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A highly ordered nanoporous NiTi oxide layers were fabricated on Ti alloys with high Ni contents
(50.6 at.%) by a combination of self-organizing anodization at 06C and subsequent selective etching in
H2O2. The key for successful formation of such layers is to sufficiently suppress the dissolve of NiO by
applying lower temperature during anodization. The resulting nanoporous structure is connected and
well-adhered, which exhibits a much higher electrochemical cycling stability in 0.1 M NaOH. Without
further surface modification or the use of polymer binders, the layers can be behave as a low-cost, stable and
sensitive platform in non-enzymatic glucose sensing.

F
ast, sensitive and reliable glucose monitoring is important for clinical biochemistry and food industry1,2.
Since Clark proposed the first enzyme glucose biosensor in 19623, it has attracted considerable attention.
However, due to the use of enzymes, conventional glucose sensors usually suffer from short device lifetime

and decay in activity, and their performances are easily affected by the variation in temperature and pH value
during measurement. This limitation can be overcome by the use of non-enzymatic glucose sensors based on
noble metal or metal oxides4–8. To achieve better device lifetime and stability in non-enzymatic sensing, basically a
mixture of electrochemically active materials (such as Pt, Pd) and conducting binders (such as Nafion) is typically
pasted onto a glassy carbon electrode to construct a stable network9–11. However, polymer binders are not active
materials for glucose sensing, and lead to a blocking of electrocatalytic sites. Additionally, because of the increas-
ing price of noble metals and easy poisoning of their surface, their application in glucose sensing is limited. The
nickel (Ni)-based electrode has been the most widely utilized electrode for determining glucose in alkaline
media12,13, since Fleischmann demonstrated that glucose molecules could be oxidized at a nickel anode in alkaline
solution14. Recently, some NiO/Ni(OH)2 electrodes were prepared by depositing Ni particles on a traditional
electrode surface (i.e. Au, glassy carbon)15. The resulted electrodes can improve the sensitivity and reproducibility
for the determination of carbohydrates. However, a problem is that it is difficult to maintain long-term stability
because of the detachment and dissolution of the catalyst from the substrate. Therefore, NiO nanoplatelets or
nickel alloy-based electrodes were developed in order to improve the stability of the determination16–18. Kuwana
et al. reported a systematic study of Ni-Cr and Ni-Ti alloy electrodes for the detection of carbohydrates17,18. Owing
to the good resistance to surface fouling, these alloy electrodes exhibited improved long-term stability. However,
the sensitivity of the alloy electrode is usually lower than the traditional nickel-modified electrodes. Xia and
coworkers have revealed due to the increased surface area, the three-dimensional (3D) nanomaterials exhibited
good electrochemical activity towards glucose non-enzymatic sensing4–8.

Self-organizing electrochemical anodization is a simple, attractive and low-cost approach to form 3D nano-
structures of metal oxides. In 1995, Masuda and Fukuda firstly fabricated highly ordered porous alumina
structures by establishing optimized oxide formation/dissolution equilibrium during anodization of aluminium
in an acidic solution19. Zwilling and coworkers demonstrated that self-organized TiO2 nanopores or nanotubes
can also be achieved through anodization of Ti foils in a fluoride-containing electrolyte in 199920. Till now, the
electrochemical annodization method has been applied to fabricate oxide nanotube or nanopore on numerous
other metals such as V, Fe, W, Zr, Nb, V and Co, as well as many alloys21–28.

Nevertheless, up to now, success on anodization of Ni-Ti alloy containing high content of nickel to obtain
porous nanostructure is very challenging and such success has not been achieve yet because nickel hardly forms
passive oxide layer on anodization and undergoes preferential electrochemical metal dissolution upon anodiza-
tion. And the preferred reaction is the oxidation of the water at a comparably low potential when an anodic
voltage is applied in an aqueous electrolyte. The evolution of oxygen will change pH of the neutral electrolyte to a
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low value, which could leads to the dissolution of NiO in an acid
aqueous electrolyte. Herein, we show how to overcome the problem
by combining a number of strategies to retard the reaction rate of
water oxidation and favor oxide formation. This enables the success-
ful anodic growth of highly ordered nanoporous layers on a NiTi
alloy. The resulting nanoporous oxide layers, after an appropriate
treatment, not only show strongly enhanced sensitivity, but also
provide wide linear range for the determination of glucose in com-
parison to chemically modified Nickel electrodes. Moreover, this
approach, where an alloy is used to grow oxide tubes, is found to
be much more efficient than other attempts to achieve a similar effect
by decorating pure TiO2 nanotubes with NiO nanoparticles.

Results
Fig. 1A–C show SEM top view of the samples formed on a NiTi foil
after anodization at room temperature (RT), 10uC and 0uC for 8 h,
respectively. And the corresponding current–time profiles are plot-
ted in Fig. 1D. Obviously, in the case of NiTi anodization, the tem-
perature influences the anodization currents and morphology of the
nanostructures. A sufficiently steady-state current leading to self-
organization is only achievable when the anodization is performed
at sufficiently low temperature to slow down the anodization reac-
tion and prevent current self-amplification because of resistive heat-
ing with continuously increasing currents and an ill-defined mix of
O2 evolution27. For the anodization performed at RT and 10uC, after
some hours of anodization, dissolution (current increase) is observed
and a large portion of the surface is found to peel off (inset SEM
image of Fig. 1A) for prolonged anodization. Due to the dissolution
of as formed NiO/TiO2 layers, as shown in the digital photographs in
insets of Fig. 1A and Fig. 1B, the sample surface is etched and the
significant depressed areas can be noticed at RT and 10uC. The SEM
images also exhibit the nanostructured layer formed at RT (Fig. 1A)
and 10uC (Fig. 1B) is very thin. Even it’s hard to scratch and measure
the thickness of the oxide layers formed on the NiTi substrates. A
very good indication for a successful growth of a well-defined

nanoporous structure is the current curve which recorded at the
0uC. As shown in Fig. 1C, the as-formed nanostructure has a com-
parably tight oxide morphology with some nanoscopic channels that
are apparent in SEM image. The digital photograph presents a yel-
low-colored sample area without surface etching (inset of Fig. 1C).

The electrochemical behaviour of as-formed NiO/TiO2 layers is
investigated using cyclic voltammetry (CV). The measurements were
performed in 0.1 M NaOH solution. Specially, because the anodiza-
tion leads directly to a back-contacted oxide electrode, the NiO/TiO2

layers grown on the metallic NiTi alloy sheet can be used as an
electrode directly without needing a conductive adhesive medium
or binders to prepare a functional porous oxide electrode. As shown
in Fig. 2A, for the NiO/TiO2 layers prepared at RT (curve a) and 10uC
(curve b), cycling in 0.1 M NaOH solution did not exhibit any clear
redox peaks. In contrast, for the sample grown at 0uC (curve c), a pair
of well-defined cathodic peak (0.37 V) and anodic peak (0.47 V),
corresponding to the Ni(II)/Ni(III) couple, can be clearly in a
NaOH solution. However, a main drawback in terms of application
is that the nanoscopic channels are too narrow, which limits the
diffusion of the electrolyte. Recently, Schmuki et al. found for a tight
titanium dioxide, if this structure is adequately chemically etched in
H2O2, a very regular sponge structure can be achieved29. When the
as-formed NiO/TiO2 nanostructure (anodized at 0uC) was etched in
30 wt% H2O2 under ultrasonication, it is noticed that the peak cur-
rents (Fig. 2B) increase with time in the first 20 min, and then the
currents become stable. As shown in Fig. 3A, a much more porous
structure is observed after H2O2 etching treatment if compared with
the ‘‘as-formed’’ sample (Fig. 1C). The drastic difference in structure
is apparent, which exhibit that the morphology of NiO/TiO2 layers
change to a highly regular and defined nanoporous structure after the
H2O2 etching treatment. The pore diameter is ranging around 6–
10 nm (Fig. 3B). This regular nanoporous structure can be observed
over the entire sample surface, and therefore is resulting in a highly
enhanced surface area. As shown in Fig. 3C, the thickness of the
nanoporous layers is measured as , 53 nm. The electrochemical

Figure 1 | The SEM and photograph of NiO/TiO2 nanostructure prepared at (A) room temperature (inset: the peeled off layers), (B) 10uC and (C) 0uC.

inset: The digital photograph of the as-formed sample. (D) Anodizing current-time behavior for NiTi alloy at room temperature, 10uC, and 0uC.
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behaviors of NiO/TiO2 layers before and after H2O2 etching was
recorded in Fig. 2C. The advantage of the larger surface area can
be seen from the comparison redox peak currents corresponding
to the switch of Ni(II)/Ni(III). Obviously, after the etching treatment

for 20 min, the electrochemical current of nanoporous NiO/TiO2

layers (curve b) exhibits a significant enhancement compared to
the ‘‘as-formed’’ NiO/TiO2 nanostructure (curve a). The increase
in electrochemical current can be attributed to the morphology
change of the sample. To gain information on the composition,
energy-dispersive X-ray spectroscopy (EDX) of the H2O2 etched
samples were acquired. The presence of Ni, Ti and O is revealed by
EDX pattern as shown in Fig. 3D. It is evident that the resulted
nanoporous layer mainly consists of NiO and TiO2. The atomic
percentages of these three elements were close to the theoretical
values, which confirm the formation of nanoporous NiO/TiO2

hybrid structure.
The effect of potential scan rate (u) on oxidation peak current and

reduction peak current has been investigated in the range of
202300 mV s21 in Fig. 4A. The anodic and cathodic currents are
found to be proportional to the square root of scan rates (inset of
Fig. 4A), indicating that electrode reaction is indeed diffusion-con-
trolled since the observed redox peaks involve OH2 diffusion from
the support electrolyte to the electrode surface (during the reduction
step) or from the electrode surface to the electrolyte (during the
oxidation step)30. These findings are consistent with the previous
reports on NiO nanoparticles and thin layer of Ni(OH)2

31,32.
Stability for nanoporous NiO/TiO2 layers based electrode was also
examined by recording consecutive CV curves in 0.1 M NaOH solu-
tion, and the results are plotted in Fig. 4B. After scanning for 30
cycles, no obvious decrements in the anodic and cathodic peak cur-
rent can be detected, which indicating that the resulted nanoporous
NiO/TiO2 structure has very excellent electrochemical stability in the
basic media, and thus can be applied as the electrode materials to
construct biosenors.

To demonstrate the functional potential of these ordered nano-
porous NiO/TiO2 structure in the construction of biosensors, elec-
trochemical oxidation of glucose were carried out. The measure-
ments were performed in 0.1 M NaOH solution with the addition
of a certain amount of glucose. Fig. 5A present the CVs of NiO/TiO2

electrode in the absence (curve a) and presence (curve b) of 1 mM
glucose in 0.1 M NaOH. Upon the addition of glucose, due to the
catalytic effect of the redox Ni(II)/Ni(III) couple for oxidation of
glucose to gluconolactone, Ni(III) can be deoxidized to Ni(II).
Therefore, the presence of glucose could leads to an increase in
anodic peak current. As a comparison, anodized TiO2 layer exhibits
negligible response (,300 fold lower than that of nanoporous NiO/
TiO2 layers) with the addition of glucose (Fig. 5B). These results
indicate that TiO2 is not an active electrode material to catalyze
glucose eletroxidation and the observed electrocatalytical activities
originate from NiO in the nanoporous film.

Fig. 5C exhibits the amperometric response of the NiO/TiO2

nanoporous electrodes at 0.52 V upon successive addition of glucose.
The electrode exhibit a sensitive response even for 5 mM glucose
(inset of Fig. 5C), which can be attributed to the good electrocatalytic
activity and 3D nanoporous structure of NiO/TiO2 film. As plotted
in Fig. 5D, the calibration plot is linear over a broad concentration
range of 0.005212.1 mM with a correlation coefficient of 0.999, a
sensitivity of 252.0 mA mM21 cm22. The current deviates from lin-
earity at higher glucose concentration. As it is known to occur in
alkaline media, this deviation can be due to the passivation of the
electrode and/or the formation of glucose isomer33. Considering the
detection limit as 3 time of the noise level, the detection limit for the
proposed electrode was obtained as 1.0 mM. In a practical use of
nonenzymatic glucose sensors, specificity is another important point
that needs attention. Typically, interference (competing red/ox pairs)
occurs under physiological conditions originating from ascorbic acid
(AA), uric acid (UA), and p-acetamidophenol (AP); the normal
physiological level of glucose is 3–8 mM, while the concentration
of endogenous AA and UA is about 0.125 mM and 0.33 mM in bood
sample, respectively34. The NiO/TiO2 nanoporous electrode shows

Figure 2 | (A) Cyclic voltammograms of as-formed NiO/TiO2

nanostructures in 0.1 M NaOH, the samples were anodized at room

temperature (curve a), 10uC (curve b) and 0uC (curve c). (B) The influence

of ultrasonicated time in H2O2 on the anodic peak currents of NiO/TiO2

layers. (C) Cyclic voltammograms of NiO/TiO2 layers in 0.1 M NaOH

before (curve a) and after (curve b) ultrasonicated for 20 min in 30%

H2O2. Scan rate: 50 mV s21.
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a satisfied anti-interference ability in the alkaline medium. For
example, addition of 100 mM uric acid, ascorbic acid and p-acetami-
dophenol has no obvious influence on the current responses toward
4 mM glucose in 0.1 M NaOH. Moreover, when the proposed NiO/
TiO2 nanoporous electrode is dried first and then kept in a dry
condition at room temperature, the catalytic current for glucose
didn’t show any obvious decrese after a storage period of 30 days,
thus exhibiting long-term stability.

Discussion
In the current work, we prepared nanoporous NiO/TiO2 layers by a
combination of electrochemical anodization and subsequent select-
ive etching. It’s a very simple and efficient approach to prepare
sensing platforms. The as-prepared nanoporous structure is mech-
anically and chemically stable. And this regular nanoporous struc-
ture can be observed over the entire sample surface, which leads to a
highly enhanced surface area. Another major advantage is that the
fabrication of the presented nanoporous NiO/TiO2 layers based elec-
trode does not need polymer binders that are commonly used in
conventional non-enzymatic glucose sensor. The polymer binders
typically are not electrochemically active for glucose sensing, and
could potentially block the catalytic sites on the NiO surface.

Upon addition of glucose, a significant enhancement in anodic
peak current can be observed - this is attributed to the electrooxida-
tion of glucose to glucolactone by Ni(III). As indicated in literatures,
the oxidation of glucose on the surface NiO in basic media is cata-
lyzed by NiO/NiOOH redox couple as follows11,35:

NiOzOH{?NiO OHð Þze{ ð1Þ

NiO OHð Þzglucose?NiOzOH{zglucolactone ð2Þ

Once Ni(III) species is formed on the electrode, it rapidly oxidizes
glucose during the anodic scan, sacrificing Ni(III) and producing
Ni(II) species, which in turn is oxidized again under the anodic
voltage. That means on the reverse scan glucose still is oxidized by
available surface Ni(III), i.e., the cathodic peak is smaller than in the
glucose free case. As a result, the change in the concentration of
Ni(II) and Ni(III) species cause the increase of the anodic peak

Figure 3 | Top (A, B) and side (C) views of SEM images of the nanoporous anodic layer after sonicated for 20 min in 30% H2O2. (D) EDX spectra of the

resulted nanoporous NiO/TiO2 layers.

Figure 4 | (A) Cyclic voltammograms of the nanoporous NiO/TiO2 layer

based electrode at various scan rates in 0.1 M NaOH. Inset: plots of the

anodicand cathodic peak currents vs. the square root of the potential scan

rate. (B) The stability test showing cyclic voltammograms for the 30 cycles

at a scan rate of 50 mV s21.
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current and the decrease of the cathodic peak current, as observed
from Fig. 5A.

The detection limit, linear range and sensitivity of the resulted
NiO/TiO2 electrode were compared with several typical metal and
metal oxide electrode for glucose non-enzymatic detection, which
are summarized in Table 1. Clearly, the present nanoporous NiO/
TiO2 structure based electrode exhibits lower detection limit, wide
linear range and satisfied sensitivity compared to those earlier
reports. The 3D-ordered NiO/TiO2 layers based electrode could be
easily prepared by electrochemical anodization technique. And this
regular nanoporous structure can be observed over the entire sample

surface. The improved sensitivity and linear range can be assigned to
the nanoporous structure with large effective surface area, intercon-
nected microenvironments, improved mechanical and chemical
stablility.

In summary, we report for the first time the formation of nano-
porous NiO/TiO2 layers by using self-organizing electrochemical
anodization. By optimized the temperature during anodization, the
dissolution of NiO/TiO2 layers can be sufficiently suppressed. In the
present case a high-ordered nanoporous structure is formed upon
chemical etching in a H2O2 solution under ultrasonication. We
demonstrate that the resulted nanoporous NiO/TiO2 layers have a

Figure 5 | Cyclic voltammograms of the nanoporous (A) NiO/TiO2 and (B) TiO2 layers based electrode in 0.1 M NaOH in the absence and presence of

1 mM glucose at a scan rate of 50 mV s21. (C) Amperometric response at the NiO/TiO2 electrode for successive addition of different concentrations of

glucose. (D) Corresponding linear calibration curve of glucose concentration.

Table 1 | Sensing characteristics of the different non-enzymatic glucose sensors

Electrode Sensitivity (mAmM21cm22) Liner range (mM) Detection limit (mM) Stability Reference

NiO nanoflake arrays 8500 0.01–0.80 1.2 _ [11]
NiO/C-Ti 582.6 0.002–2.6 2 60 days [36]
Ni(OH)2/TiOxCy 240 0.02–11.0 5.0 30 days [37]
NiO-TiO2NTA[a] 200.0 0.1–1.7 4.0 _ [38]
NiO/CPE[b] 55.9 0.001–0.11 0.16 28 days [30]
NiO-CdO/GCE[c] 212.7 0.02–6.4 0.35 _ [39]
NiO/MWCNTs[d] _ 0.2–12 160 70 days [40]
NiO/TiO2 252.0 0.005–12.1 1.0 .30 days Present work
[a]TiO2 nanotube arrays.
[b]Fluorine-doped tin oxide glass.
[c]Glassy carbon electrode.
[d]Multiwalled carbon nanotubes.
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significant potential for application such as the electrode materials
with high sensitivity and wide detection range for glucose sensing.

Methods
Materials. NiTi foil (1 mm thickness, with 50.6 at.% Ni contents) was obtained from
Baosheng Metal Co. (Baoji, China). Ammonium fluoride (NH4F) and glucose were
purchased from Sigma-Aldrich Chemicals Co. Sodium hydroxide (NaOH), ethylene
glycol, glycerol, acetone, isopropanol, and methanol and other chemicals were of
analytical grade and used without further purification. All aqueous solutions were
prepared with deionized water (.18 MV).

Preparation of nanoporous NiO/TiO2 layers. Rectangular samples of 15 mm 3

15 mm 3 1 mm were cut from a NiTi (50.6 at% Ni) sheet and the sharp corners
rounded by grinding with SiC paper. The surface of the samples was ground and
polished to a mirror finish before use. Prior to the anodization process, the foils
were cleaned by sonicating in acetone, isopropanol, and methanol, followed by
rinsing with deionized (DI) water and drying the samples in a N2 stream.
Anodization was carried out using a voltage potentiostat in a two-electrode system
with the sample being the working electrode and a platinum gauze serving as
counter electrode. All electrolytes were cooled in a refrigerator before use. During
anodization, the substrate temperature was controlled via a water cooling plate
which connected to the back contact copper plate to effectively control the
temperature of the NiTi foil and pumped out the heat by using a thermostat.
Anodization was carried out at different temperatures of electrolyte (RT, 0uC and
10uC) for various times to grow nanoporous layers. For the best condition
anodization, the substrates were polarized at 40 V in mixed ethylene glycol and
glycerol solvent with a volume ratio of 1 to 3, containing 3 M H2O and 0.54 M
NH4F. After anodization, the nanotube layers were sonicated in ethanol for
15 min, and dried in a nitrogen stream. For selective etching treatments, the
anodized samples were sonicated in 30 wt% H2O2. After treatment, the samples
were rinsed with DI and dried in a nitrogen stream.

Instruments. The morphologies of the anodized layers before and after particle
decoration were characterized using a field-emission scanning electron microscope
(Hitachi FE-SEM S4800). The cyclic voltammograms and chronoamperometric
measurements were performed using a CHI660D electrochemical workstation (CH
Instrument Co. Shanghai). For electrochemical measurements, a conventional three
electrode system was used. The nanoporous NiO/TiO2 layers acted as the working
electrodes (8 mm in electrode diameter). A Pt foil and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes, respectively. In all
electrochemical investigations, a degassed 0.1 M NaOH solution was employed as the
supporting electrolyte.
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