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Abstract — An amorphous titanium-oxide film oxidized anodically on amorphous
Ti-10at% V-15at%Si alloy ribbons demonstrated superior electric properties; remarkable
increase in parallel capacitance Cp, series capacitance Cs, time constant RCs, and
decrease in dielectric loss with decreasing frequency. The oblate semicircle after a
semicircle with a Warburg region in a Nyquist diagram and rapid increases in the real
impedance at the lower—frequency region in the Bode diagram demonstrate a parallel
circuit comprising electric transport resistance, Re (0.64 MQ), and a higher electric
double layer capacitance, Car (604.0 pF/cm?) at a nanometer-sized (~53 nm in convex

size) uneven surface between a (Ti, V) oxide layer ~ 45 nm deep and air.

Introduction. — A significant amount of scientific and technological research on the
storage of electrical energy has been reported since the 1990 [1-6]. Chemical and

material researcher have focused on power source devices such as batteries and fuel



cells over the past three decades. In addition to the devices above, the most popular
electrochemical capacitor is the electric double-layer capacitor (EDLC) where the
interfaces of high specific-area materials such as porous carbon materials or the porous
metal oxides of some metals are charged and discharged by ion or radical diffusion [3, 5,
6]. Generally, a dc battery and an ac capacitor are separated for the practical use of
electric storage. The ability to store charge for both dc and ac applications would results
in significant advancements in electronic devices and electric power applications.
Recently, we found that amorphous titanium-oxides (ATOs) and aluminum-oxides
(AAOs), indicating RC constant larger than that of the EDLC [7] and a switching effect
of positive and negative electricity from the atmosphere [8], respectively, can be
regarded as a dc/ac converting device with nanometer-sized uneven surfaces [9, 10].

In anticipation of higher capacitances, we reported a Ti-Ni—Si amorphous alloy
supercapacitor,” constructed using a distributed constant-equipment circuit with large
resistance and small capacitance on an amorphous TiO2x surface containing many
50—70 nm cavities with a higher work function of 5.5 eV [11] that can illuminate a red
LED for 37 ms after being charged with 1 mA at 10 V[9]. 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/cm?). A typical requirement for electric storage is a
surface with nanometer-sized cavities and high electrical resistance. The amorphous
materials of interest are completely different from the conventional “wet” cells, such as
EDLCs and secondary cells, which are controlled through ion diffusivity. We termed
this device a “dry” electric distributed constant capacitor (EDCC) [7-11]. In this study,
Ti—-V-Si alloys were chosen as starting alloys for the formation of passive oxide films
with nanometer-sized uneven structures using a valve metal of vanadium to obtain

larger capacitance compared to that of Ti-Ni—Si alloys [7-9, 11].

Experiments. — Ti-10at%V-15at%Si alloy ingots (compositions given in nominal
atomic percentage) were prepared by arc-melting mixtures of Si (99.999 % purity), Si
(99.999 % purity), and V (99.9 % purity) in an argon atmosphere purified by
Ti-gettering. Ribbon specimens of 50-um thick and 1-mm wide were prepared from the
ingots by the rapid solidification of the melt on a single copper roller in a He
atmosphere at a tangential velocity of 52.3 m/s, using a single-wheel melt-quenching
apparatus (NEV-A05-R10S, Nisshin Giken).

Subsequent anodic oxidation of the specimens were performed for 3.6 ks in 0.4 M
H2SO4 at 60 V and 278 K. The ample structure of the anodic oxidized specimens was
examined at 40 kV by X-ray diffraction (XRD) in the reflection mode with



monochromatic Cu Ka radiation. The surface morphologies were analyzed by atomic
force microscope (AFM: SPA400 SII Nano Technology) using a tapping scan mode for
a scanning window of 0.5 x 0.5 um? with 512* x 256Y measurement points.

After preparing TEM specimens by focused ion beam (FIB; Quanta 3D Dual Beam
system, Themo Fisher Scientific)) using the lift-out method, the depths of the layers
were determined from the elemental mapping of Ti, V, Si, and O by Scanning
Transmission Electron Microscope (STEM) with an aberration-corrected TEM (Titan?
G2 60-300 Probe Corrector, Themo Fisher Scientific) at 200 kV.

After applying a silver coat of 0.5 mm in diameter on a specimen (1—mm wide, 40
—um thick, and 10—mm long) with double-oxidized surfaces, the specimen was
sandwiched directly by two copper ribbons beneath two pieces of glass plates using a
clamp. The capacitance of the specimen was measured using galvanostatic
charge/discharge on a potentiostat/galvanostat (SP-150, BioLogic Science) at
frequencies between 1 mHz and 1 MHz under a constant voltage of 10 mV at room
temperature. All electronic measurements were performed in an Al shield box, to

prevent the electromagnetism of the environment.

Results and discussion. — Because a small amount of Ni remained in the amorphous
oxide layer that was anodically oxidized on Ti—Ni=Si amorphous alloys [11], we used
amorphous Ti—V-Si alloys to form rigid passive oxide films for this study. Because the
electric capacitance of ATOs increases proportionally to the negative sixth power of the
convex diameter d, up to 7 mF/cm? [9], we used the anodic polarization method to form
a nanometer-sized uneven surface. The current-time curve anodically oxidized at 60 V
is shown in fig. 1(a), along with that of Ti-10at%V-15at%Si one at 50 V. Although both
curves are characterized by continuous spark-discharging behaviors for the formation of
uneven oxide surfaces [12, 13], the curve of the former stabilized at 0.01 mA/cm?, while
the latter curve increases gradually with anodization time. This clearly demonstrates the
passivation of the oxide film in the former by the usage of valve metal, V. The XRD
pattern (fig. 1(a), inset) can be regarded as a Ti-based amorphous alloy coated with
amorphous titanium oxide layers, as well as anodically oxidized Ti-15at%Ni-15at%Si
alloys [7]. The primary broad peak (~39° in 26) is different from those (~29° and
~24° in 26) of amorphous vanadium [14] and silicon [15] oxides, respectively. Figure
1(b) shows a three-dimensional AFM topography image of the surface structure for the
anodically oxidized Ti—V—Si and Ti—Ni—Si amorphous specimens, exhibiting an uneven
surface with ~53 nm in convex showing uneven surface as well as in Ti-Ni-Si one [12].

However, the depth (~1 nm) of the sunken location of the former is more shallow than



that (~82 nm) of the latter. From High angle Annular Dark-Field Scanning TEM
(HAADF-STEM) images and the elemental mapping of Ti, V, Si, and O in fig. 1(c), we
observed two layers; upper (Ti, V) oxide of depth 45 nm, and lower (Ti, Si) oxide of
depth 80 nm on the Ti-V-Si alloy. The former would be a rigid passive oxide. The
reason for formation of the (T, V) oxide film will be described in another paper.

To analyze the electrostatic contribution of the specimen nondestructively, we
measured the ac impedance from 1 mHz to 1 MHz in the Nyquist and Bode diagrams at
room temperature. A complex-plane (Nyquist) plot of the impedance data is shown in
fig. 2(a). The alloy’s impedance variation with frequency followed the combined pattern
of a line slope of 7 /4 rad and two semi circles, an almost semitrue circle with a lower
resistance, and an oblate circle with a higher resistance. The 7 /4—rad region (Warburg
regions) is a consequence of distributed resistance/capacitance in porous electrode [16,
17]. This suggests that the electrode is an ATO film with a porous surface of higher
resistance. A reactance, R, of 0.64 (1.36-0.74) MQ and a relaxation time, RCiotal, Of
75.73 s at the top of the oblate semicircle were derived from the formula RCtotal = 1/(2 7
fmax), where fmax (= 2.1 mHz) is the peak frequency. Thus, the total capacitance of the
specimen, Ciomi, Was calculated to be 54.93 uF (604.0 pF/cm?). This value is 24 times
larger than that (~25 pF/cm?) [18] of the conventional supercapacitor. If the R and
specific surfaces of the ATO increase, the Cirmr of the ATO will increase even more.
Figure 2(b) shows the frequency dependence on the real and imaginary impedances. A
rapid increase is shown in the real impedance compared with the imaginary impedance
in the lower-frequency region. Moreover, the capacitive behavior (near the 0 rad phase
angle) in the frequency region between 100 and 0.001 Hz (fig. 2(c)) is clear evidence of
a parallel-RC circuit. Thus, ATO films with a nanometer-sized uneven surface between
(Ti, V) oxide and air offer an electric distributed constant structure for enhancing
electric capacitance. Furthermore, because the shallow valleys in fig. 1(d) improve
charge/discharging characteristics at higher frequencies [19], it would not be desirable
for solid-state supercapacitors to exhibit a high-aspect-ratio nanotube structure on the
ATO [7]. An ATO with a nanometer-sized uneven surface could not be realized using
crystalline titanium-based alloys, but could be realized using amorphous alloys [20].

We can store electricity in ac using a rectifier. The series and parallel capacitances,
and RCs and RCp time constants in an applied voltage of 10 V at room temperature are
presented in fig. 3(a), as a function of frequency. Both capacitances increase
exponentially with decreasing frequency. The total capacitance Ciotal, 54.93 pF (604.0
uF/cm?) at the top (1.378 MQ, 2.1 mHz) of the oblate semicircle in fig. 2(a) is
approximately 0.045 and 125.8 times for Cs and Cp at 2.1 mHz in fig. 3(a), respectively.



This difference suggests a parallel-series combined circuit for the specimen used in this
study. The RCs increase parabolically in all frequency regions with decreasing
frequency, while RCp increases parabolically from 1 MHz to 1 kHz and saturates from 1
kHz to 10 Hz, and subsequently increases up to approximately 10 s again parabolically.
The 3.4 ks and 9.8 s at | mHz are 680,000 and 2,000 times larger than that (5 ms) in the
conventional EDLC [21], respectively. A larger duration from 0.1 s to a few hours is
required for practical use.

A liquid-phase capacitor such as an aluminum electrolyte capacitor generates leak
current by parallel or series resistance through dc, resulting in an apparent enhancement
in capacitance. To clarify the enhancement in capacitance accompanied by the
decrement in frequency, we calculated the frequency-dependent dielectric loss, tan 9,
and series and parallel resistances Rs and R.. These results are shown in fig. 3(b). With
decreasing frequency, tan & shows one peak at approximately 0.24 Hz and subsequently
decreases close to zero, while Rs and R. increase from approximately 140 and 30 kHz,
respectively, saturates from 1 to 0.2 Hz, and subsequently increases rapidly. The reason
for the 0.24-Hz peak is still unclear. These results impose severe constraints in the
possibility that capacitance enhancement in series and parallel circuits is caused by the
leak current of the capacitor in lower-frequency regions. Although the dielectric loss of
16.3 at 1 mHz is large, the dc capacitance could be increased considerably.

Finally, we consider the origin of the higher-capacitance ATO. Figure 4(a) shows
an equivalent circuit with two semicircles corresponding to the Nyquist diagram in fig.
2(a). Because the ATO with oxygen vacancies is characterized by electronic conduction
[9] the equivalent circuit corresponding to the oblate semicircle can be recognized by a
parallel circuit comprising electric transport resistance, Re and electric double layer
capacitance, Ca at the uneven surface between the solid film and air [16]. Figure 4(b)
shows a schematic representation of a possible mechanism for the large electrical
charges observed at the microscopic level. In an uneven surface with nanometer-sized
cavities of ATO, electric double layers are formed at the electrically negative concave
portion/air interfaces. This is a capacitor with an electric distributed-constant circuit as
well as the EDLC. These results indicate the potential for further advances in the
fabrication of amorphous titanium dioxide supercapacitors by enhancing a specific

surface and integrating oxide ribbons in a micro-electromechanical system.
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Fig. 1 (a) Current-time curves of Ti-Ni-Si and during anodization at 60V for 3,600 s in
0.4 M H2SOa. (b) AFM image and (d) heights measured from the valley bottom along
blue line. (¢) HAADF-STEM image and mapping profiles of Ti, Si, V, and O. Inset: (a)
X-ray pattern for anodized specimen of Ti—-V-Si amorphous alloy ribbon. (b) Three-

dimensional AFM image for anodized specimen.
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Fig. 2 Nyquist plot as a function of frequency for ATO device (a). Bode plots as a

function of frequency for the real and imaginary impedances (b) and phase angle (c).
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Fig. 3 Frequency dependence of series and parallel capacitances, RC time constant for

RCs and RCp (a) and electric loss, tan 8, and series Rs and parallel Re resistances (b)
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Fig. 4 Equivalent circuit (a) corresponding to Nyquist diagram in Fig. 2a. (b) Schematic
representation of fabricated ATO device with an electric distributed-constant equipment

circuit organizing the amorphous TiO2« surface.



