at 642.8 and 643.9 eV, and having spin
energy separation of 11.0 and 9.9 eV with the satellite
Mn2p,, peak. The energy
consistent with the reported data for Mn(ll) and Mn(IV)

oxides™, which means the product contains different

spin separations are

valence states of manganese. Existence of the Mn-oxide
phases is also reflected in the Ols core level spectrum
shown in Fig.2d, the peak at 530.3 €V can be ascribed
to the oxide peak (Mn-O-Mn)*l, and the peaks of Mn-O-
H (530.5~531.5 eV) and water molecule (531.8~532.8
eV) are invisible®™** Thus, it is clear that the
obtained product in the present work is a potassium
manganese oxide with different valence states of
manganese.
2.3 SEM studies

In the experiments, when an ITO electrode was
placed in a solution with 10.0 mmol - L™ KMnO, and 0.1
mol - L KNO; and was deposited at —0.6 V for different
times, different morphologies of potassium manganese

oxides such as thin film, nano-/micro- sized particles

and microfiber assemblies are shown in Fig.3. The
morphology of the products deposited for 200 s is
mainly  three-dimensional networks formed by
nanofibers and less particles with diameter of about 500
nm on the networks surface as shown in Fig.3a. After
depositing for 500 s, there are plenty of particles with
1.0~2.0 pm

assembled with tiny particles of about 50~100 nm as

diameter of about in the products
depicted in Fig.3b. If the deposition time is extended to
3 000 s, the products are developed to erective
microfibers with length of about 3.0 wm and diameter of
0.8~2.0 wm, and there are also plenty of tiny particles
on the surface and less particles on the tip of the
microfibers as shown in Fig.3c. Further extending the
deposition time to 6 000 s, there are plenty of tiny
particles deposited on the microfibers tips as shown in
Fig.3d. The products become into individual fragment
at 9 000 s

can see that the individual fragment is composed of

(Fig.3e). Through careful observation, one

three layers, a compact film with thickness of about 50
nm on the bottom (as marked in Fig.3e), bundles of
the  middle,

microparticles on the top of the microfibers.

microfibers  in and  aggregated
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() 200, (b) 500, (c) 3 000, (d) 6 000 and (e) 9 000 s

Fig.3 SEM images of the as-prepared products deposited at —=0.6 V for different times

The changing of the products morphology and
component with deposition time can be explained as
follows. In a solution of 10.0 mmol - L' KMnO, and 0.1
mol - L,™" KNO;, when a potential of —0.6 V is applied,
the MnO,” ions is mainly reduced to Mn(lV) in the form of
cryptomelane-type with a small amount of birnessite-
type potassium manganese oxide. Increasing the
deposition time, the concentration of H* ions in the
electrolyte decreases with the consuming of MnO, ions
in the reduction procedure, thereby, the as-prepared
product is a mixture of cryptomelane-type and
birnessite-type potassium manganese oxide. Further
increase in deposition time will result in much less H*
ions in the

electrolyte, and the birnessite-type

potassium manganese oxide is the dominating
component in the products for longer deposition time
such as 6 000 and 9 000 s. The current-time curves
recorded in the preparing procedures shown in Fig.4
indicate the pH value dependent formation procedures
of the products, i.e., fromation of a thin compacted film
to assembling microfibers and to aggregate
microparticles in the end, corresponding to the three
parts shown in Fig.3e.

In order to further investigate the effect of
acidity on  the

electrolytes morphologies  and
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Fig.4  Current-time curves of the preparing procedures at
-0.6 V for 9000 s in different initial pH value

electrolytes

microstructures of the products, the solutions with
different pH values were adopted to prepare potassium
manganese oxides. The products were deposited at —0.6
V for 1 000 s. If the initial pH value of the solutions is
controlled to be 0, the prepared products are composed
of spherical aggregates of nanoparticles without clear
boundary, and the diameter of the spheres is 1.0 to 1.5
pm. Carefully examination reveals that the particles
consist of crosslinked three-dimensional nanofibers with
a few tens of nano-meters in size, as shown in Fig.5a.
Fig.5b shows the morphology of the products deposited

at pH value of 3.0, the deposits consist of small needle
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Fig.5 SEM images of the products deposited at —0.6 V for 1000 s in different pH value electrolytes

like fibers in 500 ~1 000 nm with straight orientation.
When the pH value of the electrolyte is 6.0, the
(Fig.5¢) is bundles of

microfibers with microparticles on the top. In alkaline

morphology of the products

solutions, the morphologies of the deposits are
remarkably different. As depicted in Fig.5d, in a pH=
9.0 electrolyte, the deposits show agglomerated small
particles, and there are short fibers of 20 ~30 nm in
diameter in the particles surface. These deposits are
denser than that in acidic solutions. When the pH value
becomes 12.0, the short fibers on the particles
disappear, and the particles surface becomes more
slippery, as shown in Fig.5e. The XRD pattern shown in
Fig.6 indicates that the product prepared in pH value of
0 (curve a) is a mixture of dominating cryptomelane-
type potassium manganese oxide and less of birnessite-
type potassium manganese oxide, and mainly birnessite-
type potassium manganese oxide at pH value of 12.0
(curve b). This result is similar to that of Fig.1, which
confirms the pH value dependence procedure in the
deposition of potassium manganese oxides. SEM and
XRD results show that the component and morphology
of the prepared potassium manganese oxides can be

controlled by adjusting the acidity of solutions and/or

deposition time.
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Fig.6  XRD patterns of the samples deposited at —0.6 V
for 1000 s in different pH value electrolytes

The role
investigated by SEM technique. When the deposition

of depositing potential was also

time is 1000 s, irregular microparticles of 2.0~5.0 wm
could be obtained at —0.8 V (Fig.7a). If the deposition
potential increases to -0.3 V, the products are
irregular fragments with double layered structure,
microparticles on a film with thickness of about 1.5
pm as shown in Fig.7c. When the depositing potential

is 0 V, the products are irregular and glazed

(Fig.7d).



12

T RZR AR BIVER AR . L AR T S B A R B 2295

(2) ~0.8 V, (b) =0.6 V. (¢c) =03 V, (d) O V

Fig.7 SEM images of the products deposited for 1000 s at different potentials

2.4 Electrochemical properties

The electrochemical properties of the products
deposited at —0.6 V for different time were investigated
in 0.2 mol - L' K;SO, solution. The potential range in
CV was from 0.0 to 1.0 V and different scanning rates
were taken from 2 to 200 mV +s™. Fig.8 shows the CV
curves for the products deposited for 500, 3 000 and
6000 s at 10 mV -s7,

transferred into the current density of per unit mass of

respectively, where the current is

deposits. It can be seen that the specific capacitance of
the products deposited for 500 s is higher than that of
deposited for 3 000 and 6 000 s at the same scan rate. In
addition, there is a cathodic peak at 0.42 V and an
anodic peak at 0.69 V for products deposited for 500 s,
correponding to  the intercalation/deintercalation
processes of cations. For the products deposited for 500
s, the voltammetric response on the positive sweep is
nearly symmetrical to that on the following negative
sweep, indicating good electrochemical reversibility of
the electrode. As for the products deposited for 3 000
and 9000 s, the CV curves show more components of
resistance response, and the peaks of intercalation/

deintercalation of cations are neglectable.

1.0
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0.04

Current / (A-g™)

-0.54

-1.0

-1.54

010 012 0{4 0i6 01.8 1].0
Potential / V (vs SCE)
(a) 500, (b) 3000, () 6000 s
Fig.8 Cyclic voltammograms of the products deposited
for different times in a 0.2 mol- L K,SO,

solution at scan rate of 10 mV s

Fig.9 shows the relationship of SC value and
scanning rates of the as-prepared potassium manganese
oxides. The SC value can be estimated using half the
integrated area of the CV curve to obtain the charge
density, and then divided by the width of the potential
window. At a low sweep rate of 2 mV +s™, the calcul-

ated SCs are 119.4, 99.5 and 109.0 F- g™ corresponding
to the products deposited for 500, 3 000 and 6 000 s,
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respectively. However, at a scan rate of 200 mV +s™, the
calculated SCs values are 7.7, 7.6 and 7.5 F -g ',
respectively. As shown in Fig.9, the reduction rate of
SCs is increased with deposition time, which could be
attributed to the low conductivity and/or the electrolyte

diffusion limitations in the potassium manganese

oxides.
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Fig.9 Effect of scan rate on the specific capacitance of
the products deposited for different times in
0.2 mol - L K,S0,
In order to further understand the influence of

scanning rates on SC, voltammetric charges have been
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determined as a function of scan rates. Trasatti and his
co-workers firstly propounded to discriminate the
“inner” and “outer” charges of electrode materials™.
The whole surface of the electrode could be divided into
“inner” surface (which is more difficult to access by the
charge compensating ions) and “outer” surface (which
is straightforwardly accessible to the charge compen-
sating ions). The fast scanning rate will lead to the H* or
alkali metal cations reaching only the “outer” surface of
the electrode, the extrapolation of ¢ to v=%("=0)
shows the “outer” charge (go), which is the charge on
the most accessible active surface. The dependence of
voltammetric charge (¢) on the inverse of the square
root of scanning rate (v™"?) is shown in Fig.10a. Fig.10b
denotes the inverse of the voltammetric charge (¢™") on

("), in which the

extrapolation of ¢™' to v'? gives the total charge (¢1), that

the square root of sweep rate

is, the charge related to the whole active surface. The
estimated charges at very low (g1) and high scan rates
(q0) for the samples prepared at various deposition times
are summarized in Table 1. It can be seen that the
charge of the products deposited for 500 s at very low
scan rate is higher than that of 3 000 and 6 000 s, and
the value is 305.8 C-¢™', which is primarily attributed to

the thin films advantage in mass transportation and
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Fig.10  Variation of voltammetric charge density (q) with respect to scan rate (v): (A) ¢ vs v™? and (B) 1/g vs v'

Line (a), (b) and (c) representing the deposition time to be 500, 3 000 and 6 000 s

Table 1 Estimated charge density (C-g™) at very low and very high scan rates for

all samples deposited for different times

2

Deposition time / s qo/ (C-g™) qr/ (C-g™)
500 27.0 305.8
3000 2.3 288.2
6000 2.7 128.2
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facilitating the intercalation and deintercalation of
cations. The relative low SC values of the products
deposited for 3 000 and 6 000 s reveal that most
surfaces of the products are inaccessible for cations and
their higher resistance characters. Therefore, large
decrease is expected in specific capacitance at higher
scan rates.

The prepared materials were subjected to
galvanostatic charge/discharge cycling between 0 and
1.0 Vin 0.2 mol - ™' K;SO, solution at a current density
of 0.5 A-g™. Typical curves of potential variation during
the third cycle are shown in Fig.11. For products
deposited for 500 s, the almost linear charge/discharge
curve and equivalent charge and discharge time
indicates a good capacitive behavior. When the
deposition time extends to 3 000 and 6 000 s, the
charge/discharge curves deviate from the linearity, and
the observed IR drop increases, which mean that the
conductivity of the products decreases with the
deposition time, and it is consistent with the CV results.
Along with the increase of deposition time, the charging
time of the products is longer than discharging time,
especially in the first and second cycles (shown in the
inset in Fig.11), which implies the reversibility of the
prepared potassium manganese oxides is dropping with
deposition time. The average SC values in the third

cycle are 114.4, 35.4 and 22.7 F g, respectively,

IR drop
1.0+

0.8 4

064 !

Potential / V

0.4+

S
. \
HORYO)
EERY

!

0.2 1

0.0

0 100 200 300 400
Time /s

Fig.11  Third charge/discharge cycle of the products
measured at 0.5 A-g™ in 0.2 mol-L™ K,S0,
for different deposition time: (a) 500,
(b) 3000 and (c) 6000 s, respectively; Inset is
the first and second charge/discharge cycles
of the products deposited for 3000 s (solid

line) and 6000 s (dashed line)

which is close to that of calculated ones from the CV

studies at 5 mV s
3 Conclusion

Potas sium manganese oxides were prepared by
cathodic reduction of KMnO, solutions. Experimental
results show that the deposits component is altering
with the preparing factors such as applied potential,
deposition time and the electrolytes acidity. The
morphology and size of the products could be also
controlled through adjusting the deposition parameters.
The deposition potassium manganese oxide from
aqueous KMnO, is a pH value dependent procedure.
The specific capacitance of the products deposited for
500 s is higher than that of 3000 and 6 000 s due to the
facilitating of intercalation and deintercalation of
cations. At a scan rate of 2 mV +s™ in 0.2 mol - L™
K,S0, aqueous electrolyte, the specific capacitances of
products are 119.4, 99.5 and 109.0 F- g™ corresponding
to the deposition time of 500, 3 000 and 6 000 s,

respectively. In addition, the dissimilar cyclic

voltammetry response, the different IR drops and the
different indicate  the

charge/discharge  times

reversibility and performance of these potassium

manganese oxides as capacitor materials.
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