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ABSTRACT: Fast separation and spatial control of electrons and
holes after photogeneration is important in photocatalysis. Ideally,
after photogeneration, electrons and holes must be segregated to
different parts of the photocatalyst to take part in separate oxidation
and reduction reactions. One way to achieve this is by building
junctions into the catalyst with built-in chemical potential differ-
ences that tend to separate the electron and the hole into two
different regions of the catalyst. In this work, we sought to
accomplish this by controllably forming junctions between different

phases of TiO,. A synthesis method has been developed to prepare

TiO,—B core and anatase shell core—shell nanowires. We control the anatase phase surface coverage on the TiO,—B core and
show that the maximum photocatalytic activity is obtained when the solution containing the reactants can contact both the
anatase and TiO,—B phases. The photocatalytic activity drops both with bare TiO,—B nanowires and with completely anatase
covered TiO,—B nanowires. In contrast, nanowires partially covered with anatase phase gives the highest photocatalytic activity.
The improved photocatalytic activity is attributed to the effective electron—hole separation at the junction between the anatase

and TiO,—B phases.
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B INTRODUCTION

Since the discovery of photocatalytic water splitting reaction
by Fujishima and Honda nearly 40 years ago," titanium dioxide
(TiO,) has become the most widely studied photocatalyst.*°
Among the four polymorphs of TiO, found in nature, the anatase
phase is the most photoactive because photogenerated charge
carriers recombine at the lowest rate in anatase and many organic
molecules readily interact with the anatase surfaces.”” However,
even in anatase, the recombination of photogenerated electrons
and holes is still too fast, which results in low quantum effi-
ciencies and limits the photocatalytic potential of anatase. An
increase in electron and hole lifetime is expected to lead to higher
quantum efliciency for steady-state photocatalysis.

To increase the photocatalytic reaction rates, the photogen-
erated electrons and holes must be separated into different
locations on the catalyst. This can be achieved by building junc-
tions and chemical potential gradients into the catalyst that tend
to separate the electrons and the holes into two different regions
of the catalyst.'* >’ Toward this end, TiO, based photocatalytic
heterostructures such as anatase/rutile,'° ™% noble metal/TiO,,"> ¢
carbon/TiO,,"” ™ metal oxide/TiO,,2° %> and metal chalco-
genide/TiO,>*~*° have been proposed and studied. After charge
separation, photocatalytic oxidation and reduction reactions take
place on different parts of the catalyst and both regions must be
accessible to the reactants. Thus, in heterojunction photocata-
lysts where one component is grown or deposited on the other,
one must have control over the coverage because both complete
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and sparse coverage of one component on the other will reduce
the catalytic efficiency.

TiO,—B is a metastable monoclinic phase of TiO, with an
energy bandgap close to that of the anatase.”® ** According to a
recent theoretical calculation, the TiO,—B valence band edge
(VBE) is in the energy gap of the anatase phase, while its
conduction band edge (CBE) is above the anatase CBE.*' Thus,
TiO,—B and anatase form a type II heterojunction, and the
electronic energy level differences can promote charge transfer
from one phase to the other. During illumination, the CB of the
anatase phase would attract the photogenerated electrons while
the holes would seek the VB of the TiO,—B phase.

In this Article, we describe a facile solution synthesis method
to make TiO,—B/anatase core—shell heterojunction nanowires.
In this core—shell nanowire structure, anatase nanocrystals pro-
trude along the anatase [001] crystallographic orientation from
the surface of TiO,—B nanowires. The coverage of the anatase
nanocrystals on the TiO,—B nanowire surfaces could be con-
trolled easily by varying the synthesis time during the step when
these nanocrystals are grown. Under UV illumination, the binary
TiO, composite nanowires catalyze photodegradation of organic
compounds by a factor of 5 faster than the control single com-
ponent photocatalysts.
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B EXPERIMENTAL SECTION

Materials Preparation. The nanowires with TiO,—B core and
anatase shell were grown on titanium foil via a four-step synthesis
method. The first and second steps follow the method in our recent
article.” Briefly, a piece of 0.127 mm thick titanium foil (1 cm x 2 cm)
was cleaned ultrasonically for 30 min in a mixture of deionized water,
acetone, and isopropanol (1:1:1 by volume) and placed at an angle
against the wall of a 125 mL Teflon-lined stainless-steel autoclave (Parr
Instrument Company) filled with 60 mL of 1 M aqueous NaOH
solution. The autoclave was kept inside an electric oven at 220 °C for
48 h. This step grows a forest of 20 um long sodium titanate
(Na,Ti,O5+-H,0) nanowires on the titanium foil.>* Following, the
autoclave was cooled, and the titanium foil covered with sodium titanate
nanowires was taken out of the autoclave and immersed in 50 mL of
0.6 M HCl solution for 30 min to exchange Na* with H. This transforms
the sodium titanate nanowires to hydrogen titanate (H,Ti,Os-H,0)
nanowires. The hydrogen titanate nanowire covered foil was washed
thoroughly with a copious amount of deionized water. In the third step,
the hydrogen titanate nanowire covered titanium foil was placed into
100 mL of TiCl, solution and maintained at 50 °C for 0.5 to 24 h to grow
anatase nanocrystals around the periphery of the nanowires. The duration
of this growth step determined the coverage of anatase nanocrystals on the
TiO,—B nanowires. The TiCl, solution was prepared by mixing 0.09 mL
of TiCl, with 04 mL of concentrated HCI solution (36.5—38% by
weight) followed by adding deionized water to reach a final volume of
100 mL. Finally, the H,Ti,O5 - H,O nanowires on titanium foil partially or
completely covered with anatase nanocrystals were calcined in a furnace at
500 °C for 2 h to convert the H,Ti,O5 - H,O phase to the TiO,—B phase.
This annealing did not change the phase of the anatase nanocrystals on the
nanowires. For comparison, phase-pure anatase photocatalyst was pre-
pared by calcining the H,Ti,05-H,O nanowires or H,Ti,O5-H,O/
anatase core—shell nanowires on titanium foil at 650 °C for 2 h. In
addition, phase-pure TiO,—B nanowires were prepared by calcining the
H,Ti,05- H,O nanowires on titanium foil at S00 °C for 2 h.>* Nanowires
were ultrasonically detached from the titanium foil for use in photode-
gradation reactions.

Photodegradation Reactions. In a typical experiment, 20 mg of
nanowires ultrasonically detached from the titanium foil were added to
4S mL of deionized water in a 100 mL beaker. The mixture was
ultrasonicated for 30 min over a water bath to disperse the catalyst
nanowires. Following, S mL of 100 mg/L methyl orange solution, which
had been bubbled with air for 1 h prior to use, was added to the nanowire
dispersion. The photocatalyst methyl orange mixture was then stirred in
the dark at room temperature for 30 min and later illuminated with a UV
lamp (Mineralight Lamp, Model UVGL-25) for 60 min. Methyl orange
can adsorb on the nanowires, which may result in a decrease in the
solution concentration and the optical density of the solution. To
eliminate this background effect, we carried out the photodegradation
reaction after mixing the nanowires with the methyl orange solution in
the dark for half an hour to reach the adsorption equilibrium. During the
illumination, 2 mL of solution together with the catalyst was drawn out
every 10 min to determine the concentration of the remaining methyl
orange using UV —visible spectroscopy; the solution was separated from
the catalyst through syringe filtration. The photodegradation reaction
was carried out at neutral pH and nominally at room temperature
without intentional heating or cooling.

Materials Characterization. The crystal structure of the nano-
wires from each synthesis step was investigated by X-ray diffraction
(XRD) in a Bruker-AXS Microdiffractometer (Model DS005) with Cu
Ka radiation (4 = 1.5406 A) from S° to 80° at a scanning speed of 2.4°
min~ . X-ray tube voltage and current were set at 45 kV and 40 mA,
respectively.* The morphology and chemical composition of the
nanowires were examined using field emission scanning electron

Figure 1. (a and c) FESEM and TEM images of the hydrogen titanate
(H,Ti,05-H,0) nanowires which were grown hydrothermally at
220 °C for 48 h. (b and d) FESEM and TEM images of TiO,—B/
anatase core—shell nanowires prepared by growing anatase nanocrystals
on hydrogen titanate nanowires through immersion in TiCl, solution for
24 h at 50 °C and by calcining the product at 500 °C for 2 h.

microscopy (FESEM, JSM-6700F), transmission electron microscopy
(TEM, FEI Tecnai T12, 120 kV), selected area electron diffraction
(SAED), high-resolution transmission electron microscopy, and energy
dispersive X-ray spectroscopy (HRTEM/EDX, FEI Tecnai G2 30,
300 kV). The nitrogen adsorption/desorption isotherms of the nano-
wires were measured on a Micrometrics ASAP 2000 system at 77 K.
Prior to measurements, the nanowires were degassed at 353 K overnight.
The concentration of methyl orange during photodegradation reaction
was monitored with a UV—vis—NIR scanning spectrophotometer.
The spectrophotometer included a combination of deuterium and
tungsten halogen lamps (Ocean Optics, DH-2000-Ball) and a spectro-
meter (Ocean Optics, HR 2000), sensitive in the 200—1100 nm range,
equipped with a grating and a silicon detector.>

B RESULTS AND DISCUSSION

Hydrogen titanate (H,Ti,Os-H,0) nanowires grown on
titanium foil through a two-step hydrothermal method form
the backbone of the photocatalyst. The detailed morphological
and structural characteristics of these nanowires were reported
recently.32 The H,Ti,05-H,O nanowires are single crystalline,
and their axes are oriented along the [010] crystallographic
direction. Following Yang and Zeng, we grow anatase nanocrystals
on the periphery of these nanowires to form core—shell
H,Ti,Og5-H,0O/anatase nanocomposites.36 After the anatase
growth step, the H,Ti,O5+H,O nanowire cores were converted
to TiO,—B phase by calcination at 500 °C. During this step, the
anatase nanocrystals on the periphery of the TiO,—B nanowires
remain unchanged. Figure 1 shows FESEM and TEM images of
typical TiO,—B/anatase core—shell nanowires prepared by
immersing hydrogen titanate nanowires in TiCl, solution for
24 h to grow anatase nanocrystals, followed by calcination at
500 °C for 2 h. The TiO,—B nanowires are covered with closely
packed rod-like anatase crystallites. The average diameter of
the core—shell nanowires is approximately 150 nm, larger than
the initial hydrogen titanate nanowire diameter (~100 nm). The
contrast between the core and the shell is clearly visible in the
TEM image displayed in Figure 1d.
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Figure 2 shows the XRD from nanowires after each synthesis
step. The diffraction pattern in Figure 2b agrees well with the
body-centered orthorhombic (BCO) H,Ti,Os-H,O phase,
which cons1sts of two-dimensional sheets of edge sharing TiOg
octahedra.®* After the anatase nanocrystal growth, despite
the proximity of diffraction peaks from H,Ti,05-H,0 and an-
atase, one can clearly detect well-resolved anatase diffractions,
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Figure 2. XRD patterns from (a) titanium foil, (b) the H,Ti,O5-H,O
nanowires, (c) H,Ti,Os-H,O/anatase core—shell nanowires, (d)
TiO,—B/anatase core—shell nanowires, and (e) anatase nanowires.

consistent with the presence of anatase nanocrystals on the
hydrogen titanate nanowires. The (110) and (020) diffractions
from H,Ti,Os+H,O overlap with the (101) and (200) diffrac-
tions from anatase, respectively. The broad width of the anatase
diffraction peaks indicates that the anatase crystallites have sizes
on the order of nanometers. During calcination at 500 °C, the
H,Ti,O5-H,O0 nanowire core is converted to TiO,—B while
anatase nanocrystal shell remains unchanged. Figure 2d shows
diffraction peaks from both anatase and TiO,—B. If the calcina-
tion temperature is raised to 650 °C, the H,Ti,Os-H,O
nanowires are transformed to anatase nanowires and the entire
structure becomes anatase. In this case, only the anatase diffrac-
tions are observed as shown in Figure 2e.

The crystal structure of the TiO,—B/anatase core—shell
nanowires was also examined using selected area electron
diffraction (SAED) and high-resolution transmission electron
microscopy (HRTEM). Figure 3a,b shows a TEM image of a
TiO,—B/anatase core—shell nanowire and its corresponding
SAED pattern, respectively. A careful examination of the SAED
shows that it is a superimposition of two sets of diffraction
patterns. The first set of diffraction spots originates from the
TiO,—B nanowire core and indicates that the TiO,—B nanowire
is single crystal and is oriented in the [010] direction. The second
set of diffraction spots originates from the anatase nanocrystal
shell. The orientation of this second spot pattern with respect to
that from the TiO,—B phase suggests that the anatase nano-
crystals on the TiO,—B nanowire grow along the anatase c-axis;
this conclusion is confirmed using HRTEM. For example,
Figure 3c shows an HRTEM image captured near the interface

b
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Figure 3. (a, b, and c¢) TEM image of a TiO,—B/anatase core—shell nanowire, its corresponding SAED pattern and HRTEM image, respectively. (d)
The schematic representation of the interface between TiO,—B and anatase. The octahedra represent the TiOg octahedra. Inset in part (a) indicates the
relative orientations of anatase nanocrystals (white) and the TiO,—B nanowire core.
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Figure 4. TEM images of TiO,—B/anatase core—shell nanowires prepared by treating H,Ti,05 - H,O nanowires in TiCl, solution for different times,
followed by calcination at 500 °C for 2 h: (a) 0 h, (b) 1 h, (c) 1.5 h, (d) 2 h, (e) 8 h, and (f) 24 h.

between the anatase nanocrystals and the TiO,—B nanowire.
The interplanar spacing from both TiO,—B nanowire core with
d(200) = 0.61 nm and d(10y = 0.37 nm and anatase nanocrystal
shell with d(101) = 0.36 nm are clearly visible. Furthermore, the
measured angle between the anatase (101) and (001} is approxi-
mately 21.6° and matches nearly exactly to the theoretical
value of 21.7°. Thus, the HRTEM measurement confirms that
the TiO, nanocrystals on the TiO,—B nanowire are single-
crystalline anatase and grow along the [001] direction. The
lattice mismatch between the TiO,—B (b = 3.7412 A)*” and
anatase (a = b = 3.7852 A)"7 is ~1%. We believe that this small
lattice mismatch promotes the epitaxial nucleation and growth
of anatase TiO, nanocrystals on the TiO,—B nanowires. The
(001) plane of anatase nanocrystal connects the (100) plane of
TiO,—B nanowire to form a coherent interface. The schematic
illustration of the interface derived on the basis of the HRTEM
observations is displayed in Figure 3d, which shows that the
anatase and TiO,—B crystal structures are well-matched at the
atomic level when the (001) plane of the anatase nanocrystal and
(100) plane of the TiO,—B nanowire are parallel; such a smooth
transition from one crystal phase to the other could minimize the
formation of interfacial defects, which should benefit the inter-
facial charge transfer after photogeneration.

The size and coverage of the anatase nanocrystals on the
surface of the TiO,—B nanowires could be varied by changing
the anatase growth time. Figure 4 shows the TEM images of the
TiO,—B/anatase core—shell nanowires for different growth
durations in the TiCly solution. When the growth duration in
TiCl, solution is short (e.g, 1 h), the anatase nanocrystals
growing on the TiO,—B nanowires are well separated. The
anatase nanocrystals are ~15 nm long in the direction perpendi-
cular to the TiO,—B nanowire axis and approximately 5 nm in
diameter. The interface between the TiO,—B and the anatase
phases is clearly visible in Figure 4b. As the growth duration in
TiCl, solution increases, the coverage of the anatase nanocrystals
on the TiO,—B nanowire’s periphery increases dramatically. At
the same time, the anatase nanocrystals grow larger. For example,
after 24 h of growth in TiCl, solution, the diameter and the

length of the anatase nanocrystals increase from ~S nm to
~15 nm and from ~15 nm to ~30 nm, respectively. The anatase
shell densifies as nanocrystal size and coverage increase, and
TiO,—B/anatase interface becomes less apparent.

The degradation of methyl orange was chosen as a model
reaction to investigate the photocatalytic activity of the TiO,—B/
anatase core—shell nanowire catalyst. The photocatalytic methyl
orange is thought to degrade via the following reactions:

TiO,—B/anatase + hv — TiO,—B/anatase(e” + h™)
h* + OH™ — OH-

e + O, — 0,

0, + H,O — HO,* + OH"

HO,- + H,O0 — H,0, + OH-

H,0, — 20H:-

OH: + methylorange — products

This reaction is chosen because both the electron and hole end
up participating in the production of OH radical, which degrades
the methyl orange. Moreover, the extent of the reaction can be
monitored through optical absorption. Figure 5a shows the decay
of methyl orange concentration as a function of illumination time
in an aqueous solution with and without photocatalyst particles.
It is clear that the TiO,—B/anatase core—shell nanowire catalyst
has the highest photocatalytic activity: solution that contained
the TiO,—B/anatase core—shell nanowires showed the fastest
methyl orange concentration decay. Photodegradation reaction
can be described using a pseudofirst-order reaction kinetics,***’
and the temporal evolution of the methyl orange concentration
as a function of time, C(%), is given by

In(C(t)/C,) = —kt
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Figure 5. Photocatalytic degradation of methyl orange with different
TiO, photocatalyst under UV illumination: (a) normalized concentra-
tion (C(t)/C,) versus time; (¥): TiO,—B/anatase core—shell nano-
wires prepared by growing anatase shell for 1 h in TiCl, solution; (A):
anatase/anatase core—shell nanowires prepared by calcining the
H,Ti,05-H,0/anatase core—shell nanowires at 650 °C for 2 h; (®):
anatase nanowires prepared by calcining H,Ti,O5+-H,O nanowires at
650 °C for 2 h; (@): TiO,—B nanowires prepared by calcining
H,Ti,O5+H,0 nanowires at 500 °C for 2 h; and (H): control experi-
ment with no catalyst. (b) Semilog plots based on the data in (a) to
obtain the first-order photodegradation reaction rate coefficient.

where C, is the initial concentration of methyl orange solution
and k is the photocatalytic degradation rate coeflicient. Photo-
catalytic activity is quantified using the photodegradation rate
coefficient which was determined from the slopes of —In(C(t)/
C,) vs t as shown in Figure Sb. The rate coefficient for the
TiO,—B/anatase core—shell nanowire photocatalyst is more
than double the rate coeflicient for the control photocatalyst,
which included bare TiO,—B nanowires, bare anatase nanowires,
and anatase/anatase core—shell nanowires. The anatase/anatase
core—shell nanowires were prepared by calcining H,Ti,Os*
H,O/anatase core—shell nanowires at 650 °C for 2 h. The
specific surface area of TiO,—B/anatase core—shell nanowires
(19.8 g/m*) was approximately the same as that of the anatase/
anatase core—shell nanowires (19.4 g/m”). Moreover, the
anatase nanocrystals on the surface of the nanowires have the
same crystal orientation in both cases. The surface areas of TiO,-
B/anatase core—shell nanowires increased slowly and mono-
tonically with reaction time in TiCl, solution. For example, the
specific surface areas of TiO,—B/anatase core—shell nanowires
shown in Figure 4a,b,d,e were 14.1 m*/g (no growth), 19.8 m*/g,
222 m*/g, and 269 m?/g (8 h growth), respectively. For
comparison, the specific surface area of the anatase/anatase
core—shell nanowires was 19.4 m”/g. An increase in catalyst
surface area will increase the photocatalytic activity. However,
the specific surface area increase can be neither the main nor the
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Figure 6. Photocatalytic degradation of methyl orange with TiO,—B/
anatase core—shell nanowire photocatalyst prepared by growing anatase
shell for different durations in TiCl, solution. Coverage of anatase
nanocrystals on TiO,—B nanowire core increases monotonically with
increasing TiCl, treatment time. (a) Normalized concentration (C(t)/C,)
versus degradation time. (b) Photodegradation rate coefficient versus
anatase growth time and, hence, anatase nanocrystal coverage in TiCl,
solution. Labels refer to TEM images shown in Figure 4.

sole reason for explaining the experimental results in Figures 5
and 6. First, head-to-head comparison of TiO,-B/anatase core—
shell nanowires with anatase/anatase core—shell nanowires with
the same specific surface area (19.8 m2/ g and 194 m?/ g
respectively) shows that the rate constant is more than doubled
for TiO,-B/anatase core—shell nanowires (Figure 5). Second, as
shown in Figure 6b, the photocatalytic activity reaches the maxi-
mum for catalyst nanowires with an intermediate surface area.
Thus, the improvement in photocatalytic activity of the TiO,—B/
anatase core—shell nanowire photocatalyst should be attributed
to factors other than an increase in specific surface area or change
in the crystal orientation. We attribute the higher photocatalytic
activity of the TiO,—B/anatase core—shell nanowire photoca-
talyst to fast charge separation due to the energetic differences
between TiO,—B and anatase phases that increase the lifetimes
of photogenerated charge carriers. In the anatase/anatase core
shell nanowire photocatalyst, there is no driving force for charge
separation and photogenerated charge carriers can recombine
much faster without participating in reduction or oxidation
reactions.

Growing the anatase shell for a long time in TiCl, solution (>4 h)
completely covers the TiO,—B nanowire core with anatase
nanocrystals. Moreover, this anatase nanocrystal layer grows
thicker with growth duration. This thick and dense coating of
anatase nanocrystals reduces the reactant access to the photo-
generated holes in the TiO,—B nanowire core. Since both
oxidation and reduction reactions have to occur to prevent
charge buildup on the catalyst surface, the photocatalytic activity
of the TiO,—B/anatase core—shell nanowires where the anatase

4448 dx.doi.org/10.1021/am201123u |ACS Appl. Mater. Interfaces 2011, 3, 4444-4450
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nanocrystals completely cover the TiO,—B core would be
limited by the hole consumption rate on the TiO,—B surface.
The anatase nanocrystal coverage on the TiO,—B nanowire core
was varied by changing the anatase nanocrystal growth time in
the TiCl, solution. Figure 6ab shows the changes in the
photocatalytic activity of the TiO,—B/anatase core—shell nano-
wires as a function of anatase nanocrystal growth time and,
hence, as a function of nanocrystal coverage on the nanowire.
The photocatalytic activity of the TiO,—B/anatase core—shell
nanowire photocatalyst first increases with increasing anatase
nanocrystal coverage, reaches a maximum, and eventually de-
creases. We attribute this change in photocatalytic activity with
respect to the anatase nanocrystal coverage to the trade-off
between improved charge carrier lifetimes due to the formation
of type Il heterojunction and loss in the accessibility to the active
sites on the TiO,—B surface because of the densification of the
external anatase shell. When the nanocrystal coverage is zero
(bare TiO,—B nanowire), there is no mechanism to separate the
electron—hole pairs in the nanowire and some fraction of them
recombine before participating in oxidation and reduction reac-
tions. As the anatase nanocrystal coverage increases, photogen-
erated electron—hole pairs in the TiO,—B phase can be
separated by transferring the electron to the anatase nanocrystals.
The holes remain in the TiO,—B nanowire backbone. This
increases the lifetimes of carriers and, consequently, photocata-
Iytic efliciency. Since both electrons and holes participate in
the degradation reactions, both TiO,—B nanowire backbone
and anatase nanocrystals must have access to the solution. As
the anatase nanocrystal coverage increases, this access to the
TiO,—B nanowire is reduced and eventually blocked. The
balance between these two competing effects produces the
maximum in the photodegradation reaction coeflicient as shown

in Figure 6b.

B CONCLUSIONS

In summary, we have developed a facile synthesis method
to make TiO,—B/anatase core—shell nanowire photocatalysts.
The anatase nanocrystals protrude from the periphery of the
TiO,—B nanowire core along the anatase [001] crystallographic
orientation. The TiO,—B core and anatase shell form a type II
heterojunction that facilitates efficient photogenerated charge
carrier separation into different parts of the catalyst. Charge
separation can reduce charge recombination and increase charge-
carrier lifetime and, thus, enhance photocatalytic efficiency.
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