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ABSTRACT: We report a facile nanofabrication method, one-
step hard anodizing and etching peeling (OS-HA-EP) of
aluminum foils followed by multistep mild anodizing and
etching pore-widening (MS-MA-EW), for the controllable
tailoring of hexagonally packed three-dimensional alumina
taper-nanopores. Their profiles can be precisely tailored by the
synergistic control of anodizing time, etching time and cyclic
times at the MS-MA-EW stage, exemplified by linear cones,
whorl-embedded cones, funnels, pencils, parabolas, and

trumpets. Meantime, their periods can also be modulated in the range of 70—370 nm by choosing matched anodizing
electrolytes (e.g, H,C,0,, H,S0,, H,C,0,—H,S0,, and H,C,0,—C,H;OH mixture) and anodizing voltages at the OS-HA-EP
stage. We also demonstrated that the long-range ordering of nanopits and the peak voltage of stable self-ordered HA, which are
unachievable in a single H,C,0, electrolyte system, can be effectively tuned by simply adding tiny quantity of H,SO, and
C,H;OH to keep an appropriate HA current density, respectively. This method of using the combination of simple pure chemical
nanofabrication technologies is very facile and efficient in realizing the controllable tailoring of large-area alumina membranes
containing self-ordered taper-nanopores. Our work opens a door for exploring the novel physical and chemical properties of

different materials of nanotaper arrays.
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B INTRODUCTION

Very recently, a type of emerging anodic alumina membranes
containing ordered taper-nanopore arrays (OTNPAs) attracted
intensive interest because of its unique potential in developing
bionic broadband antireflection, dry-style antifogging and self-
cleaning nanomaterials,l_6 nanofluidic energy-conversion de-
vices,” '® SERS-based sensors,'"'? oriented growth of
mesochannels,">™'® and so on."”7>* It should be pointed out
that the alumina OTNPA structures are a type of very crucial
hard templates for the controllable fabrication and property
research of different materials (especially metal and polymer) of
three-dimensional (3D) nanotaper (e.g, tapered nanonip-
ple,”~® nanocone'>'”'® and nanopore®') arrays. However,
their geometrical parameters are very hard to modulate in a
facile and efficient way at this stage, which seriously impedes
the proceeding of related researches. To date, only the conical
OTNPAs with limited periods can be achieved by the multistep
mild anodizing and etching pore-widening (MS-MA-EW) of
aluminum (Al) foils, prepatterned by one-step mild anodizing
and etching peeling’ and mechanical imprinting of period-
tunable SiC molds*>*® and monolayer SiO, nanospheres.”*
However, the existing methods have respectively inherent
disadvantages: the first is too time-consuming (>8 h) and
period-fixed (e.g., 100 nm for oxalic acid at 40 V); the second is
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costly and unavailable to most researchers; the third is not so
easy to operate for samples with larger area (e.g, several
centimeters) or periods <150 nm. Besides, the precise tailoring
of taper-nanopores with other complex profiles is still
unreported hitherto.® Therefore, it is a great challenge to find
a facile and efficient method for tailoring 3D OTNPA stuctures
with controllable and tunable geometrical parameters.
Because the complex 3D OTNPA structures are very hard to
obtain by any single top-down or bottom-up nanofabrication
method, it may be the only choice to adopt the combination of
multiple facile and efficient nanofabrication technologies at this
stage. Compared with top-down technologies, pure chemical
methods are ideal due to their inherent merits in the fabrication
cost, operation simplicity and equipment availability. Inspired
from recently developed hard anodizing technologies,” >
characterized by rapid oxide growth (~1 X 10° nm/min),
tunable periods and long-range ordering, we propose that one-
step hard anodizing and etching peeling (OS-HA-EP) may be
an ideal self-ordered nanopit patterning technology, which has
not been applied for the fabrication of 3D OTNPAs hitherto.
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Here, we report the controllable tailoring of 3D OTNPA
structures by the combined OS-HA-EP and MS-MA-EW,
dispensing with any aid of external physical processes or any
costly and/or unavailable equipment. By choosing matched
electrolytes and reaction parameters, we can not only tailor a
series of complex 3D taper-nanopores with predesigned
profiles, exemplified by linear cones, whorl-embedded cones,
funnels, pencils, parabolas and trumpets, but also tune their
periods in a broader range (70—370 nm). The basic tailoring
principles and relationships between the geometrical parame-
ters and reaction conditions under different electrolyte systems
(e.g, H,C,0, H,C,0,—H,SO, and H,C,0,-C,H;OH
mixture) have been well revealed. Although the used electro-
chemical anodizing and chemical etching technologies are very
simple and well-established, their smart combination for
realizing the low-cost and large-area tailoring of 3D OTNPAs
is innovative and, importantly, very effective.

B EXPERIMENTAL SECTION

Patterning of Self-Ordered Nanopits by the OS-HA-EP. The
electropolished highly pure Al foils (99.999%) were placed in an
electrochemical cell with a circle cooling system, where the cooling
liquid (ethanol) is in thermal contact with the Al substrate to remove
the reaction heat. Electrolyte solutions are set at 0—1 °C. For 0.3 M
oxalic acid, anodization first proceeded at 40 V for 8 min and then the
voltage was gradually increased to the target value (120—150 V) at the
rate of 0.5 V s! (025 V s7! for 160 V). For 0.3 M sulfuric acid,
anodization was performed at 25 V for 8 min, followed by increasing
the voltage at 0.1 V s™" until the target value. For a mixture of oxalic
acid (0.3 M) and sulfuric acid (0.001 to 0.08 M), the anodization was
first conducted at 35 V for 8 min, followed by increasing the voltage at
0.5 V 5! until the target value. For a mixture of oxalic acid (0.3 M)
and ethanol (0.34 M), anodization first proceeded at 40 V for 8 min
and then the voltage was gradually increased to the target value (160—
180 V) at the rate of 0.5 V s™*. During the anodization, all electrolyte
solutions were vigorously stirred and the total anodizing time was 1.5
h. Finally, hexagonally packed nanopit pattern was left on the surface
after the removal of porous alumina layer via immersing the samples
into a mixed solution of 1.8 wt % CrOj; and 6 wt % H;PO, at 65 °C for
3 h

In situ Growth of Taper-Nanopores by the MS-MA-EW. The
cyclic times are dependent on the complexity of predesigned profiles.
The each-step mild anodization was conducted in 0.29 M H;PO, (0.3
M H,C,0,) at 10 °C (17 °C), the anodizing voltage was chosen
according to the empirical rules Uy, = Dyyy/2.5 (Uys = Dype/2). The
anodizing time was determined by the depth of the predesigned taper-
nanopores, adjustable between 20 and 250 s. The corresponding pore-
widening treatment was performed by immersing the samples in 0.43
M H;PO, (30 °C) for different etching time (0 to 30 min).

Characterization. The geometrical morphologies of all samples
were observed under a field-emission scanning electron microscope
(FE-SEM, Hitachi S-4800) after sputtering a 15-nm thickness of Au
layer.

B RESULTS AND DISCUSSION

Figure la-c shows the schematic of tailoring the OTNPA
structures. The combined OS-HA-EP and MS-MA-EW
reactions are responsible for the prepatterning of Al foils and
the in situ growth of taper-nanopores, respectively. To carry out
the in situ growth of taper-nanopores at the sites of self-ordered
nanopits, generated at the OS-HA-EP stage, the anodizing
voltage Uy, at the MS-MA-EW stage should meet the
following expression

Dint _ (XHA)U
- HA

U, =

5679

* OS-HA-EP
b)uv a‘- :
{MS-MA-EW ‘

Figure 1. (a—c) Schematic of tailoring hexagonally packed taper-
nanopores. (b,) SEM Top-view of the as-prepared self-ordered
nanopit pattern. (c;, ¢,) SEM top-view and side-view of the in situ
grown taper-nanopores with average interpore distance of 320 nm.

where Dy, is the period (interpore distance) of ordered
nanopits and in situ grown taper-nanopores; Uy, is the self-
ordered HA voltage; Xy, and Xy, are the proportionality
constant (PC) of HA and MA in specific electrolytes,
respectively.”® In principle, the Dy, is decided by the Uy,
which is closely related to the applied electrolyte ingredients,
whereas the profiles of taper-nanopores can be tailored by the
synergistic combination of anodizing time tyy,, etching time tgy,
and cyclic times T.

Just as expected, the 3D OTNPA structures can be efliciently
tailored by the smart combination of the OS-HA-EP and MS-
MA-EW. Exemplified by a 0.3 M oxalic acid, a hexagonally
packed nanopit pattern (Figure 1b,), with average D;,, ~320
nm and domain sizes 4—5 ym, can be obtained easily by the
HA reaction for 1.5 h at 150 V followed by the EP treatment.
However, performing the same time of OS-MA-EP only can
obtain less ordered nanopits with Dy, ~100 nm and domain
sizes less than 1 um (see Figure S1 in the Supporting
Information). In fact, to obtain the highly ordered nanopits, the
MA reaction must last for far more than 8 h, even several days,
where the achieved domain size is only 1.5—2 um.>*** It was
found that the pore growth rate (1144 nm/min) of HA is far
higher than that of MA (108 nm/min), which is the just reason
of inducing the long-range self-ordering in a shorter time.*®
Then, at a matched MS-MA-EW condition (Uy, = 128 V, tya
=100 s, tgy = 20 min, T = ), these nanopits can induce the
situ growth of conical nanopores. From their scanning electron
microscopic (SEM) top-view (Figure lc;) and side-view
(Figure 1c,), we can easily obtain an average interpore distance
of 320 nm, depth of 480 nm and cone angle of 31.8°. In our
preliminary experiments, a 2-in. disk of sample can be
reproducibly fabricated (see Figure S2 in the Supporting
Information), having the uniformly distributed conical nano-
pores at the whole surface. Because of the industry-compatible
nature, we suppose that such combined method has the
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Figure 2. (a) Opening sizes of conical nanopores varied with the total etching time. (b) Depths of conical nanopores varied with the total anodizing
time. (c—h) Diverse profiles of taper-nanopores (the bottom) can be tailored on the basis of their predesigned sectional drawings (the top),
exemplified by a (c) linear cone, (d) whorl-embedded cone, (e) funnel, (f) pencil, (g) parabola, and (h) trumpet. The scale bars: S00 nm.

potential to evolve into be a practical nanofabrication
technique.

To realize the precise profile tailoring of taper-nanopores, it
is essential to grasp their etching and growth dynamics. By
fixing other reaction conditions constant (Upy = 128 V, ty, =
200 s, T = S), we first explore the opening sizes of conical
nanopores varied with total etching time, as shown in Figure 2a.
It is evident that the etching dynamics curve presents three
distinct stages, accompanying by the pore-widening rate
reducing from 2 nm/min (stage I) down to 0.9 nm/min
(stage II), finally close to zero (stage III). This is ascribed to the
difference of etching rate between the wall inner and outer. The
thicker anion-containing outer corrodes relatively easy while
the thinner anion-free inner at the cell border is hard to
solve.**** In this system, controlling total etching time in the
range of 80—100 min is appropriate and the longitudinal
growth of taper-nanopores is almost fully decided by the
anodizing time, unaffected by inserted etching.>* We further
study the depths of taper-nanopores varied with total anodizing
time by fixing other parameters constant (Uy, = 128 V, tgy =
20 min, T = S). As shown in Figure 2b, the depth of taper-
nanopores linearly increases with the total anodizing time,
where their growth rate is caculated to be 0.67 nm/s.

After grasping the etching and growth rates, we can control
the reaction parameters, ty,, tgw, and T, to tailor the desired
profiles of OTNPAs. As shown in the insets of Figure 2c—h, we
can divide the transverse size and longitudinal depth of cross
sections of predefined taper-nanopores into multiple segments
via simply drawing vertical and horizontal lines at chosen data
points and thus determine the corresponding ty;y and tgy at

5680

each MA and EW step. The chosen data point numbers (that is,
the cyclic times T) should not be less than S, among which the
upper vertex, lower vertex, and mutant sites at the profile lines
are required. In general, the more the acquisition data points,
the higher the quality of the tailored profiles. For example, to
obtain higher-quality conical nanopores (Figure 2c), we may
adopt the strategy of reducing fy;, and tgy and adding T (e.g,,
twa = 135 s, tgw = 11 min, T = 9). To obtain the conical
nanopores embedded with whorls (Figure 2d), we may add ty,
and tgy (e.g, tya = 200 s, tgy = 20 min, T = 6) to produce
discontinuous joints between segments, where the whorl
number is decided by T. To obtain the composite geometries
consisting of cylindrical and conical nanopores, we may add
one-step anodizing before or after the MS-MA-EW. Figure 2e
shows arrays of funnel-shaped nanopores that can be tailored at
conditions: fya1_s = 80 S, fyag = 800 8, tpwi_s = 18 min, tgye =
10 min. Similarly, the pencil-shaped nanopores (Figure 2f) can
be tailored at matched conditions: ty,; = 800 s, fya—¢ = 80 s,
tewr = 10 min, tgy,_s = 22.5 min, fgye = 0 min. To tailor
complex nonlinear taper-nanopores, we can adjust ty, and tgy
nonuniformly. For the parabola-shaped nanopores (Figure 2g),
it is proper to adopt ty;a; = 400 s, tyar—3 = 160 s, tyas_ = 80's,
tgw1 = 30 min, tgy,_3 = 20 min, fgyy_s = 1S min, tgye = 0 min.
Figure 2h shows the trumpet-shaped nanopores tailored at the
conditions: tya_3 = 120 s, tyas—e = 200 8, tpw; = 30 min, tgy, =
25 min, tgy; = 1S min, gy, =10 min, tgyws = 8 min, tgywe = 7
min. Clearly, the tailoring of the OTNPAs is based on the
synergetic control of the longitudinal growth of pores, the
lateral etching of pore walls and their each-step match with the
scallop shape of pore bottom. So precise profile tailoring ability
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Figure 3. SEM top-views and side-views of self-ordered conical nanopore arrays with tunable interpore distance: 260, 280, 290, and 350 nm, which
corresponds to the anodizing voltage of 120, 130, 140, and 160 V at the MS-HA-EW stage. The adopted electrolyte is 0.3 M oxalic acid.

110y 9 |1 e) 0r
s 10T 300 | i

| o \ | s

' §1204 A £ 250} i

s s -
b 2200} £
£1004 N ST | ¢
3 ~ 150 ol
< god \.‘ - . [ "

=~ 100}V
0.10 —0.3 M H,C,0, and 0.016 M H,S0, 000 002 004 006 008 80 100 120 140 160

—03MH,C0,

f)

(@) L
1000 2000 3000 4000 5000
Anodizing time (s)

0

Anodizing voltage (V)

>

¥
ke
o W e

&
-

¥

<

o

Figure 4. Contrast of SEM images of the nanopit pattern as-prepared (a) before and (b) after adding a tiny quantity of H,SO, in the H,C,0,
electrolyte system, where the anodizing voltages (110 V) are kept the same. The corresponding current—time transients are given in panel c. Clearly,
the current density can be greatly enhanced by the tiny adding of H,SO,. (d) Sustainable maximum anodizing voltages Uy, as a function of
[H,SO,]. (e) Corresponding periods D;, of self-ordered nanopits as a function of the maximum Uyy,. f) Two examples of tailored nanopit patterns
with predefined periods: 130 and 236 nm, which can designate reaction conditions according to the work curves. The actually obtained periods are
128.5 + 5.1 nm (left) and 238.1 + 8.2 nm (right), which agree well with the predefined values.

at the 3D scale is unprecedented and also unachievable by
conventional top-down nanofabrication technologies.
Remarkably, this method can also easily tune the periods of
the OTNPA structures because there exists a broader range of
self-ordered Uy, below the critical breakdown potential, even
at a given electrolyte.’® Exemplified by 0.3 M oxalic acid
(Figure 3), we can obtain the conical OTNPAs with tunable
periods: 260 nm (U, = 120 V), 280 nm (Uy, = 130 V), 290
nm (Ug, = 140 V) and 350 nm (Uy, = 160 V). With the Uy,
increasing, the long-range ordering of the in situ grown conical
nanopores becomes better, evidently seen from their SEM top-
views (Figure 3 and Figure 1c;). Note that burning events
frequently occur as Uy, = 160 V, whereas the long-range
ordering becomes poor as the Uy, drops to 120 V. In contrast,
self-ordered nanopits with Dj,, of 70—120 nm can be obtained
in 0.3 M sulfuric acid, where self-ordered Uy, falls in the range
of 40—70 V (see Figure S3 in the Supporting Information).
This is because lower Uy, can generate higher current density
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in the sulfuric acid system (e.g, the peak current density can
arrive at 100 mA/cm® when anodizing at 40 V).*® Clearly,
controlling the appropriate current density in the HA regime is
very crucial to achieve the long-range ordering growth of
nanopores.”®

As for a given Uy,, the current density can be tuned by
adding other electrolytes in oxalic acid system,” which is an
effective way to improve the long-range ordering of nanopit
patterns. For example, in pure oxalic acid system, it is
impossible to obtain self-ordered nanopit pattern as Uy, =
110 V, as shown in Figure 4a. However, the regular nanopit
patterns can be produced (Figure 4b) by simply adding a tiny
quantity of sulfuric acid (Cg, = 0.015 M) into oxalic acid while
keeping the anodizing voltage (110 V) and time (1.5 h)
unchanged. Compared with the pure oxalic acid, the mixed
electrolyte can make the peak current density dramatically
increase from 0.06 A/cm* up to 0.12 A/cm?* (Figure 4c). The
oxide growth rate in the mixture is far higher than that in the

dx.doi.org/10.1021/am301603e | ACS Appl. Mater. Interfaces 2012, 4, 56785683
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pure acid, which is the reason of inducing the long-range
ordering of pores. We suppose that the addition of tiny quantity
of sulfuric acid can increase the ionic conduction of the
electrolyte so as to increase the current density at the same
Uy

By simply tuning the Cs,, we can obtain self-ordered nanopit
patterns with interpore distances tunable in the range of 100—
300 nm. The detailed investigations into the effects of Cg, on
the self- ordered Uy, and resultant D, are shown in Table S1
and Figure S4 in the Supporting Information. Both the upper
limit of self-ordered Uy, values and their tunable range
gradually decrease with the Cg, increasing. The magnitude of
D, can be simultaneously influenced by both Cg, and Uy,. To
deeply understand the relationship among the three parameters
(Csa Una, and Dy,) and grasp the ability to tailor the period,
we gave the curve of the maximum Uy, as a function of Cg,
(Figure 4d) and the curve of D, as a function of Uy, (Figure
4e), respectively. Here, the data acquisition is simplified
according to general knowledge that the optimal arrangement
of self-ordered nanopores occurs at the maximum Uy,. As a
result, a second order exponential decay curve can be fitted in
Figure 4d as the following equation, Uy, = 73.8 +
18.1e~Csn/0001% 58 4e=Cer/00300 Meantime, the periods linearly
vary with the Uy,, obeying the equation Dy, = 32Uy, —
147.43. That is, to tailor the desired periods (e.g., 130 and 236
nm) of regular nanopit patterns, we may calculate the required
Csa to be 0.045 and 0.007 M and the Uy, to be 87 and 120 V.
Figure 4f shows the two samples as-prepared at the
corresponding reaction conditions. The experimentally meas-
ured D, values are 128.5 + 5.1 nm and 238.1 + 8.2 nm,
respectively, which agree well with the predefined periods.

Besides, the stable HA reactions can be realized at 160 V and
even bigger voltages by simply adding ethanol into the oxalic
acid system, which may be ascribed to enhanced heat
dissipation and reduced ionic conduction.®® As shown in
Figure Sa, the peak current density can dramatically decrease
from 200 mA/cm? down to 60 mA/cm? and then the current—
time transient presents a nearly exponential decrease as a
function of time, rather than an abnormal fluctuation. The
optical images of the samples as-prepared before and after
adding ethanol are displayed in the insets of Figure Sa. Clearly,
the latter shows uniformly light yellow at the whole area while
the former becomes tan-yellow at the local due to the
occurrence of burning events. Note that, despite having the
same anodizing time (1.5 h), the ordering degree of the sample
(Figure Sb) formed in the mixed electrolyte is not as good as
that formed in the pure oxalic acid (Figure 3d). This may be
ascribed to the greatly reduced current density and oxide
growth rate. In this case, the sustainable maximum Uy, can
arrive at 180 V, above which the Al foils would be burnt. Figure
Sb—d shows typical nanopit patterns obtained at 160, 170, and
180 V for 3 h. With the Uy, increasing, the regularity of
nanopit patterns becomes better. Similar phenomena can also
be observed as extending the anodizing time (e.g. from 0.5 to 6
h) at the given voltages (see Figure SS in the Supporting
Information). All samples own perfect long-range ordering with
domain sizes above 3.5 pm as the anodizing time reaches 6 h.

Figure 6a lists the dependence of the D, of self-ordered
nanopits on the matched Uy, under different electrolyte
systems. The details are as follows: (1) sulfuric acid at 40—70 V
for D, = 70—120 nm, with PC = 1.18 nm/V; 2) oxalic acid at
120—150 V for D, = 260—320 nm, with PC = 2.2 nm/V; (3) a
mixture of oxalic and sulfuric acid at 80—140 V for D,,, = 100—
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Figure 5. (a) Current—time transients during the hard anodizing of
electro-polished aluminum foils in the H,C,0, (marked as “a,”) and
H,C,0,—C,H;OH mixture (marked as “a,”) at 160 V. The optical
images of their corresponding samples are shown in the inset for the
contrast. b-d) SEM images of self-ordered nanopit patterns generated
at the anodizing voltage of 160 V, 170 and 180 V, respectively.
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Figure 6. 3D OTNPA structures with tunable periods. (a) Periods D;,
as a function of anodizing voltages under varied electrolytes. (b) SEM
side-views of typical conical nanopores with tailored periods: 70, 100,
150, 250, 300, and 370 nm. Scale bars: 500 nm.

300 nm, with PC = 3.2 nm/V; (4) a mixture of oxalic acid and
ethanol at 160—180 V for D;,, = 330—370 nm, with PC = 2.2
nm/V. Accordingly, we can easily obtain desired OTNPAs with
periods of 70—370 nm. Figure 6b shows several representative

dx.doi.org/10.1021/am301603e | ACS Appl. Mater. Interfaces 2012, 4, 5678—5683
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examples of OTNPA structures with the tailored periods of 70,
100, 150, 250, 300, and 370 nm, respectively. Note that the
proportionality constant of the HA under different electrolytes
varies with the electrolyte type and their divergence with the
empirical value (2.0 nm/V) does not influence the in situ
growth of taper-nanopores because the template-assisted
growth of taper-nanopores is not so sensitive to the change
of Uyy in the near zone* Besides, to obtain high-quality
OTNPA structures, dilute phosphoric acid and oxalic acid are
used as the anodizing electrolyte at the MS-MA-EW stage as
D, > 100 nm and D;,, < 100 nm, respectively.

B CONCLUSIONS

A powerful nanofabrication method based on the combined
OS-HA-EP and MS-MA-EW has been successfully proposed for
the controllable tailoring of the 3D OTNPA structures. The
basic tailoring principles and relationships between the
geometrical parameters and reaction conditions have been
well revealed. Compared with those methods reported
previously, this method of using the combination of pure
chemical nanofabrication technologies has many appealing
advantages: (1) it can independently control the structural
parameters of 3D taper-nanopores such as profiles and periods
at one’s own will, unachievable by any conventional single top-
down and bottom-up nanofabrication technique; (2) the
periods of taper-nanopores reported here can satisfy most
research demand and can also be further broadened; (3) the
required electrochemical equipments are very simple, cheap
and available to most researchers; (4) it can obtain large-area
(e.g., centimeter-scale) samples at a low cost; (5) it is industry-
compatible and thus very promising to evolve into be a real
practical nanofabrication technique. The remarkable nano-
fabrication ability reported here opens a door for exploring the
novel physical and chemical properties of different materials of
3D nanotaper arrays.
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Two groups of contrast SEM images showing the rapid
fabrication ability of the OS-HA-EP over the OS-MA-EP;
optical photo of a 2-in. sample; current—time transient during
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images of representative nanopit patterns obtained in the mixed
H,C,0, and H,SO,; detailed data showing the effects of
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