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ABSTRACT

Blackish amorphous aluminium oxide film on AlY10 amorphous alloy ribbons
was prepared by anodic polarization process in H2SO4 solutions, showing
electric storage on uneven surfaces with a convexity of 18 nm in diameter.
The longest discharging time was obtained by current ratio (Iz/I1) of 0.4 at 16
V and 5 mass% H2SO4. The discharging time increases and decreases with
increasing charging time and charging current, and then saturates after
around 100 s and 1 pA, respectively. The resulting film shows a vertical line
after Warburg region in a Nyquist diagram, rapid increases in the imaginary
impedance, and a phase angle of -90° at 1 mHz in the Bode diagram,
demonstrating evidence for use in an electric distributed constant circuit. The
film indicates a switching effect for both positive (~+8.6 eV ) and negative (~

-11.2 eV) potentials.



1. Introduction

The storage of electrical energy is one of the topics currently attracting a
great deal of interest in the field of scientific and technological research [1-6].
Efficient, high-energy-density electrical energy storage systems play an important role as
a power source for devices such as batteries, fuel cells, and electric double-layer
capacitors (EDLCs) [1, 6, 7], and provide effective power supply from a grid.

Following the capacitance studies on Ni-Nb-Zr-H amorphous alloys with
femtofarad capacitance tunnels [8] and nanocrystalline de-alloyed Si-Al [9,
10], we found a Ti-Ni-Si amorphous alloy supercapacitor [11], constructed
using a distributed constant-equipment circuit with large resistance and
small capacitance on an amorphous TiOz surface containing many 50—70 nm
sized cavities with a higher work function of 5.5 eV [12, 13], that can
illuminate a red LED for 37 ms after being charged with 1 mA at 10 V. These
materials store AC electricity from 193 - 453 K with a voltage variation
between 10 - 150 V and a DC capacitance of ~4.8 F (~52.8 kF/cm3). A common
requirement for electric storage is a surface with nanometer-sized cavities
and high electrical resistance. The amorphous materials of interest are
completely different from conventional “wet” cells, such as electric double-
layer capacitors (EDLCs) and secondary cells, which are controlled through
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the diffusivity of ions. We termed this device a “dry” electric distributed
constant capacitor (EDCC) [9-11].
In this study, we report anodic oxidization conditions for amorphous

aluminum oxide (a—Al20s.,, AAO) coated AlY10 alloy supercapacitors, with an

aim to obtain further higher capacitances and resistivities. Little research



about anodically oxidized aluminum oxides for supercooled amorphous alloys,
however, have been carried out. AAO is of considerable interest for electronic
applications such as dielectrics [14, 15], capacitors [16, 17], and photoluminescence [18].
The lower surface energy of AAO compared with those of crystalline coarse polymorphs
v—Al203 and a—Al203 provides the most energetically stable phase at a surface area
greater than 370 m*/g [19]. Our results showed that insulating blackish AAO with
nanometer-sized roughness is an ideal candidate for supercapacitors with various
electrical applications. Because anodization of crystalline aluminium in acid electrolytes
form the AAO with highly ordered 2D hexagonal cylindrical holes having high aspect
ratios [20], AAO layers with nanometer-sized pores having lower aspect ratios
are practically unable to be realized through the use of crystalline aluminum.

In this study, we report an example realized using amorphous AlY1o alloys.

2. Experimental

Al (99.9 % purity), Y (99.5 % purity) and Fe (99.95 % purity) were melted together
by induction heating under 0.09 MPa Ar gas in a carbon crucible. AlY10 and AlY10Fes
(nominal compositions) alloys were prepared by melt spinning technique, using a single-
wheel melt-quenching apparatus (RQM-T-20, Makabe Giken). A quenching from a melt
was done with a tangential velocity of 51.1 m/s in He atmosphere. Ribbon specimens
were 50 um thick and 1-5 mm wide. The blackish AAO specimens were prepared by
using the anodic polarization process in 1, 2. 3, 5 and 10 mass%H2SO4 solution at 14-18
V, with AlY1o alloy ribbons under air bubbling of 10 cc/s, using platinum counter
electrode. Sample structure was examined by X-ray diffraction (XRD; Rigaku

RINT2200) in reflection mode with monochromatic Cu Ka radiation. Since the oxidized



surfaces were sandwiched directly by two copper ribbons as electrodes using a clamp [12],
we cannot measure directly electron state of the oxide elements by X-ray photoelectron
spectroscopy (XPS) method that is characterized by direct irradiation of a beam of X-rays
while simultaneously measuring the kinetic energy. Thus we used the noncontact-
scanning Kelvin probe-atomic probe-microscopy (NC-AFM, JSPM-5200, JEOL) for
direct measurement of absolute electrical potentials between the Pt-coated cantilever tip
at 0 and (1 or -100) V and the AAO surface without electrodes.

The charging/discharging behavior of the specimen was analyzed using the
galvanostatic charge/discharge on a potentiostat/galvanostat (SP-150, BioLogic Science)
with DC of 10 V and current in the range from 1 pA to 1 mA for ~600 s at room

temperature, with a complex impedance between 1 mHz and 1 MHz and 10 mV.

3. Results and discussion
3.1 Anodic oxidization of amorphous AlY1o and AlYioFes alloys and crystalline Al and
discharging characteristics
The AAO thin-films are generally prepared by laser deposition [21], plasma
electrolytic oxidization [22] and anodic oxidization [18, 23, 24] of crystalline aluminum
specimens, and sol-gel method by hydrolysis and polycondensation of an aluminum
alkoxides [25]. We selected the anodic oxidization method for formation of the AAO film.
With an aim to obtain higher capacitances and resistivity, we carried out anodic
oxidization for ribbons of amorphous AlYio and AlYioFes alloys and crystalline
aluminum at 15 V for 3.6 ks in 10 mass% H2SOs electrolyte. The current-time curves
during potentiostatic polarization are shown in Fig. 1(a). All curves show abrupt increase

at beginning of oxidization. The amorphous AlY10Fes alloy and the crystalline aluminum



then rapidly decrease up to 10 s, and then the former keeps the decreasing and the latter
increases to a steady-stage value, while the amorphous AlYio alloy shows gradual
decrease up to 180 s and then keeps the steady stage. The steady-state curve responds to
formation of oxide layers [26]. The maximum values for current density of amorphous
AlY10 and AlY10Fes alloys are 36 and 2 times larger than one of crystalline aluminum,
respectively. The polarization of the former is characterized by large dissolution of
aluminum ions in electrolyte and then slow deposition of amorphous alumina. This would
be due to lower formation energy in comparison with that of the latter. On the other hand,
the curve of the amorphous AlY1o alloy displays etching due to spark discharging. The
surface color reveals light yellowish white for amorphous AlY10Fes alloy and crystalline
aluminum, and blackish for amorphous AlY10 one (inset of Fig. 1a). The light yellowish
white color comes from cluster structure with a mixture of AlO4 tetrahedron and AlOs
hexahedron, while the blackish one is derived from cluster structure of AlO¢ octahedron
[27]. Discharging characteristics of anodically oxidized amorphous AlY10 and AlY10Fes
alloy and crystalline Al ribbons are investigated, using a potentiostat/galvanostat at room
temperature. These results are shown at Fig. 1b. Although the oxidized AlY1o alloy
showed superior electric storage up to 420 s, the oxidised AlY 10Fes alloy and crystalline
Al did not show prolong discharging behaviors over 8 s. Thus we use the anodically

oxidized AlY 10 alloy in this study.

3.2 Effects of applied voltage, content and oxidization time of H2SOa for discharging
time
In order to make clear effects of applied voltage and content of H2SO4 for

discharging time, we carried out anodic oxidization for 35-340 s at voltages of 14-18 V,



using H2SOs4 electrolytic solution of 1, 2, 3, 5 and 10 mass%. The discharging times for
H2S04 content is shown at Fig. Ic, as a function of applied voltages. Voltages over 16 V
make the specimens break down during anodic oxidization. All curves except for 2
mass%H2SO4 show maximum discharging times at 16 V. The discharging time at 16 V
indicates maximum value at 5 mass%H2SO4 (Fig. 1d). A representative X-ray pattern for
oxidized specimen obtained at 16 V in 5 mass%H2SOs4 solution is shown in the inset of
Fig. 1d. The XRD pattern of an Al-based amorphous alloy is characterized by a large and
broad peak at 38°.

The discharging behaviors under a constant current of 1 nA after charging at DC
currents of 1 mA for 50 s are shown in Fig. 2a, as functions of current ratio (I2/I1) during
anodic oxidisation, where |1 and l2 in inset of Fig. 2a are the maximum current
corresponding to starting time of oxidization and the minimum current corresponding to
final time, respectively. When formation of the oxide film starts from time T1 of |1 and
continues to time T2, Fig. 2a shows the maximum electric storage can be obtained by the
ratio of around 0.4, corresponding to formation of quasi-stable oxide film. This suggests
an existence of optimum thickness or structure of films for electric storage. Figure 2b
shows an AFM image of the surface structure for a specimen oxidized at current ratio of
0.49. The outside porous like appearance of the surface (SEM and AFM image insets of
Fig. 2a and Fig. 2b, respectively) bears a close resemblance to that of anodic oxidized
amorphous TiO2-x surfaces in previous papers [12, 13]. This figure depicts an uneven
surface with a convexity of 18 nm and a concavity of 15 nm in diameter, and 7 nm in
depth. The TEM image will be minutely described in the following paper. We use the

specimen hereafter.



3.3 Effect of charging current on charging and discharging time

The discharging behavior under a constant current in the range from 1 pA to 100 nA
after prompt charging up to 10 V at a DC current of 1 mA is shown in Fig. 3a. The rapid
decrease in voltage at the beginning of discharging is analogous to IR drop in EDLCs [28].
The discharging time decreased with increasing charging current. Figure 3b shows
discharging behaviors under a constant current of 1 nA after charging for 1, 10 and 50 s.
The discharging time increases with increasing charging time and then saturates after
around 100 s (inset of Fig. 3b). Fig. 3¢ shows charging current dependence of charging
and discharging time in experiment of Fig. 3b. The charging and discharging times
extremely decrease up to 1 pA and saturate, as charging current increases. Thus we used
charging current of 1 mA in this study.

In previous paper [27], we proposed a possible mechanism that electro double layers
are formed at the electrically negative convex portion/air and positive concave portion/air
interfaces in an uneven surface with nanometer-sized cavities of AAO, when positive
voltage is applied to the electrode connecting to the concave portions in charging process,
as well as ATO [11]. The charging and discharging procedure is schematically shown in
Fig. 4a and b, respectively, using supercapacitors with an electric distributed constant
circuit (Fig. 4c). Electrostatic potentials charged at 10 V and discharged down to 5 V are
presented at Fig. 4e. These corresponding potentials are indicated by two arrows on the
discharging curve (Fig. 4d) characterized by a formula of E = exp (-t/1.06), where E and
t are voltage and discharging time, respectively. Figure f shows an adsorption and
desorption reaction formula of electron (coverage 0) at AAO surface for the charging and
discharging process, as proposed by Conway et al. [29].

Then, we investigate the electricity switching effect of AAO. When the positive 1 V



was applied the specimen (Fig. 5a), we observed an electrostatic potential distribution
(inset of Fig. 5¢) and the corresponding electrostatic potential profiles down to 8.6 eV in
four directions every 90 ° (Fig. 5¢). When applying negative 100 V to the specimen (Fig.
5b) for 30s, we observed the potential distribution down to -12.2 eV (see Fig. 3d of Ref.
27). The time dependent potential variation (Fig. 5(d)) shows linear decrease of the
potential. This demonstrates the electricity switching effect from positive to negative
potentials of the AAO. This behavior was repeated by switching of the electricity,
showing the reversible exchange of the electric polarity. This will provide rechargeable
dry capacitors in place of practical Li ions, as described at previous paper [27]. The
electricity switching on convex and concave portions in connection with charging and
discharging is schematically shown at Fig. 5(e), along with cyclic electrostatic potentials.
However, we must furthermore make clear changing mechanism of element valence state

for sample switched electricity.

3.4 Complex electric evaluation of electric storage

To non-destructively analyze the electrostatic contribution of the specimen, we
measured the AC impedance from 1 mHz to 1 MHz in Nyquist and Bode diagrams at
room temperature. A complex-plane (Nyquist) plot of the impedance data is shown in Fig.
6a. The specimen’s variation in impedance with frequency followed the combined pattern
of two semitrue and flat circles. The vertical line of the impedance data (5.0 GQ) fits a
nearly vertical line, as produced by a series RC circuit, as well as a graphene EDLC [31].
There were rapid increases in the imaginary impedance, as compared with the real
impedance, in the lower-frequency region of the Bode diagram (Fig. 6b). Moreover, the

decrement in phase angle to —90° with decreasing frequency is evidence of DC charging



(Fig. 6¢). This means that each capacitor on the AAO specimen is connected with a
parallel circuit, i.e. with integrate capacitance, C= ),y_; Ck=nC. This means that
further advances in the development of AAO supercapacitors might be attained by
integrating oxide ribbons with a nano-electro mechanical system (NEMS). Thus, AAO
offers a nearly ideal electric distributed-constant structure for electric storage. Although
the series capacitance was 0.036 puF at 1 mHz (Fig. 6d), the DC capacitance could be

increased considerably.

4. Conclusion

Amorphous Al-10 at.%Y and Al-10 at.%Y-5 at.%Fe alloys and crystalline Al
prepared by the rotating wheel method were anodically oxized for 3.6 ks in 1, 2, 3, 5 and
10 mass% H2SO4 solution at 14-18 V and 278 K. Because oxidized samples of amorphous
Al-10 at.%Y-5 at.%Fe alloy and crystalline Al did not show electric storage, we used
blackish ones oxidized at 16 V in 5 mass% H2SO4 solution using amorphous Al-10 at.%Y
alloys. AFM images showed the uneven alumina surface with a convexity of 18 nm in
diameter. The discharging time increases with increasing charging time and then saturates
after around 100 s. The charging and discharging times extremely decrease up to 1 pA
and saturate with increasing charging current, respectively. The time dependent potential
variation showed the electricity switching effect from positive to negative potentials of
the AAO. AC impedance measurement showed a vertical line after Warburg region in the
Nyquist diagram, rapid increases in the imaginary impedance, as compared with the real
impedance, and the phase angle of -90° at 1 mHz in the Bode diagram, demonstrating
evidence for series-RC circuit.
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Figure Legends

Fig. 1 (a) Current-time curves for amorphous AlY10 and AlY10Fes alloy and crystalline
aluminum ribbons during anodic oxidization at 15 V and 278 K for 3.6 ks in 10
mass%H2S04 electrolyte solution. Inset: photographs of crystalline aluminum,
amorphous AlYioFes and AlY1o alloys after anodic oxidization. (b) Discharging
characteristics of anodically oxidized amorphous AlY1o and AlY1oFes alloy and
crystalline Al ribbons. (c¢) Discharging times for various H2SO4 contents, as a
function of applied voltages. (d) The effect of H2SO4 content for discharging times
at 16 V. Inset: XRD pattern.

Fig.2 (a) Effects of current ratio in anodic oxidization on discharging time for AAO. (b)
AFM image of the AAO surface. Inset in (a): SEM image, Inset in (b): three-

dimensional AFM image.

Fig. 3 (a) Discharging behaviors of the AAO device for voltage at constant
currents from 1 pA to 100 nA. (b) Charging time dependence of charging and
discharging time after 1 mA-10 V charging. Inset of (b): The charging time
dependence of the discharging time. (c) Charging current dependence of charging

and discharging time in experiment of Fig. 3(b).
Fig. 4 Charging (a) and discharging (b) procedure for supercapacitor with the electric
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distributed constant circuit (c). Electrostatic potential states after charging at 10 V
and discharging down to 5V, indicated by two arrows on the discharging curve (d).

(f) Adsorption and desorption reaction formula of an electron for AAO.

Fig. 5 Schematic views of SKPM equipment for application of a positive 1 V (a) and
negative 100 V (b). (¢) Electrostatic profiles in four directions (L1, L2, L3, and L4)
every 90° after the application of positive 1 V for 30 s to the AAO specimen. (d)
The time dependent potential variation from 0 to 30s after the application of
negative 100 V. (e) Schematic representation of concave and convex dependences
of the electron potentials for the concave and convex portions of AAO, respectively.
Left and right figures correspond to charging and discharging processes,

respectively.

Fig. 6 (a) Nyquist plot as a function of frequency for AAO device. (b) Real and imaginary
impedances. (c) Phase angle. (d) Series capacitance.
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