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Anodic oxide fabricated by anodizing has been widely used for nanostructural engineering, but the
nanomorphology is limited to only two oxides: anodic barrier and porous oxides. Therefore, the discovery of
an additional anodic oxide with a unique nanofeature would expand the applicability of anodizing. Here we
demonstrate the fabrication of a third-generation anodic oxide, specifically, anodic alumina nanofibers, by
anodizing in a new electrolyte, pyrophosphoric acid. Ultra-high density single nanometer-scale anodic
alumina nanofibers (1010 nanofibers/cm2) consisting of an amorphous, pure aluminum oxide were
successfully fabricated via pyrophosphoric acid anodizing. The nanomorphologies of the anodic nanofibers
can be controlled by the electrochemical conditions. Anodic tungsten oxide nanofibers can also be fabricated
by pyrophosphoric acid anodizing. The aluminum surface covered by the anodic alumina nanofibers
exhibited ultra-fast superhydrophilic behavior, with a contact angle of less than 16, within 1 second. Such
ultra-narrow nanofibers can be used for various nanoapplications including catalysts, wettability control,
and electronic devices.

A
nodizing aluminum has been widely investigated in various research and industrial fields, including
nanostructure fabrication, electronic devices, and corrosion protection. Over the past 100 years, the
anodic oxide formed by anodizing has typically been classified into two different groups: a) anodic barrier

oxide and b) anodic porous oxide1–6. Anodizing aluminum in neutral solutions, such as borate, adipate, and citrate
electrolytes, causes the formation of an anodic barrier oxide, which consists of dense, compact amorphous
alumina with a maximum thickness of 1 mm7–9. Anodic barrier oxide possesses a high dielectric property and
is widely used for electrolytic capacitor applications. In contrast, anodic porous oxide is formed by anodizing in
acidic solutions, including sulfuric, selenic, phosphoric, chromic, carboxylic, and oxocarbonic acids10–22, because
the anodic oxide is locally dissolved in acidic solutions. Porous oxide consists of ordered hexagonal cells with a
maximum thickness of several 100 mm, where each cell exhibits vertical nanopores at its center. Porous oxide is
widely used as a corrosion-resistant coating in the fields of building and aerospace. In addition, porous oxide has
also been used as a nanotemplate for various nanoscale applications in the pioneering works of Masuda et al., who
reported on a self-ordering porous oxide and a two-step anodizing technique23–25. Highly ordered porous oxide
has been studied for potential use in various ordered-nanostructure applications26–34. Several research groups
have reported on the growth behavior of anodic porous oxide via anodizing in viscous organic solvent-water
mixture solution35–38. In these anodizing processes, ethylene glycol or glycerol was typically used as a viscous
solvent, and large-scale anodic porous oxide could be successfully obtained. Very recently, porous oxide tech-
nology includes various other valve metals such as titanium and hafnium, as reported by Schmuki et al39–41.
Meanwhile, because the nanomorphology is limited to these two types of anodic oxide, the discovery of an
additional anodic oxide with different and unique nanofeatures would expand the applicability of anodizing.

In the present investigation, we report a novel anodic oxide, ultra-high density single-nanometer-scale alumina
nanofibers, fabricated via anodizing in a new electrolyte, pyrophosphoric acid (H4P2O7). This interesting inor-
ganic electrolyte is formed by the dehydration of phosphoric acid and shows highly viscous behavior at room
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temperature. Note that pyrophosphoric acid acts as a viscous elec-
trolyte during anodizing. We found that pyrophosphoric acid anod-
izing creates ultra-high density alumina nanofibers with single
nanometer-scale diameters. Anodic nanofibers grow over time dur-
ing anodizing, and high-aspect-ratio pure alumina nanofibers can be
successfully obtained on an aluminum specimen. Surface structural
control of the anodic alumina nanofibers can be achieved via an
electrochemical approach during anodizing. These anodic nanofi-
bers provide superhydrophilic properties (less than a 1u water con-
tact angle) to the surface within only 1 second. Moreover, this novel
anodic nanofiber fabrication can be applied to other metals such as
tungsten. The growth behavior of the anodic nanofibers is discussed
in detail below.

Results
The changes in the anodizing voltage over time at several current
densities in a concentrated pyrophosphoric acid solution at 293 K
are shown in Fig. 1a. Anodizing was carried out using a simple two-
electrode electrochemical cell without any special equipment
(Supplementary Fig. 1). At i 5 10 Am22, the voltage linearly
increased with the anodizing time and then remained at a constant
value of 60 V. After reaching this plateau region, the voltage again
increased with time and then exhibited an unstable oscillation. At
large current densities, the slopes of the V-t lines in the initial period
became much steeper with the current densities, and similar oscil-
lation behaviors were observed above 80 V. In these oscillation
regions, the aluminum surface was covered by non-uniform white
corrosion products formed by the active dissolution of aluminum
(Supplementary Fig. 2). Therefore, further constant voltage anod-
izing was carried out below 75 V for a uniform growth of anodic
oxide.

Figure 1b shows a scanning electron microscopy (SEM) image of
the anodic oxide obtained via constant voltage anodizing at 75 V for
24 h. The aluminum specimen was covered by numerous nanofibers
of more than 1 mm in length, and the nanofibers were tangled and
bundled together. This novel nanofeatures, which looks like ‘‘anodic
oxide hairs on aluminum’’, is very different from that obtained by
typical anodizing for barrier and porous anodic oxides5,6. High-mag-
nification SEM observation (Fig. 1c) indicated that the anodic oxide
consisted of three anodic layers: a thin barrier oxide, a honeycomb
oxide, and nanofibers. The nanomorphology of the barrier and hon-
eycomb oxides is somewhat similar to the porous alumina formed by
typical acid anodizing: nanopores in the porous alumina are sepa-
rated from the aluminum substrate by the thin barrier oxide. In our
case, however, the honeycomb oxide consisted only of very narrow
hexagonal walls, and it is more of a porous oxide than a network
oxide. In addition, note that nanofibers grow at the triple (or quad-
ruple) points of the narrow wall junctions in the honeycomb oxide
(see yellow arrows). To analyze the growth behavior of these inter-
esting nanofibers fabricated by pyrophosphoric acid anodizing, the
details of the surface nanofeatures under various electrochemical
conditions were examined by SEM and transmission electron micro-
scopy (TEM).

Figure 2a shows SEM images of an aluminum specimen anodized
in a pyrophosphoric acid solution for 10 min. It is clear that an
anodic oxide with a thin barrier layer and a honeycomb structure
had formed within the 10 min of anodizing. In addition, numerous
nanofibers approximately 10 nm in diameter are observed at the
apices of the honeycomb structure, which fell down onto the surface
due to their own weight. The density of the nanofibers was measured
to be 1.8 3 1010 nanofibers/cm2 by SEM observations. As the anod-
izing time was increased to 30 min (Fig. 2b), the nanofibers
developed longer lengths and narrower shapes, and large areas of
the surface were covered by these grown nanofibers. Interestingly,
there was no change in the nanomorphology of the barrier or hon-
eycomb oxides as the anodizing time increased. These SEM observa-

tions indicate that only the nanofibers grow with time during
pyrophosphoric acid anodizing while the barrier and honeycomb
layers are not changed.

After 24 h of anodizing, micrometer-scale-length nanofibers cov-
ered the honeycomb structure (Fig. 2c and Supplementary Fig. 3). A

Figure 1 | Anodizing in a pyrophosphoric acid solution at 293 K. (a)

Changes in anodizing voltage over time in a concentrated pyrophosphoric

acid solution (293 K) at constant current densities of 5–40 Am22 for

15 min. (b) and (c) Low- and high-magnification SEM images of the

surface of a specimen anodized at 75 V for 24 h. Numerous alumina

nanofibers grow on the aluminum specimen.
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TEM image and its diffraction pattern show amorphous, narrow
nanofibers 6.9–9.1 nm in diameter. As determined by electron
energy-loss spectroscopy (EELS, Fig. 2d), the nanofibers consisted
of amorphous, pure aluminum oxide without anions. However, the
barrier and honeycomb oxides contain pyrophosphate anion of the
electrolyte used. Such single nanometer-scale anodic alumina nano-
fibers can be classified as the third-generation anodic oxide, which is
different from anodic barrier and porous oxides5,6. In addition, the
nanomorphology of the anodic alumina nanofibers was significantly
different under various electrochemical conditions. For example, the
density of the alumina nanofibers increased with a decrease in the
anodizing voltage because the diameter of the honeycomb structure
decreased (Supplementary Fig. 4). The thickness of the barrier and
honeycomb layers increased as the solution temperature decreased,
and anodic porous alumina without nanofibers was formed upon
anodizing at 268 K (Supplementary Fig. 5). Therefore, temperatures
below 273 K are not suitable for anodic nanofiber fabrication.
Moreover, we found that anodic WO3 nanofibers can also be fabri-
cated by pyrophosphoric acid anodizing of pure tungsten
(Supplementary Fig. 6). This finding expands the applicability of
oxide nanofiber fabrication to aluminum as well as various other
metals39–41.

The fabrication technique described for novel anodic alumina
nanofibers is useful for fabricating ultra-large quantities of single
nanometer-scale oxide nanofibers. Moreover, we found that the alu-
minum surface covered with these anodic alumina nanofibers dis-
plays ultra-fast superhydrophilic behavior, with a contact angle of

less than 1u, within 1 second. Figure 3 shows the water contact angle
images of 2-mL droplets on a) electropolished aluminum, b) anodic
porous alumina formed by sulfuric acid anodizing, and c) anodic
alumina nanofibers formed by pyrophosphoric acid anodizing. The
contact angle on the electropolished surface was 37.2u after dropping
for 100 ms, and there was no change in the contact angle after 1 s.
The contact angle on the porous alumina was 14.3u for 100 ms and
decreased to 8.4u at 1 s, but a water droplet still remained on the
porous alumina. In contrast, a near-zero water contact angle was
clearly observed on the nanofiber-covered surface within 1 s.
Namely, the anodic alumina nanofibers formed by pyrophosphoric
acid anodizing gave the surface a superhydrophilic property, with a
contact angle of less than 1.0u. Such superhydrophilicity also
appeared on a surface subjected to a long duration of anodizing.
Well-known experimental results have demonstrated that titanium
covered by titanium dioxide exhibits superhydrophilic behavior
under ultraviolet (UV) irradiation, based on the photocatalytic activ-
ity42,43. However, note that our ultrafast superhydrophilicity based on
anodic alumina nanofibers can be achieved regardless of the irra-
diation environment. Therefore, the surface covered by anodic alu-
mina nanofibers demonstrates a superhydrophilicity as long as its
nanomorphology with a clean surface is maintained.

Discussion
Based on the experimental results, the growth behavior of anodic
alumina nanofibers fabricated by pyrophosphoric acid anodizing is

Figure 2 | Ultra-high density single nanometer-scale anodic alumina nanofibers. (a), (b), and (c) SEM images of an aluminum specimen anodized in

pyrophosphoric acid solution (293 K) at a constant voltage of 75 V for 10 min, 30 min, and 120 min. The bottom rows of (a) and (b) show high-

magnification SEM images, and (c) shows a high-resolution TEM image and its diffraction pattern. High-aspect-ratio, single nanometer-scale anodic

alumina nanofibers consisting of an amorphous oxide are formed on the specimen. (d) EELS spectra of nanofibers and barrier/honeycomb oxide layers.

The nanofibers consist of amorphous, pure aluminum oxide. In contrast, the barrier and honeycomb oxides contain pyrophosphoric anion incorporated

by the electric field during anodizing.

www.nature.com/scientificreports
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now discussed. Figure 4 shows a schematic model of the anodic
alumina nanofiber growth. When a voltage is applied to the alumi-
num specimen, a thin compact barrier oxide is formed on the alu-
minum substrate at the very initial stage. With further anodizing, a
honeycomb porous structure is then formed by a) the viscous flow of
the oxide from the bottom of the honeycomb structure to the narrow
oxide wall and b) local oxide dissolution, similar to that which occurs
in anodic porous alumina fabrication (Fig. 4b)44–46. Namely, the bar-
rier oxide transforms to porous oxide during anodizing. This trans-
formation can typically be seen on the growth behavior of porous
alumina formed in sulfuric, oxalic, and phosphoric acid solutions. In
these cases, the steady state growth of the anodic porous alumina can
be observed during anodizing. However, it is clear that further
growth behavior of our anodic alumina nanofibers is different from
that obtained by typical anodizing reported previously. In our case,
the anodic oxide formed at the triple points of the honeycomb struc-
ture consists of pure anodic alumina, and its chemical stability in a
concentrated pyrophosphoric acid solution (negative pH value) may
be higher than that of the barrier and honeycomb oxides with the
anions of the electrolyte used. Therefore, the insoluble pure alumina
formed at the triple points can grow during anodizing, whereas the
narrow oxide walls of the honeycomb structure can easily be chem-
ically dissolved. Namely, the porous oxide also changes to nanofibers
during anodizing (Fig. 4a and 4b). Such non-uniform anion distri-
butions (with/without anions in the anodic oxide) are very important
for the fabrication of anodic alumina nanofibers. However, the rea-
son that the anions are non-uniformly distributed in the anodic oxide
is still unknown; thus, further investigations are required. One pos-
sibility is that the high viscosity and high solubility of the pyropho-
sphoric acid electrolyte may affect the viscous flow of the anodic
oxide during anodizing. Recently, the fabrication of alumina nano-
wires formed via anodizing/subsequent chemical etching in typical
acidic electrolytes such as oxalic acid and the corresponding super-
hydrophobic property have been reported by several research
groups; however, the electrochemical behavior and nanostructural
features of alumina nanowires including the diameter and density
have not been described in such studies47–50. The fabrication of these
nanowires based on the chemical etching process, and the surface
appearance of our anodic alumina nanofibers is different from these
alumina nanowires.

Figure 3 | Superhydrophilicity of the aluminum specimen covered with
anodic alumina nanofibers. CCD images of water droplets 100 ms and 1 s

after dropping on (a) electropolished aluminum, (b) anodic porous

alumina formed by sulfuric acid anodizing (293 K) at 20 V for 120 min,

and (c) anodic alumina nanofibers formed by pyrophosphoric acid

anodizing (293 K) at 75 V for 10 min. The contact angle formed by the

water droplet on the nanofiber-covered surface reaches less than 1u within

1 second, clearing indicating the superhydrophilic property of the

specimen.

Figure 4 | Growth model of anodic alumina nanofibers fabricated by pyrophosphoric acid anodizing. (a) Schematic models of anodic barrier oxide,

anodic honeycomb oxide, and anodic nanofiber oxide. (b) SEM images of the surface of a specimen anodized via pyrophosphoric acid anodizing.

The barrier oxide transforms to honeycomb oxide, and then the honeycomb oxide also transforms to nanofibers during anodizing.

www.nature.com/scientificreports
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In summary, we have demonstrated a third-generation anodic
oxide, anodic alumina nanofibers fabricated by pyrophosphoric acid
anodizing. Ultra-high density single nanometer-scale alumina nano-
fibers (1010 nanofibers/cm2) rapidly grow at the triple points of the
honeycomb structure during anodizing, and the structural features of
the nanofibers can be controlled by electrochemical anodizing con-
ditions such as voltage, time, and temperature. Therefore, pyropho-
sphoric acid anodizing can be used as a novel fabricating technique
for oxide nanofibers. An important advantage of our nanofiber fab-
rication process is that individual nanometer-sized anodic nanofi-
bers can be fabricated over large areas of the electrode. Accordingly,
the anodizing technique leads to ultra-fast superhydrophilic prop-
erties on the aluminum surface, with a contact angle of less than 1u.
Moreover, pyrophosphoric acid anodizing can be applied to other
metals, such as tungsten. Our novel anodizing method can be used
for various nanoapplications such as catalysts, wettability control,
filtration, energy storage, biomedical science, corrosion protection,
and electronic devices.

Methods
Pyrophosphoric acid anodizing. High-purity aluminum foils (99.99 wt%, Showa
Denko and Nippon Light Metal, Japan) were ultrasonically degreased and
electropolished in a 13.6 M CH3COOH/2.56 M HClO4 solution at 28 V for 1 min.
The electropolished specimens were immersed in a concentrated pyrophosphoric
acid solution (74.0–78.0%, Kanto Chemical, Japan, T 5 268–313 K) and were
anodized at a constant current density of i 5 5–40 Am22 and a constant cell voltage of
V 5 25–75 V for up to 24 h. The anodizing setup consisted of a two-electrode
electrochemical cell with a platinum counter electrode, and the electrolyte solution
was slowly stirred with a magnetic stirrer during anodizing (rotation speed: 1 s21).
For anodic WO3 nanofibers, high-purity tungsten plates (99.95 wt%, Nilaco, Japan)
were electropolished in a 2.5 M NaOH solution at 2.5 V for 40 s and then anodized in
a pyrophosphoric acid solution at 293 K and 50 V for 120 min.

Material analysis. The nanomorphology of the anodized specimens was examined by
SEM (JIB-4600F/HKD, JEOL) and TEM (JEM-2010F, JEOL). For SEM observations,
a thin platinum or carbon electro-conductive layer was coated on the specimen by a
sputter coater (Pt: MSP-1S, Vacuum Device, Japan, C: JEE-400, JEOL). For TEM
observations, the anodized oxide, including the barrier, honeycomb, and nanofiber
oxides, was fixed on a copper TEM grid with a thin carbon film. Qualitative analysis of
the incorporated anions in the anodic oxide was measured by EELS (JEM-2010F,
JEOL). For the surface wettability, the water contact angle on a surface anodized by
pyrophosphoric acid anodizing was measured by an optical contact angle meter (DM-
CE1, Kyowa Interface Science, Japan) at room temperature. The average volume of
the water droplet was adjusted to 2 mL.
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