Sensors and Actuators B 155 (2011) 159-164

Contents lists available at ScienceDirect

SENSORS 4o

Sensors and Actuators B: Chemical ACTUATORS

journal homepage: www.elsevier.com/locate/snb

Effect of surface defects on biosensing properties of TiO, nanotube arrays

Peng Xiao?<*, Yunhuai Zhang®-¢, Guozhong Cao ©**

@ College of Physics, Chonggqing University, Chongqing 400044, PR China
b College of Chemical Engineering, Chongqing University, Chongqing 400044, PR China
¢ Department of Materials Science & Engineering, University of Washington, Seattle, WA 98195, USA

ARTICLE INFO ABSTRACT

Article history:

Received 22 August 2010

Received in revised form

18 November 2010

Accepted 22 November 2010
Available online 27 November 2010

In this paper, highly ordered titania nanotube (TNT) arrays fabricated by anodization were annealed
at different temperatures in CO to create different concentrations of surface defects. The samples were
characterized by SEM, XRD and XPS. The results showed different concentrations of Ti3* defects were
doped in TNT arrays successfully. Furthermore, after co-immobilized with horseradish peroxidase (HRP)
and thionine chloride (Th), TNT arrays was employed as a biosensor to detect hydrogen peroxide (H,0,)
using an amperometric method. Cyclic voltammetry results and UV-Vis absorption spectra presented that
with an increase of Ti3* defects concentration, the electron transfer rate and enzyme adsorption amount
of TNT arrays were improved largely, which could be ascribed to the creation of hydroxyl groups on
TNT surface due to dissociative adsorption of water by Ti** defects. Annealing in CO at 500 °C appeared
to be the most favorable condition to achieve desirable nanotube array structure and surface defects
density (0.27%), thus the TNT arrays showed the largest adsorption amount of enzyme (9.16 pg/cm?),
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faster electron transfer rate (1.34 x 103 cm/s) and the best response sensitivity (88.5 pA/mMI1-1).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) is frequently used as matrix to
immobilize proteins and enzymes for biomaterial and biosensor
applications due to its chemical inertness, rigidity, and ther-
mal stability [1-3]. Compared with other morphologies of TiO,
nanostructure, highly ordered TiO, nanotubes (TNT) fabricated by
anodization have advantages when used as biosensors: in particu-
lar, a high surface area, favorable transport pathways and very good
adhesion to the substrate. It is therefore one of favorable choice as
supporting matrices for proteins and biomolecules [4-7].

Toimprove the sensitivity of TNT-based biosensor, the following
aspects have to be considered: (i) Protein or cell adsorption behav-
ior and (ii) electron transfer rate of TNT arrays. This two aspects
depend strongly on the topography, crystalline status [8,9], surface
functionalization [10] and surface defects [11] of TNT arrays. Sur-
face defects have been recognized extensively in the literatures as
point defects that exist as oxygen vacancy sites in conjunction with
the conversion of Ti** to Ti3* located within the bridging oxygen
rows of the TiO,(110) — (1 x 1) surface. Ti** defects generation can
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be obtained by Ar* bombardment, electron beam exposure [12],
thermal annealing titania at high temperatures in inert or reducing
gas and low energy ultraviolet photons illumination [13,14]. Ther-
mal annealing produces fewer defects, all Ti3* type, with very little
structural damage to the surface. The creation of Ti3* defects has
a profound effect on the electronic properties of electrode surface.
We studied the electrochemical property, conductivity and pho-
tocurrent response of TiO, nanotubes arrays annealed in CO, N,
and O, respectively, the electron transfer rate constant (k) were
enhanced to be 1.34 x 10-3 cm/s for CO-annealed nanotubes due
to the existing of Ti3* defects. This result can be matched with that
of carbon nanotube electrode (7.53 x 10~% cm/s) and boron-doped
diamond electrode (1.06 x 10> cm/s) [15].

Moreover, it has been shown by authors that Ti3* defects were
active adsorption sites for enzyme or protein, and that interest-
ing chemistry may occur at these sites. In our previous study, we
found that the enzyme adsorption amount of CO-annealed TNT was
almost 3 times higher than that adsorbed on O,-annealed TNT due
to the creation of Ti3* defects, which led to approximately an order
of magnitude improvement of response current [16].

Because Ti3* defects’ responsibility for adsorption of enzyme
and improvement of the electron transfer rate of TNT arrays,
controlling their densities appears to be a promising method for
enhancing the sensitivity of TNT biosensor. So far, few studies have
focused on the effect of surface defects densities on the struc-
ture and sensitivity of TiO, nanotube biosensor. Therefore, in the
present article, the influence of CO annealing temperature con-
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Fig. 1. SEM images of TNT arrays before (A) and after annealed in CO for 3 h at (B) 300°C, (C) 400°C, (D) 500°C and (E) 600°C.

trolling the surface defects densities are discussed with regard to
X-ray photoelectron spectroscopy (XPS) analyses. The temperature
range has been defined to not alter the TNT nanostructure. After co-
immobilized with horseradish peroxidase (HRP) and thionin (Th),
the TNT arrays were employed as a biosensor to detect hydrogen
peroxide. The goal of this paper is to systematically investigate the
effect of Ti3* surface defects concentration on the bio-sensitivities
of TNT arrays.

2. Experimental methods

Titanium foil (99% pure, 0.5 mm thick), potassium fluoride (KF,
99%), sodium hydrogen sulfate (NaHSO4, 98%) were all purchased
from VWR. The growth of TNT arrays by anodization has been
reported widely in literatures and the growth conditions we used
in this work is similar to that reported in our earlier publication
[16]. The as-grown TNT arrays were annealed in CO at 300°C,
400°C, 500°C and 600 °C respectively in a tube furnace with a heat-

ing rate of 5°C/min and dwelled time of 3 h. The resultant TNT
arrays are hereinafter designated as: TNT/300, TNT/400, TNT/500
and TNT/600.

The annealed TNT arrays were first sealed with epoxy resin leav-
ing an open area of 0.5 cm?, then immersed in 3 ml 5 mM phosphate
buffer (PB) solution at pH=7.0 containing 1.8 mg Th and 3.6 mg
HRP for 24 h to produce Th/HRP modified electrodes. The resultant
electrodes were stored in 5mM PB of pH=7.0 at 4°C.

Surface morphologies of the TiO, nanotubes after annealing at
different temperatures were characterized by scanning electron
microscope (SEM, Philips, JEOL JSM7000). X-ray diffraction (XRD)
was performed on a Philips 1820 X-ray diffractometer with Cu Ka
radiation (k=1.5418 A). Ti3* defects concentration was detected by
X-ray photoelectron spectroscopy (XPS, SSL-300 system, C1s was
used as reference to calibrate the peaks). UV-Vis absorption spectra
were measured by DU72 UV-Vis spectrometer to test the absorp-
tion of HRP and Th. Amperometric responses of the TNT arrays
(working electrode, the area was 0.5 cm?) to H,0, were investi-
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Fig. 2. (A) XRD patterns and (B) grain size of TNT arrays after annealed in CO for 3 h
at 300°C, 400°C, 500°C and 600°C.

gated by an electrochemical workstation (CHI-6051C), where Pt foil
and Ag/AgCl electrode were used as the counter electrode and the
reference electrode respectively.

3. Results and discussion
3.1. Structural characterization of TNT arrays

Several different TNT arrays were investigated in our previous
work on its biosensitivity towards H,0,. It was found that the
nanotube formed by anodization in 0.1 M KF electrolyte showed
biosensitivity that surpassed comparable nanotubes anodized in
0.1 M HF electrolyte [2]. Therefore, in the present work the same
type of TNT arrays were used to investigate the surface defects
doping on the sensitivity of TNT biosensor.

Fig. 1 shows the SEM images of TNT arrays before annealing
(A), after annealing in CO at (B) 300°C, (C) 400°C, (D) 500°C and
(E) 600°C for 3 h. The average diameter and wall thickness of TNT
arrays were estimated from the SEM images and averaged over
a large area. The as-grown TNT had an inner diameter of 92 nm,
wall thickness of 8 nm and length of 1.5 pm. The length of the nan-
otubes decreased to 1.46 pm after annealing at 300°C, while the
inner diameter has no obviously change. After annealing at 400°C,
500°C, and 600°C for 3 h, the inner diameter of TNT decreased to
88 nm, 85nm, and 80 nm, the wall thickness increased to 12 nm,
15nm, and 20nm and the length of the nanotubes decreased to
1.42 pm, 1.3 pmand 1.1 pm, respectively. As expected, the increase
of wall thickness was accompanied with a decrease in the length
of TNT according to SEM cross-section images, such a morphology
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Fig.3. (A)Ti2p XPS spectra of TNT arrays annealed in CO for 3 hat(a)400°C(b)500°C
(c) 600°C. (B) Ti>* defect concentration as a function of annealing temperatures.

change was thermodynamically favorable during annealing treat-
ment, where the reduction of specific surface area and thus the total
surface energy were expected [17], resulting in the increase of wall
thickness as well as the decrease in length of TNT. As a compari-
son, TNT morphology annealed in O, was more stable and could
only be destroyed at temperature higher than 600 °C, which was in
good agreement with what reported in literature [17]. In addition,
annealing at 700°C in CO for 3 h resulted in complete collapse of
nanotube array structure and no nanotubes could be found after
annealing at 700 °C or above.

Fig. 2 compares the XRD patterns of TNT arrays annealed in CO
for 3 h at different temperatures. The anatase phase was the main
crystalline phase in both samples annealed at 300°C and 400°C,
however, the rutile phase was clearly detected in TNT arrays when
the annealing temperature was higher than 500 °C. By analyzing the
XRD peaks, the (10 1) peak of anatase phase was used to estimate
the particle size of each TNT by the Scherer equation. It was found
that the particle size correlated with the annealing temperature, the
crystallite size of TNT/300 was estimated to be 6.26 nm, while the
grain size of TNT/600 increased to 13.86 nm with the increase of
annealing temperature. The relatively easy phase transition from
anatase to rutile at 500°C in CO gas compared to O, gas and the
increase of grain size could possibly be ascribed to easier nucle-
ation at the surface promoted by the surface defects that result from
annealing in CO, which will be discussed further in the following
section.

3.2. The formation of Ti3* defects on TNT arrays

To understand the influence of Ti3* defects in TNT arrays and
also to quantify the amount of surface defects, Ti2p XPS spectra
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Table 1
Peak current and potential separation of TNT arrays annealed in CO at different
temperatures.

300°C 400°C 500°C

ipo (x1074 A) 473 499 334 2.39
ipr (x1074A) —431 ~4.40 -2.84 242
AE, (V) 0.17 0.14 0.13 0.10
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Fig. 4. CV curves of TNT array annealed in CO at different temperatures. The mea-
surement were taken in 1M KCl solution at 0.1V/s in the presence of 10 mM
K3[F€(CN)5].

(Fig. 3A) were recorded for TNT arrays annealed at 400°C, 500°C
and 600 °C respectively where oxygen vacancies were supposed to
be created by CO treatment.

Fig. 3(A) shows the Ti2p spectra of TNT annealed in CO at var-
ious temperatures. The peaks at binding energy of 465eV and
458.8-454.9eV were ascribed to Ti2p,;, and Ti2p3; [18]. The
peaks at 458.8, 456.8 and 454.9 eV were related to Ti**, Ti3* and
TiC species, respectively [19-21], indicating the existence of Ti3*
defects in TNT annealed in CO. It was also noticed that there was
an energy shift for Ti3* (2.0eV) and TiC (3.9 eV) as manifested in
Fig. 3(A). These intermediate oxidation states of titanium were
formed by the reduction of TiO, during CO annealing as suggested
in the literatures [12,22]. The Ti3* defects concentration as a func-
tion of annealing temperatures is shown in Fig. 3(B), it was found
that Ti3* defects concentration was 0.075% for TNT/400, while
increased to 0.27% for TNT/500 and 1.2% for TNT/600 with the
increasing of annealing temperature.

3.3. Electrochemical properties of TNT arrays

Electrochemical properties of TNT arrays which had different
surface defects concentrations were investigated by means of cyclic
voltammetry (CV) with 10 mM K3[Fe(CN)g]| as an electrolyte in a
potential range of —0.1V to 0.8V versus Ag/AgCl at a sweep rate
of 0.1V/s. Fig. 4 shows the CV curves of the four samples. A pair
of well-defined oxidation/reduction peaks was observed for the
four samples during the scanning process. The peak separation and
peak currents were summarized in Table 1. As shown in Table 1,
the peak currents of the samples decreased with the increase of
annealing temperatures, this current decrease could be attributed

Table 2
Structure data and the absorbance of HRP and Th on different TNT arrays.
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Fig. 5. UV-Vis absorbance spectra of (a) as-prepared mixture solution (1.8 mg Th
and 3.6 mg HRP in 3 ml of 5mM PB) and (b) the solution after absorbed by TNT arrays
annealed in CO at 500°C for 24 h.

to the reducing of surface area when the annealing temperature
increased. At elevated temperatures, phase transformation or crys-
tallization of TiO, will take place through nucleation, grain growth
and densification process. Surface defects doped in the nanotubes
after annealing in CO could rapid the grain growth of anatase
phase to rutile phase, make the nanotube shrinkage or partially
collapsed from the SEM side view as shown in Fig. 1(D) and (E). The
shrinkage reduced the surface area of TNT and resulted in a lower
current density. However, the peak separation decreased when the
annealing temperature increased according to Table 1. The peak
separations were 0.17V for TNT/300 and enhanced to 0.10V for
TNT/600. The smaller the peak separation, the faster the electron
transfer rate was. In our previous study, the average apparent het-
erogeneous electron transfer rate constant (k) was calculated to
be 1.34 x 10~3 cm/s for TNT/500 according to its peak separation
[15]. The enhanced electron transfer rate of TNT array annealing in
CO could be attributed to the increase of trivalent titanium cations
according to the XPS spectra.

3.4. Adsorption of HRP and Th on TNT arrays

Fig. 5 compares the UV-Vis absorption spectra of (a) as-prepared
enzyme (HRP) and thionine chloride (Th) mixture solution and (b)
the solution after absorbed by TNT/500 for 24 h. Both character-
istic absorption peaks of HRP at 403 nm and Th at 599 nm were
appreciably reduced, indicating partial HRP and Th were removed
from the solution and adsorbed/immobilized onto the TNT elec-
trode. The amounts of HRP and Th adsorbed were estimated from
the 403 nm and 599 nm peak intensities, respectively. Table 2 sum-
marized and compared the amounts of HRP and Th adsorbed onto
the different TNT electrodes. These results revealed that the amount
of HRP and Th adsorbed on TNT were affected by the Ti3* defects
concentration.

The amounts of HRP adsorbed onto the four samples were
estimated to be 5.03 pg/cm?, 6.72pg/cm?, 9.16 pg/cm? and
4.05 pg/cm?, respectively. TNT/500 electrode demonstrated the

Inner diameter (nm)  Wall thickness (nm)  Length (um)  Surface area (cm?/cm?)  HRP adsorption (pg/cm?)  Th adsorption (pg/cm?)
As-grown TNT 92 8 1.50 422 3.23 11.78
TNT/300 90 10 1.46 41.3 5.03 13.85
TNT/400 88 12 142 38.7 6.72 16.43
TNT/500 85 15 1.30 34.7 9.16 17.58
TNT/600 80 20 1.10 20.6 4.05 10.18
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Fig. 6. (A) Amperometric response and (B) calibration plot of TNT biosensors to
successive additions of 50 mM H, 0, solution.

highest adsorption density of HRP. According to our previous
study [2], the amount of HRP adsorbed on TiO, nanotube surface
played a determining role in the sensitivity of TNT electrode. It is
possible that the presence of surface defects favors the adsorp-
tion of HRP molecules. The adsorption density of HRP on the
as-grown TNT electrode was only 3.25 pg/cm?, because almost no
Ti3* surface defect formed on this electrode. With the increase of
annealing temperature, Ti3* defect concentration increased, lead-
ing to the distinct improvement of HRP adsorption density for
TNT/400 and TNT/500 electrodes. However, when the annealing
temperature was above 600°C, the specific surface area of TNT
decreased due to the collapse and destruction of the nanotubes,
resulting in the reduced amount of HRP adsorption for TNT/600
electrode.

3.5. Response of TNT biosensor to hydrogen peroxide

Fig. 6 shows the typical amperometric responses and calibra-
tion plots of the TNT biosensors to H,O-. The stable amperometric
response was observed at —0.36V with successive additions of
50mM H,0, into 0.1 M PB solution at pH 7.0. TNT/500 elec-
trode displayed the largest amperometric response comparing
with the other three samples. Its sub-linear response ranged from
1x107°M to 11.2x1073M and the polynomial fitting results
of the curve was C=-122.45 — 129.2]+5.46/%, R>=0.991 where C
was the concentration of H,0,, I referred to the reduction cur-
rent and R? was the correlation coefficients, the sensitivity for
TNT/500 was 88.5 wA/mM 1~!, much improved than that of TNT/300
(58.2 pLA/mMI-1) and TNT/600 (46.7 pA/mMI1-1).

The poor biosensing performance of TNT/600 electrode is easy
to understand, as TNT structure largely collapsed after anneal-
ing at 600°C, thus the absorbance of HRP decreased, resulting in
lower amperometric response. TNT/300 biosensor was also less
sensitive than TNT/500, which could be ascribed to the relatively
lower Ti3* defects concentration. Ti3* defects have been identified

as being responsible for creation of hydroxyl groups on TNT sur-
face due to dissociative adsorption of water. These hydroxyl groups
could interact strongly with the reactive groups of the proteins
polar amino acids. Hence reduced TNT surfaces would favor protein
immobilization and improve titania biosensing properties. As indi-
cated above, the concentration of Ti3* defects in TNT/300 was lower
than that in TNT/500, leading to less amount of HRP adsorbed onto
the electrode. This result provided the evidence to support the idea
that Ti3* defects concentrations play a key role in the adsorption of
protein or enzyme and the performance of TNT biosensors.

Furthermore, it was assumed that the sensing of hydrogen per-
oxide was through interface redox reactions mediated by both HRP
and Th. Surface area and electrical properties of TNT arrays would
affect the sensing limitation and sensitivity. Thus the response of
TNT/500 should be more sensitive due to the better adsorption
behavior of HRP and the faster electron transfer rate constant. Com-
paring with our former research [2], where the response range was
from 1 x 107> M to 3 x 10~3 M for TNT electrode without anneal-
ing, the TNT biosensor annealed in CO exhibited wider response
range and higher current response. In addition, this TNT biosensor
annealed in CO retained 60% of its initial current response after
storing for two weeks in 0.1 M PB solution at 4°C, showing an
acceptable shelf life.

4. Conclusions

In this study, we systematically investigated the influence of
Ti3* surface defects concentration on enzyme adsorption amount,
electron transfer property as well as biosensitivity of TNT arrays
fabricated by anodization. In order to doping TNT with different
concentrations of Ti3* defects, we used a thermally treatment in
CO atmosphere at different temperatures. Successful Ti3* defects
doping was confirmed by XPS measurements. We have shown that
annealing in CO at elevated temperatures ranging from 400 °C to
600°C resulted in the increase of Ti3* defects concentration in TNT
arrays, which could enhance the electron transfer rate and the
adsorption amount of enzyme for TNT. But the reduction of surface
area would occur when the annealing temperature was higher than
600 °C due to the collapse of the nanotube. Thus, annealing in CO at
500 °Cappeared to be the most favorable condition to achieve desir-
able nanotube array structure and surface defects density (0.27%),
thus the TNT arrays presented the largest adsorption amount of
HRP (9.16 pg/cm?), faster electron transfer rate (1.34 x 1073 cm/s)
and the best response sensitivity (88.5 wA/mMI1-1).
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