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Abstract Manganese oxide thin films were sputtered on
graphite foils by radio frequency (RF) sputtering. At the
1,000th cycle of potential cycling, maximum mass specific
capacitance of 341 F g~' was obtained in 0.5 M LiCl and
with optimum sputtering conditions (5 sccm of oxygen,
20 mTorr, and 70 W) as well as annealing temperature
(150 °C). These show its high electrochemical stability and
good mass specific capacitance at a higher sweep rate of
100 mV s '. In addition, the higher the volume flow rates
of oxygen, the larger the amount of trivalent manganese
oxide and the higher the surface roughness, the higher
the mass specific capacitance at lower volume flow rates
of oxygen, but the amounts of trivalent manganese oxide
were almost the same and the mass specific capacitance
decreased due to decreasing surface roughness at higher
volume flow rates of oxygen. Furthermore, the geometric
specific capacitance increases with increasing sputtering
pressure and power.

Keywords Sputtering - Manganese oxide - Surface
roughness - Annealing - Electrochemical capacitors

1 Introduction

Electrochemical capacitors are charge-storage devices,
which possess a higher power density and a longer cycle
life than batteries [1-3]. Their applications include stop/go
power sources for hybrid vehicles, starting power for fuel
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cells, and burst-power generation in electronic devices, etc.
[4-9]. Electrochemical capacitors are classified into two
types, electric double layer capacitors (EDLC) and pseudo-
capacitors according to their energy-storage mechanisms.
The capacitance of an EDLC arises from the separation of
charge at the interface between the electrolyte and the
electrode with a high surface area inert material such as
activated carbon [9, 10]. By contrast, pseudo-capacitance
arises from fast and reversible redox reactions of electro-
active materials with several oxidation states [1, 9—15].
Amorphous hydrous ruthenium oxide prepared by the
sol-gel method and annealed at low temperature (<150 °C)
has been found to possess very high mass specific pseudo-
capacitance value of 720 F ¢~ at 2 mV s™' [16, 17] and
the symmetry of cyclic voltammetry (CV) curves improved
significantly at high voltage scan rates [18]. However,
ruthenium is not suitable for wider commercialization due
to being relatively expensive. Hence, the more economical
manganese oxide with a variety of stable Mn valence states
appears to be a substitutive electrode material for electro-
chemical capacitors. Therefore, manganese oxides were
prepared by different wet processes (anodic deposition, sol—
gel, and co-precipitation) for their application as electrode
materials in electrochemical capacitors [3, 10, 19-21]. The
stability of the amorphous hydrous manganese oxide
anodically deposited from the MnSO, solutions at various
pHs has been enhanced by an annealing treatment, albeit
capacitance gradually decreased with increasing annealing
temperature [19]. Hydrous manganese oxide deposited on a
carbon substrate at anodic potentials of 0.5 Vgcg in 0.25 M
manganese acetate solution at 25 °C exhibited maximum
mass specific capacitance of 240 F g~' in 2 M KCl solution
at a potential scan rate of 5 mV s~'. The higher the depo-
sition potential, the lower the mass specific capacitance
achieved because of lower porosity and a smaller amount of
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trivalent manganese oxide [3]. A thin film of amorphous
hydrous manganese oxide prepared by the dip-coated sol—
gel derived technique involving KMnO,4 and MnCl, was
found to exhibit a high mass specific capacitance of
698 F g~ (at a scan rate of 5mV s~ and in 0.1 M
Na,S0,) and long cycle life. However, the discharge time
achieved was only about 1.1 s at constant current of 0.1 mA
and the slope of the constant current discharge curve was
not exactly constant [20]. In addition, manganese oxide was
prepared at different pH and temperatures, then precipitated
into activated carbon by the chemical impregnation method,
and finally annealed in nitrogen gas at different tempera-
tures. Maximum capacitance of 461.3 F g~' was obtained
in a 0.1 M Na,SO, solution for manganese oxide prepared
under the better/superior conditions (pH = 13.11 and
T = 25 °C) and annealed at a temperature of 195 °C [21].
Moreover, manganese oxide was coated on a graphite
electrode by immersion. Durations for immersion were
varied to control the amount of manganese oxide coated
onto the electrode surface. Maximum capacitance of
556 mF cm™ 2 was obtained in 0.5 M LiCl and with better/
superior conditions (immersion time = 80 min and poten-
tial scan rate = 10 mV s~!) [22]. However, some residual
impurities could be carried over from these wet processes,
and these might affect electrochemical properties (such as
conductance) of electrodes. Thus, dry processes such as
sputtering were applied to fabricate manganese oxides in
this research. Mn films were deposited by sputtering and
then manganese oxide films were synthesized by anodic
oxidation; the mass specific capacitance of the films yielded
400-450 F g~ at a potential scan rate of 5 mV s™' [9]. A
ruthenium oxide thin film was deposited on a Pt/Ti/Si
substrate by a specially designed direct current (DC) reac-
tive sputtering method: the capacitance per volume of the
thin film supercapacitor (TFSC) at the first cycle was
38 mF cm™2 um ™! [23].

Meanwhile contamination, the physical properties (such
as surface roughness) of the substrate, film thickness, and
some sputtering parameters (such as sputtering pressure,
substrate temperature, and bias voltage), etc., have an effect
on adhesion [24-29], which influences operational stability
of electrochemical capacitors. In addition, ruthenium oxide
films were deposited on Si and Ti substrates by reactive
radio frequency (RF) magnetron sputtering and the total
anodic voltammetric charges increased with increasing
roughness factor [30]. Since the highly rough surface should
possess the high surface area, the mass specific capacitance
also increased with increasing the roughness factor for
manganese oxide [31]. Furthermore, the sputtering yield is
reduced so that the deposition rate is also reduced when the
oxygen concentration in the sputtering gas (argon and
oxygen) is increased, because metal-oxygen reaction
occurs on the target surface [32] and the molecular weight
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of argon is larger than that of oxygen. Thus, the oxygen
concentration changes the surface roughness, crystalliza-
tion, and oxidation state, which influence specific capaci-
tance and operational stability of electrochemical
capacitors. Moreover, sputtering also offers the opportunity
to control structural (such as surface roughness and crys-
tallization) and stoichiometric (oxidation state) develop-
ment of mixing metal-oxygen materials.

Manganese oxide prepared by anodic deposition and
annealed at or above 500 °C has been found to form crys-
talline, decrease the Mn—OH (hydroxide) as well as the
H-O-H (water), and increase the Mn—O-Mn (oxide oxygen)
compared with below 500 °C—annealed and as-deposited
[33]. The electrochemical activity of MnNi, ,50, decreases
at high annealing temperature because of separation of the
active material into crystalline phases by diffusion and then
its mass specific capacitance decreases [34]. Therefore, a
simpler one-step RF magnetron sputtering dry process for
depositing manganese oxide onto the surface of a graphite
foil electrode was applied to seek maximum specific
capacitance at optimum conditions in this study. Subse-
quently, the surface morphology, mean roughness, and
chemical environment of the graphite foil electrode were
examined by field emission scanning electron microscope
(FE-SEM), atomic force microscope (AFM), and X-ray
photoelectron spectroscopy (XPS).

2 Experimental methods

A graphite foil was used as a substrate due to its lower
specific resistance (6.3-7.3, lower than that of activated
carbon and silicon) [35]. The graphite foil (1 x 1 or
1 x 2 cm?) was abraded with SiC paper and then rinsed
ultrasonically with de-ionized water for 10 min. It was then
etched in 6 M aqueous HCI at room temperature for 30 min
and subsequently rinsed ultrasonically with de-ionized
water for 10 min. Next, it was degreased ultrasonically in
acetone until any surface grease was completely eliminated.
Finally, it was rinsed with pure de-ionized water, subse-
quently oven-dried in air (50 °C) to constant weight, and
then reweighed for sputtering.

The manganese oxide film was deposited on the pre-
treated and grounded graphite foil substrate by reactive RF
magnetron sputtering from a 3-inch disk Mn oxide (MnO,,
purity: 99.9%, purchased from SCM, INC) target in a
vacuum chamber with a background pressure of 7 x
107 Torr. The distance between the target and the sub-
strate was 6 cm. During deposition, the substrate was not
intentionally heated. The sputtering time and the volume
flow rate of argon were maintained at 60 min and 25 sccm,
respectively. The volume flow rates (2.5, 5, and 7.5 sccm)
of oxygen, sputtering pressure (10, 20, and 30 mTorr), and
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power (50, 70, and 80 W) were varied. Next, the graphite
foils with manganese oxide thin films were weighed and
thus the mass of manganese oxide could be determined.
Finally, the manganese oxide thin films were annealed in
air for 90 min at various temperatures (150 and 300 °C)
under a temperature increment rate of 10 °C min~".

Electrochemical measurements for the prepared graphite
foil electrodes were performed by an electrochemical ana-
lyzer (CH Instruments CHI 608B, USA). The three-electrode
cell consisted of Ag/AgCl as the reference electrode, Pt as the
counter electrode and the prepared electrode as the working
electrode. The electrolytes were degassed with purified
nitrogen gas before voltammetric measurements, and nitro-
gen was passed over the solution during all the measure-
ments. The solution temperature was maintained at 25 °C by
means of a circulating water thermostat (HAAKE DC3 and
K20, Germany). The CV was taken with a potential scan rate
of 100 mV/s (at a sweep rate lower than 100 mV/s, its CV
does not show the rectangular and symmetric current-
potential characteristics of a capacitor) and 0.5 M aqueous
electrolyte (LiCl, pH = 6.7). The potential window in the
range of 0-1 V was used in all measurements except where
stated. Capacitance is normalized to 1 g of manganese oxide.
However, focusing only on the mass specific capacitance in
the electrode material evaluation of electrochemical capac-
itors can be misleading in terms of practical applications
since capacitance also depends on kinetics and may not
simply increase linearly with increasing material mass after
the thickness of the not well-structured porous material has
reached the kinetic restriction on ion transfer in charge—
discharge processes [36]. Therefore, the practically acces-
sible capacitance over a unit geometric area is also utilized in
this research.

Surface morphology of the electrode prepared at dif-
ferent conditions was conducted by FE-SEM (JEOL JSM-
6700F, Japan). Furthermore, the chemical environment of
the electrode prepared at different volume flow rates of
oxygen was explored by XPS (Fison VG. ESCA210,
England). Additional information on the surface roughness
of the electrodes prepared at different conditions was
obtained by AFM (Digital Instrument NanoMan
NS4 + D3100, USA).

3 Results and discussion

Cyclic voltammograms at a potential scan rate of 100
mV s~ for the manganese oxide electrode (using optimum
sputtering conditions: 5 sccm oxygen, 20 mTorr, and 70 W)
without annealing are shown in Fig. 1, which shows a mirror
image with respect to the zero-current line and a rapid current
response on voltage reversal at potentials near the two limits
of the potential window. These features indicate that
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Fig. 1 Cyclic voltammograms (the 5th charge—discharge cycle) at a
potential scan rate of 100 mV s™' for the electrode (using optimum
sputtering conditions: 5 sccm oxygen, 20 mTorr, and 70 W) without
annealing

hydrated cations (such as Li* and proton) of the electrolyte
(pH = 6.7) have a rapid chemisorption/desorption reaction
rate and are involved in the charge-storage process within the
very near surface thin layer of manganese oxide electrodes
[37, 38].

Figure 2a shows the effects of sputtering pressure on the
mass specific capacitance and depositing weight (using
optimum sputtering conditions: 5 sccm oxygen and 70 W
without annealing). The depositing weight increased with
increasing sputtering pressure since the higher the sputtering
pressure, the larger the amount of argon (25 sccm of
argon > 5 sccm of oxygen) ions bombarding the target, and
the higher the depositing rate, thus leading to increase
depositing weight. The mass specific capacitance reached a
maximum at 20 mTorr of sputtering pressure. The mass
specific capacitance increased at the range from 10 to
20 mTorr of sputtering pressure. The reason behind this
behavior may be explained as follows. Higher sputtering
pressure (i.e., higher ion density and reflected neutral den-
sity) leads to higher collision frequencies and lower kinetic
energy. The lower the kinetic energy, the lower the mobility
on the surface of the substrate for particles (ions and reflected
neutrals), and the higher the surface roughness (see Fig. 3,
i.e., thereis anincrease in the height of the surviving particles
in a particle-migration coalescence process), thus leading to
higher mass specific capacitance (a similar result has been
published in previous literature [30, 31]). However, mass
specific capacitance declined at sputtering pressure in the
range 20-30 mTorr. This picture may be attributed to a too
high sputtering pressure, leading to too many ions as well as
reflected neutrals, and thus causing a shadowing effect which
enhances lots of collision probability, and so declining lots of
kinetic energy/migration on the surface of the substrate for
particles. This leads to a poorly packed structure (increase in
larger porosities: see Fig. 4), and finally decreases surface
roughness (see Fig. 3) and mass specific capacitance.
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Fig. 2 The effects of sputtering pressure on a the mass specific
capacitance and depositing weight, and b the geometric specific
capacitance and depositing thickness (using optimum sputtering
conditions: 5 sccm oxygen and 70 W without annealing)

Furthermore, Fig. 2b shows the effects of sputtering pressure
on the geometric specific capacitance and depositing thick-
ness. The depositing thickness increased with increasing
sputtering pressure because the higher the sputtering pres-
sure, the larger the amount of argon (25 sccm of
argon > 5 sccm of oxygen) ions bombarding the target, and
the higher the depositing rate, thus leading to increase
depositing thickness. The geometric specific capacitance
increased with increasing sputtering pressure. The reason
behind this behavior may be that the higher the sputtering
pressure, the more the amount as well as thicker of deposited
manganese oxide (see Fig. 2a,b), and the more numerous the
potentially electroactive sites, thus leading to higher geo-
metric specific capacitance.

Figure 5a shows the effects of sputtering power on
the mass specific capacitance and depositing weight (using
optimum sputtering conditions: 5 sccm oxygen and 20
mTorr without annealing). The depositing weight increased
with increasing sputtering power since the higher the sput-
tering power, the higher the depositing rate, and thus leading
to increase depositing weight. The mass specific capacitance
reached a maximum at 70 W. The mass specific capacitance
increased at sputtering power in the range 50-70 W. This
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Fig. 3 AFM micrograph (a 10 mTorr, b 20 mTorr, and ¢ 30 mTorr)
of the electrode prepared at different pressure (using optimum
sputtering conditions: 5 sccm oxygen and 70 W without annealing)

illustrates that the higher the sputtering power, the higher the
sputtering yield, thus enhancing the deposition rate. Then
the ions and reflected neutrals falling on the substrate have
not enough time to rearrange and re-sputter, which leads to
increasing surface roughness (see Fig. 6), and so leading to
higher mass specific capacitance. However, the mass
specific capacitance declined with sputtering power in the
range 70-80 W. The reason behind this behavior may be
attributed to a too high sputtering power, leading to a too
strong ion as well as reflected neutral bombardment of the
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Fig. 4 SEM micrograph (a 10 mTorr, b 20 mTorr, and ¢ 30 mTorr)
of the electrode prepared at different pressure (using optimum
sputtering conditions: 5 sccm oxygen and 70 W without annealing)

substrate surface, then only causing more damages, and thus
decreasing surface roughness (see Fig. 6) and mass specific
capacitance. Furthermore, Fig. 5b shows the effects of
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Fig. 5 The effects of sputtering power on a the mass specific
capacitance and depositing weight, and b the geometric specific
capacitance and depositing thickness (using optimum sputtering
conditions: 5 sccm oxygen and 20 mTorr without annealing)

sputtering power on the geometric specific capacitance and
depositing thickness. The depositing thickness increased
with increasing sputtering power because the higher the
sputtering power, the higher the depositing rate, and thus
leading to increase depositing thickness. The geometric
specific capacitance increased with increasing sputtering
power. The reason behind this behavior may be that the
higher the sputtering power, the more the amount as well as
thicker of deposited manganese oxide (see Fig. 5a, b), and
the more numerous the potentially electroactive sites, thus
leading to higher geometric specific capacitance.

Figure 7a shows effects of different volume flow rates
of oxygen on the mass specific capacitance and depositing
weight (using optimum sputtering conditions: 20 mTorr
and 70 W without annealing). The depositing weight
decreased with increasing volume flow rates of oxygen
since at higher volume flow rates of oxygen, the larger
number of oxygen ions prevented argon ions from bom-
barding the target and even led to lighter oxygen ions (as
opposed to heavier argon ions) bombarding the target. This
would lead to a decrease the deposition rate and thus
decrease depositing weight. The mass specific capacitance
reached a maximum at 5 sccm oxygen. The mass specific
capacitance increased in the range 2.5-5 sccm of oxygen.
The reason behind this behavior may be that at higher
volume flow rates of oxygen, the larger number of oxygen
ions would lead to greater oxygen ion bombardment of the
substrate surface because of a sheath voltage, enhancing
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Fig. 6 AFM micrograph (a 50 W, b 70 W, and ¢ 80 W) of the
electrode prepared at different power (using optimum sputtering
conditions: 5 sccm oxygen and 20 mTorr without annealing)

surface roughness (see Fig. 8), and finally increasing mass
specific capacitance. However, the mass specific capaci-
tance declined in the range 5-7.5 sccm of oxygen. This
may indicate that with too high a volume flow rate of
oxygen, too many oxygen ions would cause a shadowing
effect which prevented argon ions from bombarding the
target and lead to lighter oxygen ions (as opposed to hea-
vier argon ions) bombarding the target due to a sheath
voltage. Thus, the sputtering yield is reduced so that the
deposition rate drops. Consequently, ions falling on the
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Fig. 7 The effects of different volume flow rates of oxygen on a the
mass specific capacitance and depositing weight, and b the geometric
specific capacitance and depositing thickness (using optimum sput-
tering conditions: 20 mTorr and 70 W without annealing)

substrate have sufficient time to rearrange themselves,
which leads to decreasing surface roughness (see Fig. 8)
and mass specific capacitance. In order to investigate the
chemical environment of manganese oxide in the graphite
foil electrode without annealing, XPS was used to examine
the binding energy of manganese oxide thin films sputtered
with optimum sputtering pressure (20 mTorr) as well as
power (60 W) and different volume flow rates of oxygen.
XPS spectral data of Mn 2p3/,, and Mn 3s for manganese
oxide thin films sputtered with different volume flow rates
of oxygen are listed in Table 1. The oxidation state of
manganese oxide was determined by the differences in
binding energies between the splitting peaks of Mn 3s in
Table 1. The difference in binding energy for manganese
oxide changed from 5.26 to 4.95 eV and 4.90 eV following
5 and 7.5 sccm oxygen, respectively. Thus, manganese
oxide thin films sputtered with 2.5 sccm oxygen consist of
Mn>" as well as Mn*" species and manganese oxide thin
films sputtered with 5 or 7.5 sccm oxygen mainly consist
of Mn** species [38, 39]. Therefore, at volume flow rates
of oxygen in the range 2.5-5 sccm, the higher the volume
flow rates of oxygen, the larger the amount of trivalent
manganese oxide as well as the higher the surface rough-
ness, and the higher the mass specific capacitance (see
Table 1 and Figs. 7a, 8). A similar result has been pub-
lished in previous literature [3, 30, 31]. However, at
volume flow rates of oxygen in the range 5-7.5 sccm, the
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Fig. 8 AFM micrograph (a 2.5 sccm, b 5 sccm, and ¢ 7.5 sccm) of
the electrode prepared at different volume flow rates of oxygen (using
optimum sputtering conditions: 20 mTorr and 70 W without
annealing)

Table 1 XPS Mn 2p;,, and Mn 3s binding energies (eV), bands,
areas (%), and differences of binding energies (eV) for manganese
oxide sputtered with optimum sputtering pressure (20 mTorr) as well
as power (60 W) and different volume flow rates of oxygen

Sample Mn 2ps;, Mn 3s
Eb (eV) Eb(1) (eV) Eb(2) (eV) AE (eV)
2.5 (sccm) 641.6 83.90 89.16 5.26
5 (sccm) 642.2 83.97 88.92 4.95
7.5 (sccm) 642.4 84.05 88.95 4.90

amounts of trivalent manganese oxide (or the valences of
manganese) were almost the same due to excess oxygen
and the mass specific capacitance decreased because of
decreasing surface roughness (see Table 1 and Figs. 7a, 8).
Furthermore, Fig. 7b shows the effects of different volume
flow rates of oxygen on the geometric specific capacitance
and depositing thickness. The depositing thickness
decreased with increasing volume flow rates of oxygen
because at higher volume flow rates of oxygen, the larger
number of oxygen ions prevented argon ions from bom-
barding the target and even led to lighter oxygen ions (as
opposed to heavier argon ions) bombarding the target. This
would lead to a decrease the deposition rate and thus
decrease depositing thickness. The geometric specific
capacitance decreased with increasing volume flow rates of
oxygen except 2.5 sccm oxygen. The reason behind this
behavior may be that the higher the volume flow rate of
oxygen, the less the amount as well as thinner of deposited
manganese oxide (see Fig. 7a, b), and the less numerous
the potentially electroactive sites, thus leading to lower
geometric specific capacitance. However, manganese oxide
thin films sputtered with 2.5 sccm oxygen do not mainly
consist of Mn*" species and thus lead to lower geometric
specific capacitance.

Figure 9 shows the effects of different charge—discharge
cycles and without annealing as well as with different
annealing temperatures (150 and 300 °C) on the mass
specific capacitance of the electrode (fabricated by opti-
mum sputtering conditions: 5 sccm oxygen, 20 mTorr, and
70 W). At the 1,000th cycle of potential cycling, the
electrode annealed at a temperature of 150 °C possessed
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(&)
2
2 300
2]
A ‘\‘_/—-A\‘
<
= 250
200 Il Il Il Il Il

0 200 400 600 800 1000 1200
Number of Cycle

Fig. 9 The effects of different charge—discharge cycles and without
annealing as well as with different annealing temperatures (150 and
300 °C) on the mass specific capacitance of the electrode (fabricated
by optimum sputtering conditions: 5 sccm oxygen, 20 mTorr, and
70 W)
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the highest mass specific capacitance value of 341 F g

In addition, at the 30th cycle of potential cycling, the mass
specific capacitance of the electrode without annealing was

(A): rms =175 nm

pm

4000.0 nm

(C): rms =91 nm

2000.0 nm

Him

Fig. 10 AFM micrograph (a without annealing, b annealing temper-
ature = 150 °C, and c¢ annealing temperature = 300 °C) of the
electrode (using optimum sputtering conditions: 5 sccm oxygen,
20 mTorr, and 70 W)
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maximum due to its highest surface roughness and the
mass specific capacitance of the electrode decreased with
increasing annealing temperature since the higher the
annealing temperature, the higher the kinetic energy, the
higher the mobility on the surface of the substrate for
particles and the lower the surface roughness (see Fig. 10).
This picture also suggests that without annealing or at the
lower annealing temperature, the manganese oxide with
more porous structure (see Fig. 11) is more easily diffused
into inner layers by the electrolyte ions (H': 76.7% and
Li*: 23.3% [40]), then some active sites on inner layers are
able to contribute to mass specific capacitance, and thus

Fig. 11 SEM micrograph (a without annealing, b annealing temper-
ature = 150 °C, and c¢ annealing temperature = 300 °C) of the
electrode (using optimum sputtering conditions: 5 sccm oxygen,
20 mTorr, and 70 W)
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this leads to higher mass specific capacitance. Furthermore,
the mass specific capacitance of the electrode without
annealing decreased quickly with increasing number of
charge—discharge cycles, but the mass specific capacitance
of the electrode with annealing gradually decreased with
increasing number of charge—discharge cycles and the
higher the annealing temperature, the slower the decreasing
rate of the mass specific capacitance. The reason behind
this behavior may be that for the electrode without
annealing, less compact than that of the electrode with
annealing and the lower the annealing temperature, the less
the compact (see Fig. 11), thus leading to more easily lose
an irreversible mass (electrolyte color changed from
transparent to turbid) by low dissolution and slow diffusion
of active MnOOH (solubility about 1075 mol 171 [41, 42].

4 Conclusion

A simpler one-step RF magnetron sputtering dry process
was employed to deposit manganese oxide onto graphite foil
and obtain maximum capacitance at optimum conditions.
The mass specific capacitance increased at lower sputtering
pressure/sputtering power, but decreased at higher sputter-
ing pressure/sputtering power because of a shadowing
effect/a too strong ion and reflected neutral bombardment. In
addition, the mass specific capacitance of the electrode
without annealing was maximum and decreased quickly
with increasing number of charge—discharge cycles. How-
ever, the mass specific capacitance of the electrode with
annealing gradually decreased with increasing number of
charge—discharge cycles. Furthermore, the higher the
annealing temperature, the lower the mass specific capaci-
tance, but the slower the decreasing rate of the mass specific
capacitance for charge—discharge cycles.
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