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Ni-Ti-O nanopores (NPs) free of irregular surface layers and with tunable diameters are prepared by anodizing
NiTi alloy in glycerol containing H,0 and NaCl. In an electrolyte composed of glycerol, 10 vol% H,0 and 0.6 M
NaCl, NPs with diameters between 23 and 39 nm can be produced at anodization voltages between 20 and
80 V. In this electrolyte system, the irregular oxide layer on the surface can be completely removed chemically
and/or mechanically during anodization. The resulting Ni-Ti-O NPs with tunable diameters should prove useful,
for example, in energy, environmental and biomedical applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Anodization of nearly equiatomic NiTi alloy to generate Ni-Ti-O
nanotubes (NTs) was first reported by Kim and co-workers, who used
ethylene glycol (EG) containing H,0 and NH4F as the electrolyte [1].
They found that the NTs possessed a high rate capability and excellent
cycling stability, suggesting that they would perform well as electrode
materials in pseudocapacitors. Subsequent investigations showed that
the NTs were also promising in gas sensing [2,3], biosensing [4],
electrocatalysis [5,6], and biomedical engineering [7-11]. In many of
these applications, a large specific surface area is crucial to achieving
high efficiency [12]. However, Ni-Ti-O NTs possess a relatively small
specific surface area due to their limited length (<1.3 pm) [13], which
may be ascribed to aggressiveness of the F~ ions to the NTs during an-
odization. Our previous work revealed that CI™ could substitute for F—
[14] and in an electrolyte composed of EG, H,0 and HCI, Ni-Ti-O
nanopores (NPs) as long as 160 um were synthesized. Nonetheless,
the NPs prepared in the EG-based electrolyte have two shortcomings,
namely the irregular surface layer, which is difficult to remove, and
the fact that the diameter of the NPs cannot easily be tailored [14],
which limits wider application of the materials. For example, the irreg-
ular layer may hinder electron and ion transport in charging-
discharging, thus compromising the material's pseudocapacitive prop-
erties [1], and some diameter-dependent properties have also been
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observed [12]. It is therefore highly desirable to fabricate irregular-
layer-free and diameter-tunable Ni-Ti-O NPs. In the work reported
here, a new electrolyte composed of glycerol, H,O and NaCl is employed
to fabricate the Ni-Ti-O NPs and it is shown that, under specific condi-
tions, diameter-tunable NPs without an irregular surface layer can be
anodically produced on the NiTi alloy.

2. Materials and methods

A NiTi alloy (50.8 at.% Ni) rod (#9 mm produced by Xi'an SaiTe
Metal Materials Development Co., Ltd., China) was cut into disks
2 mm thick, polished, ultrasonically cleaned, and dried in cool air. Anod-
ization of the NiTi samples was carried out in 100 ml of the electrolyte
comprising glycerol, H,O and NaCl using a power supply (IT6123,
ITECH, China) at room temperature (~30 °C). The anodization time
was 10 min unless otherwise specified. The electrolyte composition
and anodization voltage were varied to investigate their respective in-
fluence on anodic growth of the NPs. Nano Measure 1.2 software
(Fudan University, China) was used to measure the pore size. 30 pores
were measured for each group and their average value and standard de-
viation are shown. The steady-state electrolyte temperature near the
sample was measured using a thermometer. A field-emission scanning
electron microscope (FE-SEM, JSM-7001F, JEOL) equipped with an ener-
gy-dispersive X-ray spectroscope (EDS, QX200, Bruker) was utilized to
observe the morphology and detect the elemental composition of the
anodized samples.
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3. Results

Fig. 1(a) presents the surface SEM images of the samples anodized at
20V in glycerol containing different amounts of H,0 and NaCl. The low-
and medium-magnification images show that increasing the H,O and
NaCl content leads to increased surface roughness. The high-magnifica-
tion images reveal no well-defined structures when the sample is anod-
ized in an electrolyte containing 5 vol% H,O and 0.3 M NaCl. In contrast,
NPs can be clearly observed when the sample is anodized in an electro-
lyte containing 10 vol% H,0 and 0.6 M NaCl, but further increasing the
content of H,O and NaCl generates nanoporous structures that are not
well defined. The corresponding current density-time curves in Fig.
1(b) show that the initial current densities drop quickly and that large
amounts of H,O and NaCl in the electrolyte elevate the steady-state cur-
rent densities.

Fig. 2(a) and (b) show the low- and high-magnification surface SEM
images, respectively, of samples anodized at 20-90 V in glycerol con-
taining 10 vol% H,0 and 0.6 M NaCl. When the voltage is between 20
and 40 V, a uniform surface morphology can be seen. In contrast, a
high voltage (50-90 V) leads to uneven and flaky exfoliation and
more severe spalling can be seen at higher voltages. The high-magnifi-
cation SEM images show that when the voltage is between 20 and
50 V, the pore diameter decreases gradually but that increasing the
voltage above 50 V unexpectedly leads to a slight increase in the pore
diameter. When the voltage is 90 V, a well-defined nanoporous struc-
ture cannot be produced. Generally, the NP length increases with

anodization voltage and high-magnification images of the samples an-
odized at 30 and 50 V examples are shown in the insets. The electrolyte
also changes, as shown in Fig. 2(c). When the voltage is low (20-40V),
smoke-like substances are observed in the beakers, whereas many small
pieces appear to come off from the samples into the electrolyte when
the voltage is high (50-90 V). The current density-time curves in Fig.
2(d) also exhibit two distinct tendencies. A low voltage (20-40 V)
leads to a steady-state current density, but high voltage (60-90 V) re-
sults in gradually increasing current densities with narrow periodic
fluctuations after an initial quick drop. Although the curve recorded at
50 V shows periodic fluctuations, the cycle is relatively long and there
is no sign of gradual increase in the current density. Fig. 2(e) presents
the variation in the pore diameter as a function of anodization voltage.
The diameter decreases from 39 nm at 20 V to 23 nm at 50 V and further
increasing the voltage only increases the pore diameter slightly. The
electrolyte temperature as a function of voltage is displayed in Fig.
2(f) and three different regions may be defined. In the range between
20 and 40 V, the temperature is very close to room temperature
(30 °C). When the voltage is between 50 and 80 V, the temperature in-
creases slowly from 33 °Cat 50 V to 37 °C at 80V, while a high voltage of
90 V rapidly raises the temperature to 50 °C.

Fig. 3 shows the surface SEM images of samples anodized at 40 V and
70V for different periods of time. When a sample is anodized at 40 V
(Fig. 3(a)), the anodization time has little influence, as shown by the
low-magnification morphologies. The high-magnification images
show that after anodization for 1 min, the thin irregular surface layer

Fig. 1. (a) Surface SEM images of the samples anodized at 20 V in glycerol containing different H,O and NaCl contents; (b) current density-time curves acquired from the samples.
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Fig. 2. (a) Low-magnification and (b) high-magnification surface SEM images of the samples anodized at 20-90 V in glycerol containing 10 vol% H,0 and 0.6 M NacCl. The anodization
voltage of each sample is shown on upper right corner of each image. Insets in high-magnification images of the samples anodized at 30 and 50 V show their respective cross-sectional
morphology. (c) Optical images of the electrolytes in the electrolytic cells after anodization of the samples at 20-90 V. (d) Current density-time curves of the samples; (e) NP diameter
as a function of anodization voltage; (f) electrolyte temperature as a function of anodization voltage.

is partially removed, and after anodization for 2 min, it is removed
completely, exposing ordered NPs. When the voltage is raised to 70 V
(Fig. 3(b)), the low-magnification images show uneven flaky exfolia-
tion. A longer anodization time generally leads to a larger spalling
area. The high-magnification images show that most of the surface is
covered by an irregular layer in the initial stage of anodization and
that ordered NPs are only exposed in the peeled area. However, after an-
odization for 10 min, the irregular surface layer is completely removed,
thereby exposing all the underlying NPs.

4. Discussion

Although Ni-Ti-O NPs can be fabricated in an electrolyte composed
of EG, H,0 and HCl [14], the adherent irregular surface layer and con-
stant pore diameter present obstacles to wider application [15,16]. In
this work, these two drawbacks can be overcome by using a different

electrolyte consisting of glycerol, H,0 and NaCl. The anodization voltage
affects the NT and NP diameters [17,18] but in the EG-based electrolyte,
the optimal voltage to prepare Ni-Ti—-O NPs on NiTi is restricted to about
10V and so the pore diameter is essentially fixed [14]. However, using a
glycerol-based electrolyte widens the voltage window (20-80 V), mak-
ing it possible to produce NPs with different diameters. This may be as-
cribed to the different viscosities of EG and glycerol. The viscosity of
glycerol is about 68 times that of EG at the same temperature [19] and
a large viscosity may convert the rate-limiting step in anodization
from the electrochemical reaction at the electrode/electrolyte interface
to diffusion of reactants to the interface [20]. Since the electrochemical
reaction is sensitive to the applied voltage but diffusion is less sensitive,
a viscous electrolyte may reduce the sensitivity of the overall anodiza-
tion process to the applied voltage, resulting in a larger voltage window.
In general, the diameter of the TiO, NTs prepared on pure Ti by anodiza-
tion is positively related to the voltage [21]. However, Ni-Ti-O NPs
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Fig. 3. Surface SEM images of the samples anodized at (a) 40 V and (b) 70 V for different anodization time in the electrolyte composed of glycerol, 10 vol% H,0, and 0.6 M NacCl. The left
high-magnification image of the sample anodized at 70 V for 2 min shows the morphology of the unpeeled region and the right one shows the morphology of the peeled region.

prepared by anodizing NiTi alloy show the opposite trend when the
voltage is between 20 and 50 V. A possible explanation is different etch-
ing rates of NiO and TiO, under attack from ClI™ during anodization. TiO,
is more stable than NiO because of its lower free energy of formation
[22]. Hence, NiO may be etched preferentially in the presence of Cl~,
which is also verified by the EDS results. For example, the atomic ratio
of Ni to Ti (Ni/Ti) in the NPs anodized at 30 V is about 0.2, which is far
less than the nominal ratio (~1.0) in the NiTi alloy. Increasing the anod-
ization voltage accelerates the dissolution of NiO (for example, the Ni/Ti
ratio is about 0.1 when anodized at 50 V), thus thinning the bottom bar-
rier layer and consequently narrowing the pore diameter [17]. Howev-
er, when the voltage is higher than 50 V, the electrolyte temperatures
increase gradually (Fig. 2(f)) as a result of the Joule heating effect (Fig.
2(d)). On the one hand, this may lower the viscosity of the electrolyte,
facilitating H,O transportation to widen the NP diameter. On the other
hand, it may also facilitate the preferential etching of NiO with resulting
thinning of the bottom barrier layer, leading to a narrowing of the NP di-
ameter. Accordingly, these effects offset each other, suggesting that
Joule heating has little influence on the NP diameter.

The growth of an irregular surface layer during the initial stage of an-
odization is well known and subsequent growth of the ordered struc-
ture (NTs or NPs) underneath the layer may be a natural selection
process [23]. Several measures can be used to eliminate the irregular
surface layer, including extending the anodization time [24], elevating
the anodization temperature [21] or ultrasonic vibration. The first of

these is ineffective in removing the surface layer for Ni-Ti-O NPs fabri-
cated in the EG-based electrolyte [14] and the other two approaches
also do not work well (data not shown). However, the present work
demonstrates that the use of a glycerol-based electrolyte can solve the
problem. Two possible removal mechanisms based on the variation in
the anodization voltage may be proposed. During anodization, the
thickness (d) of irregular surface layer is determined by d = fU, where
fis the growth factor of the oxide and U is the applied voltage [12]. At
a low voltage (20-40 V), d is relatively small and under attack by CI™;
the layer is partially dissolved and/or detached from the substrate by
forming nanoparticles (see the high-magnification image of the sample
anodized for 1 min in Fig. 3(a)). The smoke-like substance in the bea-
kers could be due to the detached nanoparticles when the samples are
anodized at 20-40 V in Fig. 2(¢). In contrast, when the voltage is raised
to 50-90V, d is relatively large so that the irregular layer is not so vul-
nerable to attack by CI™ (see the high-magnification image of the sam-
ple anodized for 1 min in Fig. 3(b)). However, because of the internal
stress between the irregular layer and the growing NPs, and interfacial
weakening under attack by Cl~ at a high temperature (Fig. 2(f)) in-
duced by current self-amplification (run-away anodization) (Fig. 2(d))
[25], the irregular layer delaminates from the NPs (see low-magnifica-
tion images of the anodized samples in Fig. 3(b)). Peeling is verified
by the presence of a yellow substance in the beakers after anodization
at 50-90 V (Fig. 2(c)) and the current oscillations observed during an-
odization (Fig. 2(d)).
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5. Conclusion

Ni-Ti-O NPs with different diameters have been fabricated on NiTi
alloy by anodization in a glycerol electrolyte containing 10 vol% H,0
and 0.6 M NaCl. The viscous glycerol offers a buffer system for transpor-
tation of CI™ and H,O0 to the electrode/electrolyte interface, providing a
larger voltage window (20-80 V) for the fabrication of NPs with a tun-
able diameter (23-39 nm). At a low voltage, removal of the irregular
surface layer may be due to dissolution arising from chemical etching,
whereas at a high voltage, it may be a result of peeling due to internal
stress.
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