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ABSTRACT: In this work, hydrogenated TiO, nanotubes (H-TNTs) electrodes were successfully fabricated via the anodization
of a titanium sheet followed by a hydrogenation process. Oxygen vacancies were induced in the crystalline structure of TiO,
nanotubes (TNTs) as shallow donors that enhance the electronic conductivity of the TNTs. This improvement in the electronic
conductivity and photoelectrocatalytic (PEC) performance was confirmed and evaluated by a photoelectrochemical
characterization. Most importantly, the H-TNTs electrode was able to degrade potassium hydrogen phthalate (strong
adsorbent) and glucose (weak adsorbent) indiscriminately. The corresponding photocurrents at the H-TNTs were 2-fold greater
than that of the TNT's samples for the same concentrations of the organic compounds. This suggests that the H-TNTs electrode
can be a promising sensor for the PEC determination of individual organic compounds or as an aggregative parameter of organic

compounds (e.g., chemical oxygen demand).
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1. INTRODUCTION

Because titanium dioxide (TiO,) nanomaterials have excellent
photoelectrocatalytic (PEC) properties and the potential for
use in a wide variety of applications, they have attracted
tremendous attention from researchers and have been a
dominant PEC material in recent decades.”* To improve
their PEC performance, different kinds of TiO, materials with
larger surface area, more uniform morphology, higher
mechanical strength, higher electronic conductivity, and better
quantum confinement effects have been synthesized.>* Among
various morphologies, 1D nanostructures deliver particularly
excellent electronic properties and surface area. TiO, nanotubes
(TNTs) electrodes possess numerous advantages, such as a
large surface area, high light-absorption property, efficient
separation of photogenerated holes and electrons, and so
forth.>*~® Therefore, they are quite suitable for organic sensing
applications.'®

Although the resistance of TNTs is relatively low compared
with that of the TiO, nanoparticle films because electron
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transport is more favorable at the TNTs films>''™" the
electrical conductivity has much room for improvement. Up
until now, several methods have been proposed to enhance the
conductivity of TNTs, such as doping,14 ﬁlling,15 decoration,’
and others. Among these, hydrogenation, a promising
modification method, is a simple way to increase donor
densities for the improvement of the photocatalytic activity of
TiO,.”"*™° In a typical hydrogenation process, the sample is
treated at high temperature in an H, atmosphere, which allows
H, to penetrate into the TiO, crzfstal lattice and react with part
of the oxygen, see egs 1 and 2°

TiO, + xH,(g) — TiO,_,) + xH,0(g) (1)

0™ (s) + H,(g) » H,0(g) + V}~ )
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Figure 1. SEM images: (a) top view of pristine TNTs, (b) cross-section

L= 2
sl

view of pristine TNTs, (c) top view of TNTs, and (d) top view of H-TNTs.

where V,>™ refers to a reactive-oxygen vacancy. From a chemical
composition point view, this reaction changes the stoichio-
metric ratio of Ti:O from 1:2 (TiO,) to 1:2—x (TiO(,_,),
leading to so-called oxygen deficiencies. From a crystalline
structure point view, this process induces surface disorder. It is
believed that the oxygen vacancies are responsible for the
generation of midgap energy levels between the valence band
and the conduction band. As a result, light absorption is
enhanced and extended from the UV to the visible-light region.
Besides the contribution of the midgap energy levels, the
oxygen vacancies would be considered as shallow donors
(charge carriers) in the TiO, lattice, which can also account for
the conductivity improvement.””** Meanwhile, it was reported
that oxygen-deficient TiO, with a high carrier concentration
would lead to surface plasmon resonance effects and a
subsequently improved photocatalytic efficiency.”**®

For organic sensing applications, the organics in an aqueous
phase could be quantified electrochemically by PEC methods
by measuring the photocurrents originated from the degrada-
tion process.”**’ Different oxidation photocurrents at the TiO,
anode can be associated with the concentrations of the
organics. Moreover, different organic compounds
(C,H,,ONX,) provide various electron-transfer numbers (1)
during the exhaustive oxidization according to eq 3

CH,ONX, + (2y — j)H,0
— yCO, + gX~ + kNH; + (4y — 2j + m — 3k)H"
+ (4y —2j+ m — 3k — gq)e” (3)
where X represents a halogen atom and the coeflicients y, m, j,
k, and g stand for the stoichiometric ratio of elements in the
organic compounds. Therefore, n is equal to 4y — 2j + m — 3k

— g for a specific organic compound.***" This analytical
principle has been applied for the determination of chemical
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oxygen demand (COD) in wastewater’’ as well as for pure
organic compound such as glucose and sucrose.”®

In this work, to improve light absorption, enhance electron
conductivity, and boost the PEC degradation performance of
the TiO, electrodes, a hydrogenated TiO, nanotubes (H-
TNTs) electrode was prepared by the synthesis of a highly
oriented TNTs electrode followed by a subsequent hydro-
genation treatment. The PEC reaction resistance of TNTs and
H-TNTs thin films were quantitatively characterized using a
simple ghotoelectrochemical method developed in our previous
work. >3 It is expected that the improved conductivity and
PEC efficiency of the TiO, electrodes will provide higher
sensitivity to organic compounds and possibly a larger linear
range. Potassium hydrogen phthalate (KHP) and glucose were
chosen as representative analytes to demonstrate the analytical
performance of the TNTs and H-TNT electrodes.

2. EXPERIMENTAL SECTION

Chemicals and Materials. Titanium (Ti) foil (0.1 mm thick,
99.7% purity) was supplied by Aldrich. Hydrofluoric acid (HF),
ethanol, acetone, ammonium fluoride (NH,F), glucose, KHP, and
1,2,3-propanetriol were purchased from Aldrich without further
treatment prior to use. High-purity deionized water (Millipore
Corp., 182 MQ cm) was used for preparing the electrolyte solution
and for rinsing the samples.

Electrode Preparation. For the fabrication of the pristine TNTs,
a2 X 3 cm?® Ti foil was cleaned in a sequence of HF (0.5%) for 10 s
and deionized water and dried in air. The anodization process was
carried out at 25 V for 2 h with a ramp rate of 500 mV/s in a two-
electrode compartment, where platinum mesh was used as a cathode
and Ti foil as an anode. The electrolyte consisted of 1,2,3-propanetriol,
NH,F (1.0 wt %), and H,O (15 vol %). Samples were rinsed with
deionized water and dried in air at 50 °C. TNTs electrodes were
subsequently obtained by annealing the dry pristine TNTs samples in
a tubular furnace at 700 °C for 1 h with a heating rate of § °C/min in
air. The hydrogenation process of the annealed TNTs sample was
conducted in a hydrogen atmosphere at 450 °C in a tubular muffle
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Figure 2. (a) XRD spectrum of TNTs and H-TNTs, (b) O 1s XPS spectra of TNTs and H-TNTs, and (c) Ti 2p XPS spectra of TNTs and H-

TNTs.

furnace (MTI Corporation, China) under ambient pressure for 2 h.
The resultant electrode is termed the H-TNTs electrode.

Material Characterizations. The morphology of the prepared
samples was characterized by scanning electron microscopy (SEM,
JSM-7001F). The UV—vis diffusion reflectance (UV—vis/DR) spectra
were recorded by a UV—vis spectrometer (U3010, Hitachi). A Kratos
Axis ULTRA X-ray photoelectron spectrometer (XPS) incorporating a
165 mm hemispherical electron-energy analyzer was used to analyze
the samples. (For details, see the Supporting Information.) The
electrochemical characterization was carried out by measuring the
photocurrent density of the sample with an electrochemical work-
station (CV-27, BAS). In the PEC measurement, a PLS-SXE 300 UV
Xe lamp (Changtuo, Beijing) was used as a light source, and a UV
band-pass filter (UG S, Schott) was used to remove the visible and
infrared light. A 0.1 M NaNO; solution was used as the electrolyte,
platinum mesh was used as the counter electrode, and a Ag/AgCl
electrode was used as the reference electrode. Linear sweep
voltammograms (LSVs) were recorded from —0.3 to 2.3 V at a scan
rate of 10 mV/s. The PEC determination of organic molecules at the
TNTs and H-TNTs electrodes was carried out under a UV
illumination intensity of 6.6 mW/cm? and a constant applied potential
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of +0.3 V versus A§/AgC1. Structural models have been drawn using
the Vesta software.>

3. RESULTS AND DISCUSSION

Figure 1 shows the surface morphology of the pristine TNTs
(Figure 1a), annealed TNTs (Figure 1c), and H-TNTs samples
(Figure 1d) as well as the cross-sectional view of pristine TNTs
(Figure 1b). In all cases, the TNTs tubes are distributed
uniformly and are aligned closely and vertically on the Ti
substrates. The average inner diameter of pristine TNTs is ca.
100 nm, whereas the length of all of the TNTs is ca. 900 nm.
Upon the annealing processes in air at 700 °C, mild shrinkage
in terms of the tubes diameter was observed. The phenomenon
is commonly observed because of the growth of the crystal
grain during the crystallization process. In comparison, there
are no significant morphology changes during the hydro-
genation process, suggesting that there are no structural
changes between TNTs and H-TNTs.

Figure 2a shows the XRD patterns of the TNTs and H-
TNTs electrode. The rutile phase was found to be predominant
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as well as a small amount of anatase in both the nanotubes
samples. The patterns are similar, and both of the samples
clearly exhibit the crystalline peaks of anatase and rutile. At 700
°C, the TNTs are apparently mixed-phased, and after
hydrogenation the basic crystal structure is not reformed. It
should be noted that the mixed-phase TiO, electrode can be
applied for PEC sensing applications in a more effective and
indiscriminate manner because of the longer lifetime of the
photoholes.>*

XPS survey spectra of the TNTs and H-TNTs (Figure S1)
illustrate the presence of O, C, and Ti for both of the samples.
High-resolution O 1s and Ti 2p XPS spectra of the TNTs and
H-TNTs are displayed in Figure 2, panels b and c, respectively.
No obvious peaks shifts were observed after all of the data were
referenced by the C—C peak (284.8 eV). The O 1s region in
Figure 2b illustrates the presence of three components that are
attributed to O—Ti (Or;), a surface OH group (Opp), and O—
C (O¢). The Ti 2p;;, and Ti 2p;,, peaks in Figure 2c
demonstrate the presence of Ti—O in TiO,, which is in line
with the literature.'®*® The atom percentages (at %) of O and
Ti can be quantified by eq 4°° according to the peak areas at
various binding-energy positions of the TNTs and H-TNTs
samples and are shown in Table 1.

Area,/RSF
X 100%

Atom; % = —————
Z Area,/RSF (4)

Table 1. Atom percentages of the O 1s and Ti 2p peaks
determined by the XPS analysis.
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Figure 3. (a) UV—vis/DR spectra of TNTs and H-TNTs and (b)

TNTs H-TNTs plots of the direct optical band gaps of TNTs and H-TNTs.
name position (eV) at % position (eV) at % ] ]
o1 o $29.666 254 29711 1597 TNTs and TNTs can be calculated from the relationship
* o ‘ ’ ’ ‘ between the absorption coefficient (@) near the absorption
Oon 530.831 11.26 530.706 14.95 . .
edge and the optical band gap (E,), as shown in eq $
O¢ 532.236 11.29 §32.159 12.29 8
Ti 2p 2p3 458.453 16.81 458.425 17.53 (ochv)2 = A(hv - Eg) (s)
2p1 )2 464.158 8.10 464.127 9.251
Oou:O 1s 15.0% 20.4% where a is absorption coeflicient, h is Planck’s constant, v is
Op:Ti 2p 2.11:1 1.72:1 frequency of vibration of the li§ht, A is the proportional
3

where RSF stands for relative sensitivity factor. After hydro-
genation, the atom percentage of Ogy atoms among all O 1s
atoms increased from 15.0 to 20.4%, suggesting that hydrogen
reacted with TiO, at the TNT surface and produced more
hydroxyl groups on the surface. Most importantly, the
stoichiometric ratio of Op;:Ti 2p atoms of the TNT and H-
TNT samples were 2.11:1 and 1.72:1, respectively. The
significant decrease in the ratio demonstrates the formation
of oxygen vacancies during the hydrogenation process. Under
normal circumstances, the conductivity of the semiconductor
relies on either donating electrons to the conduction band or
the valence band receiving holes. In the presence of oxygen
vacancies, more dopants lead to the increase of the charge-
carrier density, thereby reducing the resistance. Overall, the
vacancies produced via the hydrogenation process can provide
more charge carriers; consequently, the electrical conductivity
could be improved.

The UV—vis/DR spectra of the TNTs and H-TNTs are
shown in Figure 3a. They can absorb light with a wavelength
from 380 to 420 nm, which partly belongs to visible light. It can
also be observed that the H-TNTs sample has a stronger UV
absorption than the TNTs sample. The band gaps of the H-

constant, and E, is the band gap.™ In Figure 3b, hv is plotted
versus (ahv)? and the direct optical band gaps of TNTs and H-
TNTs could be deduced from the extrapolation of the linear
portion of the plots at a = 0. The band gap of H-TNTs is 2.95
eV, narrower than that of TNTs (2.97 eV). This confirms that
the hydrogenation process could narrow the band gap of the
semiconductor, enhance the light-absorption properties, and
possibly improve PEC performance.

The PEC characteristics of the TNTs and H-TNTs
electrodes were studied by oxidizing water in the PEC cell to
confirm the effect of hydrogenation on the PEC activity. Figure
4 shows a series of LSVs obtained from the electrodes in
NaNO; solution under various UV intensities. In the dark, only
a negligible current could be observed for both of the
electrodes, suggesting that water cannot be electrochemically
oxidized by these electrodes in this potential range (—0.3 to
+2.3 V). Under UV illumination, the photocurrent increased
with the increasing potential before leveling off to a steady
photocurrent. The photocurrents of the H-TNTs are almost 2-
fold higher than that of the TNTs, confirming that the oxygen
vacancy is playing a positive role on the PEC performance.

For the TNTs electrode, the PEC reaction resistance is one
of the most important parameters for its application. Different
from typical Ohmic resistance, PEC reaction resistance is an
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Figure 4. LSVs of (a) TNTs and (b) H-TNTs electrodes in a 0.1 M
NaNO; solution under varied UV-light intensities.

intrinsic property of the electrode during the PEC reaction. A
lower PEC reaction resistance of the TiO, electrode is
apparently beneficial to the separation of photoelectron/hole
pairs and a high photoelectric conversion efliciency. To
characterize the photoelectron transport property of the TiO,
thin films, a PEC characterization developed in our previous
work™*"** was conducted to evaluate quantitatively the change
of the PEC reaction resistance resulting from the hydro-
genation process. A series of LSVs were performed under UV
illumination at different light intensities (Figure 4a,b). With the
increase of the applied potential bias, the photocurrent (I,,)
ascends monotonically before leveling off and reaching a
saturation photocurrent () under a given light intensity.

Therefore, the LSV curve can be divided into two parts, the
linear increasing part and the saturated part. The former part
indicates that photoelectron transport within the TiO,
photoanodes is the limiting step of the photocurrents. It is
similar to the response of a resistor under varying potentials.
The saturated part suggests that the interfacial reaction at the
TiO, surface is the limiting step for the overall process. The
potential applied on the TNTs electrode is able to remove all of
the electrons generated in the PEC process at the TiO, surface
in this part.

Here, R is assumed to be the overall resistance of the PEC
system, and it consists of two parts: a variable resistance (R;)
and an intrinsic resistance (R,). Because there is a linear -V
relationship of the PEC curve in which the electron transport
inside the photocatalyst layer is a controlling step, Ohm’s law is
used for calculating the total R here (R=AE/AI). The physical
meaning of the slope is the sum of R; and R,.

R=R, +R, (6)

R, is independent of the potential but is relevant to the
parameters, such as the types and concentrations of electron
scavengers and the light intensity, that may affect the interfacial
processes. Therefore, it can be expressed by I, (R =k/ Isph) as
eq 7:

R = k/Isph + R, ?)

R, is an intrinsic property of the semiconductor photo anode
that is independent of experimental conditions. It embodies
TiO, crystal boundary resistances and the resistances at the
TiO,/conducting substrate interface during electron transport.
The R value could be calculated by the slope of the linear
section, which is selected by a specially designed program
(Matlab software). After linear regression fitting, the R values
obtained were plotted against 1/I, giving an excellent linear
regression equation as eq 7 (Figure Sab), and the R, values can
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Figure S. Relationships between the calculated resistance and inverse
saturation photocurrent for (a) TNTs and (b) H-TNTs photoanodes.
The data were derived from Figure 4, panels a and b, respectively.

be read when the k/I;, value of the fitting plot reaches zero.
The R, values for the TNTs and H-TNTs photoanodes are 235
and 22 €, respectively. The significant difference suggests that
after hydrogenation the resistance belonging to the TNTs
decreased because of the defects from the oxygen vacancies.
PEC degradation of organic compounds (eq 3) is an effective
way to characterize the PEC activity of nanostructured TiO,
electrodes. In the PEC reaction, the oxidation of organic
compounds at the photogenerated photoholes is commonly
started from the adsorption of the organic compounds at the
TiO, surface. The adsorption behavior of the organic
compounds might affect the photocatalytic oxidation efficiency
significantly.”” On the basis of the adsorption strength to the

dx.doi.org/10.1021/am403325a | ACS Appl. Mater. Interfaces 2013, 5, 11129—-11135
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TiO, surface, organic compounds can be classified into two
categories:”’ weak adsorbents (such as hydroxyl organic
compounds; e.g., glucose, phenols, ethanol, etc.) and strong
adsorbents (such as organic compounds containing a carboxylic
function group; e.g,, phathalic acid, glutaric acid, malonic acid,
etc.). In this work, glucose and KHP were used as delegates for
weak and strong adsorbents, respectively. Because KHP is
chemically stable and could even poison the surface of some
TiO, electrodes,”® it is a tough chore to degrade KHP. The
photocurrents were tested under a constant applied potential of
+0.30 V in 0.1 M NaNOj;. The dark current is approximately
zero. Under UV-light illumination, there is a stable background
current (I, resulting from water oxidation at the surface of
the electrode. Different steady-state photocurrents (I;) can be
detected for organic compounds with diverse concentrations,
and a net steady-state current (I,) can be obtained by
subtracting I, from I,

Inet = Iss - Iblank (8)

Because I, represents the oxidation rate of the corresponding
organic compounds,” it can be used to characterize the PEC
activity of the electrode for the oxidation of a certain organic
compound. Additionally, I, can be used for the determination
of the concentrations of organic compounds under the same
experimental conditions. In particular, calibration curves of I,
values versus the concentration of glucose or KHP for TNTs
and H-TNTs are plotted in Figure 6. As shown in Figure 6a, I .,
values for glucose and KHP (Figure 6b) at the H-TNTs were
more than 2-fold higher than that at the TNTSs, suggesting that
the H-TNT possesses a higher PEC activity than the TNTs.
Also, Figure 6a illustrates that an almost perfect linear
relationship of the I, values of the H-TNTs electrode can
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Figure 6. Plot of I, against different concentrations of (a) glucose
and (b) KHP for TNTs (black) and H-TNTs (red).

be clearly observed from 0 to 2.0 mM because the mass
transport of the organic compounds was the limiting step. After
2.0 mM, the photocurrents became steady because mass
transfer of the organics at the surface of H-TNTs is no longer a
limiting step; instead, the oxidation reaction of the organic
compounds is a limiting step. In other words, it is reaching the
oxidation capacity of the electrode. Meanwhile, although the I,
value at the TNTs electrode also went up with the increasing
glucose concentration, a well-defined linear range was not
observed (Figure S2). In contrast, stronger signals from a
clearer linear area have been obtained from the H-TNTs
electrode.

For the oxidation of KHP, the H-TNTs electrode
demonstrated not only a 2-fold higher sensitivity than that of
the TNTs electrode but also a wider linear range: 0—1.2 and
0—0.9 mM for the H-TNTs and TNTs electrodes, respectively.
This implies that hydrogenation bestows the H-TNT's electrode
with a better analytical performance in terms of its sensitivity
and linear range for both types of organic compounds.

More interestingly, the H-TNTs electrode shows a higher
sensitivity to KHP than to glucose when the I, values are
plotted against the concentrations of glucose and KHP in the
same graph (Figure 7a). This resulted from a larger oxidation
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Figure 7. Relationships between I, and the concentration of the H-
TNTs electrodes, where C,q (meq) = nCy (mM).

number of KHP (30 e) than glucose (24 e). Using the data in
Figure 7a, molar equivalent concentrations (Ceq, with a unit of
meq) can be calculated by molar concentration (Cy;) with its
corresponding n, eq 9.

Ceq = nCy )

Subsequently, the I . value of glucose and KHP were
normalized and plotted against C,q (Figure 7b). As expected,
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the linear fit of the data (in 0—45 meq) resulted in an a R? value
of 0.9838. The excellent linear relationship suggests that the H-
TNTs photoanode is able to indiscriminately oxidize both types
of organic compounds to the same extent (to water and CO,)
regardless of its identity and adsorptivity to the TiO, surface.
This process is equivalent to “wet burning” of the organic
compounds at the photoanode surface. The linear relationship
is of primary importance to analytical chemistry because it
enables the H-TNTs electrode to detect not only an individual
organic compound but also aggregative parameters of organic
compounds (e.g, COD in wastewater). This characteristic
allows the H-TNTSs to work as a universal sensor of organic
compounds and provides a significant analytical principle for
sensing applications using the PEC method with a high
sensitivity and wide detection linear range.

4. CONCLUSIONS

The H-TNTs electrode has been successfully synthesized by
the hydrogenation treatment of the TNTs. Because of the
reduced band gap and the oxygen vacancies created via the
hydrogenation process, the intrinsic electrochemical resistance
of the TNTs is decreased and thus the PEC performance is
significantly enhanced. A 2-fold higher PEC current value was
obtained from the H-TNTs electrode compared with the TNT's
electrode. The H-TNTs electrode therefore has the advantages
of a higher sensitivity and wider linear range for the
determination of organic compounds in aqueous solutions.
Taking all of these factors into consideration, H-TNTs could be
adopted as a promising electrode material for PEC sensors for
organic compounds.
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