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Graphical and textual abstract

TiO,-based nanomaterials could reach the maximal photoactivity when designing 0D/1D
heterogenous structure with appropriate phase composition and high surface area.
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The synergistic effect between anatase and rutile TiO, particles for photocatalysis has been widely
reported. Besides the phase composition, both morphology and specific surface area play important roles
in affecting the photocatalytic activity of TiO,-based materials. However, comprehensive study of the
effects of these properties is missing so far. Using a facile soft-chemical strategy, we synthesize a series
of TiO, samples with desired phase composition, morphology, specific surface area, but otherwise
identical properties. The correlation of these properties to the photoreactivity is investigated by degrading
three typical dye molecules. The composite with anatase-to-rutile ratio as 7:3 displays optimal results.
Meanwhile, we find an interlaced influence of morphology and specific surface area. The superior
activity is achieved in OD/1D TiO, heterogenous composite even it possesses much lower surface area
than pure OD particles. We proposed that the improvement is due to the combined effect of higher
surface-to-volume ratio of 0D particles and lower carrier recombination rate of 1D nanorods. In this way,
TiO,-based materials could reach the maximal photocatalytic performance if designing 0D/1D
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heterogenous structure with appropriate phase composition and high specific surface area.

Intoduction

Titanium dioxide, TiO,, as an n-type semiconductor takes the
advantage of low cost, nontoxicity, chemical/photo-stability, and
strong oxidizing power!® Since the discovery of
photoelectrochemical splitting of water on n-TiO, electrodes,
TiO,-mediated heterogeneous photocatalysis has attracted
extensive interest because of its potential applications to
environmental purification and energy conversion. TiO, has three
main crystalline phases: brookite (B), anatase (A), and rutile (R).
A is generally considered to be the most photocatalytically active
due to its higher adsorption affinity for organic molecules and a
lower recombination rate.’ There are plenty of experimental
evidences that reveal the better photocatalytic performance of
A/R composites than any single component.®™® It should be noted
that A and R have the same fundamental structural octahedral
units (TiOg), but the octahedral units’ edges and corners sharing
in different manners.** In comparison to other coupled
semiconductor  systems, the A/R TiO, heterogeneous
nanostructure is intriguing because it involves only a change in
the crystal structure and can be achieved in the same solution.*>*®

It is believed that a synergistic effect between the two phases
significantly enhances the photocatalytic property of TiO,. The
photogenerated electrons could transfer from one phase to
another, which has slightly lower conduction band energy, and
thus the charge recombination can be suppressed. Through
studying the samples with varying phase composition, some
groups have demonstrated the existence of synergetic effect in
case of the anatase content ranging from ~20% to ~90%.1"% As

a result, engineering the phase composition has gradually been
recognized as a promising methodology to improve the
photocatalytic activity of TiO,.

so  Besides the significant influence of phase composition,
morphology will also play a great role on the physical/chemical
properties of materials.®* For TiO,, spherical nanoparticles
give higher surface-to-volume ratio than one-dimensional (1D)
materials such as nanorods, nanowires, and nanotubes. However,

ss the photoinduced charge carrier recombination at surface trapping
sites is increased in spherical particles smaller than a certain
dimension (about 10 nm), leading to lower photocatalytic
quantum yields.?®?’ Because of the delocalization of charge
carriers, the high transfer rate of electrons can be achieved in one-

e dimensional materials.

In addition, most heterogenous catalysis between the catalysts
and reactants occurs on the surface or at the interface, so the
efficiency partly depends on the specific surface area of materials.
Large surface area will provide more active sites to not only react

s With absorbed water and hydroxyl to form important oxidative
hydroxyl radicals but also anchor organic molecules for
photodegradation.”®*® Generally, the specific surface area and
surface-to-volume ratio dramatically increase with the decrease of
crystal size. In this regard, small spherical particles may possess

70 higher surface area than nanorods or nanowires with relatively
large size in one dimension.

Actually, the effect of physical/chemical properties on the
overall efficiency of TiO, photocatalytic system is complicated,
which is dependent not only on the above three points, but also

75 0n other factors, such as degree of crystallinity, surface

This journal is © The Royal Society of Chemistry [year]
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cleanliness, defect density, and so on. Although these factors are
known to affect the photocatalytic performance of TiO, from
different angles, there is few systematical and detailed
discussions covering all of them. Several approaches have been
reported to engineering the phase composition of TiO,, such as
directly mixing A and R together, annealing at different
temperature, and introducing additives in crystallization process.®
However, the synergetic effect is often not observed in simple
mixture of A and R due to poor contact between the two
phases.®*? Altering annealing temperature causes the obvious
changes in crystallinity, particle size, and surface area besides the
A/R ratio.***% Additives bring about undesired impurities on
the surface or in the crystal lattice with varying kinds or
concentrations, which influence the surface cleanliness and defect
density.?*? In light of the well-established methodology in our
previous works, >3 a facile soft-chemical strategy is applied to
this work. TiO, samples with different phase compositions are
synthesized by simply adjusting the volume of peptizing agent,
while the concentration of medium, peptization time, and reaction
temperature are kept constant. In this way, the influence on
crystallinity, surface cleanliness, and defect density can be
negligible. As mentioned above, the morphology and specific
surface area of photocatalysts always have an interlaced influence
on their performance. Therefore, in order to maximize the
photoactivity, comprehensive roles of phase composition,
morphology, and specific surface area need to be taken into
account.

Experiment section
Materials synthesis

All of the chemical reagents used in the experiment were of
analytical grade. Typical synthetic procedure of TiO, samples
under alkaline condition was as follows:'*® 9 mL tetra-n-butyl
titanate was mixed with 66 mL absolute ethanol to form
homogeneous solution. Then it was added dropwise into 80 mL
distilled water slowly under magnetic stirring for about 40 min.
An opaque white suspension was released as consequence of
hydrolysis of precursor. Subsequently, the suspension was heated
at 70 °C in a three-neck flask under magnetic stirring for
approximate 2 h to form smooth slurry. This step is to guarantee
the complete hydrolysis of precursor and condensation of
suspension. After adding 300 mL 1 M NaOH aqueous solution,
the mixture was stirring for 24 h. In the next stage, the resulting
intermediate product was harvested by centrifugation, followed
by washing with distilled water for several times until it reached
neutral. Then the intermediate product was divided into eight
equipotent portion for parallel experiments. Each portion was
dissolved in a certain volume of 1 M HNO; (20 mL, 60 mL, 80
mL, 120 mL, were denoted as S-series samples, from S1 to S4,
respectively). The resulting solution was stirred for 4 h at 70 °C.
After centrifugation, the precipitation was re-dispersed in distilled
water and existed as stable hydrosol. Finaly, the hydrosol was
dried at room temperature by air blowing to obtain the TiO,
powder.

For comparison, TiO, powder was synthesized without treating
by 1 M NaOH solution.®® The rest processes were kept the same.
9 mL tetra-n-butyl titanate was mixed with 66 mL absolute
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ethanol to form homogeneous solution. Then it was divided into
four parts and underwent the following process. Instead of adding
NaOH aqueous solution, the condensed suspension was directly
dissolved in a certain volume of 1 M HNOj; solution (60 mL, 110
mL, 180 mL). After stirring for 4 h at 70 °C and centrifugation,
the precipitation was re-dispersed in distilled water and dried by
air blowing. The as-obtained samples were labeled as T-series
samples (T1, T2, and T3, respectively). Anatase nanoparticles
with an average particle size of ~20 nm, which are prepared in
light of the literature, are used as reference sample (Ref.).*

Characterization

X-ray powder diffraction (XRD) patterns were obtained using a
Shimadzu XRD-6000 diffractometer using Cu Ka radiation, Ac,=
0.15418 nm. Scanning rate was 10° per minute, ranging from 20°
to 70°. Working volt was 40 kV, and working current was 30 mA.
Transmission electron microscopy (TEM) images were obtained
using an FEI Tecnai G2 T20 S-Twin microscope with an
accelerating voltage of 200 kV (FEI, USA). The samples for
TEM were prepared by dispersing the sol products in ethanol; the
dispersion was then dropped on carbon copper grids. The grids
were left for a few minutes to let the solvent evaporate. Raman
spectra were collected on a Thermo Fisher DXR smart Raman
spectrometer over a range from 100 cm™ to 2000 cm™. The
incident laser power was kept at 10 mW, and total accumulation
time was 2 s. Nitrogen adsorption and desorption isotherms were
conducted at 77 K on Micrometrics ASAP2000 system using the
Brunauer—-Emmett-Teller (BET) method. Photoluminescence (PL)
spectra were measured at room temperature on a PerkinElmer
LS55. The excitation wavelength was 335 nm, with a scanning
speed of 1000 nm min*. The width of the excitation slit was 4
nm and that of emission slit was 15 nm.

Photocatalytic activity test

Photocatalytic activities of as-prepared samples were measured
by degrading aqueous solutions of methylene blue (MB), methyl
orange (MO), acridine orange (AO), and 2,4-dichlorophenol (2,4-
DCP) under UV light irradiation. In a typical performance, 10 mg
sample was added into 10 mL distilled water and then the mixture
was processed by ultrasonication to get a uniform suspension.
After that 20 uL 1 M HCI aqueous solution and certain volume
(40 pL, 80 pL, 120 pL for MB, MO, AO, separately) of dye
aqueous solution of 0.2 wt% were added into the suspension. In
the photoreaction with colorless organic pollutant, 120 uL 0.2
wt% 2,4-DCP was added into the suspension. A high-pressure
120 W mercury (Hg) lamp (main wavelength 365 nm) was used
as light source. Before irradiation, the suspensions were stirred
for about 40 min in the darkness to establish adsorption—
desorption equilibrium. At given time intervals, 800 uL of the
suspension was sampled and centrifuged to remove remnant
photocatalyst. Supernatant was subsequently analyzed by
recording absorption spectra of dyes using a TU 1901 ultraviolet
visible spectrophotometer (Persee, Inc. Beijing). Changes of
maximum absorption (664 nm for MB, 506 nm for MO, 468 nm
for AO, and 284 nm for 2,4-DCP) were obtained, which reflected

110 the decrease of dye concentration.

Results and discussion

2 | Journal Name, [year], [vol], 00—-00
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Figure 1 XRD patterns of samples obtained from different volume of 1 M
HNO;. The vertical lines indicate the position and intensity of A and R
reflections (JCPDS 21-1272 and 21-1276).

Effect of acid volume on phase composition, morphology, and
specific surface area of TiO,

In order to avoid the influence of some other factors on the
photocatalytic performance of TiO, samples, the kind as well as
concentration of additives, peptization time, and reaction
temperature are kept constant in the whole preparation process.
Through varying the volume of peptizing agent, HNO3; aqueous
solution, we have prepared four typical samples that contain
different values of A-to-R ratio. XRD patterns of these four
samples are given in Fig. 1. The phase composition of the
samples can be estimated from the respective XRD peak
intensities using the following equation®’
U
1+ 1l
K1,
K =068, f, <0.2;K=0.79,f, >0.2
where fy is the weight fraction of A in the powder, I and I are
the X-ray intensities of the A(101) and R(110) diffraction peaks,
respectively. The results are given in Table 1. The sample S1
consists of pure R phase, while the others are composites of A
and R. The weight fraction of A rises with the increased volume
of acid medium, whereas that of R declines, indicating that large
space for particles dispersion or movement is more favorable for
the formation and stablization of A phase. As reported in our
previous study, the intermediate product generated by NaOH
treatment is lamellar protonated titanate (LPT, H,TisO;*3H,0).%
Because of the high similarity in crystal structure between them,
LPT transforms into A phase in a rapid and complete manner.
According to the dissolution-reassembly mechanism, the
movement and collision of crystal particles in the system have
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Figure 2 TEM images of samples. (a) S1, (b) S2, (c) S3, (d) S4.
crucial impacts on the arrangement and packing of structural
units and thus affect phase composition and morphology.® It is
known that A and R consist of the same fundamental structural
unit, but the structure of R crystals with two-edge sharing and a
linear chain is more compact than that of A crystals. A crystals
have four-edge sharing and zigzag chain, which require more
space. Penn et al. reported that the A-to-R transition was initiated
from the oriented contacts between A particles.® In case of
relatively small volume of HNO3z; medium, the particles disperse
in a limited space, which facilitates the orientational aggregation
and promotes the A-to-R phase transition. With increasing the
volume, the lack of proper attachment or coordination of A
particles might reduce the possibility of R nucleation. Such
evolution of crystal phase and morphology is clearly illustrated
with TEM observations (Fig. 2a-d). As shown in Fig. 2a, the
growth of R during acid peptization is oriented to the formation
of elongated nanorod. Different from the 1D shuttle-like R
nanorod (Nr), Fig. 2b-d show that anatase crystal is displayed in
0D nanoparticle (Np). Both of Nr and Np are highly dispersed
and uniformly controlled. If hindering the A-to-R phase transition
by increasing the medium volume, both the fraction of R and the
average size of crystals decrease. The gradual decrease of the
crystal size also suggests the decrease of aggregation degree.
From S1 to S4, morphologies of the as-prepared samples change
from almost Nr, Nr-dominated composite, Np-dominated
composite, to almost Np, along with the changes in crystal phase
from pure R to A. Notably, A is the stable phase when the
particle size is smaller than the critical size (~16 nm) because of
its lower surface energy with respect to R.*’ This can also explain
why it is hard to form R in large volume of HNO3; medium.

The A and R phases of TiO, can be sensitively identified by
Raman spectroscopy (Fig. 3). Anatase gives characteristic
scatterings at 152, 208, 414, 512, 515 (superimposed with the 512
cm™ band), and 632 cm ™, which are attributed to the Eg, Eg, Blg,
Alg, Blg, Eg, respectively. The rutile shows major Raman bands
at 151 (superimposed with the band of anatase phase), 247, 445,
and 612 cm %, which are assigned to the B1g, two-phonon

This journal is © The Royal Society of Chemistry [year]
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Figure 3 Raman spectra of samples obtained from different experiment
conditions. Samples from S1 to S4 represent the different volume of
HNO; peptizer after NaOH treatment. T3 represents the sample without
NaOH treatment.
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Figure 4 Nitrogen adsorption-desorption isotherms of samples. (a) S1, (b)
S2, (c) S3, (d) S4.

scattering, Eg, Alg, respectively.*’ It should be mentioned that
the intensity of band at 151 or 152 cm™ was quite different for the
two phases. It is the strongest one for the anatase phase and the

Table 1 Experimental conditions and properties of as-prepared TiO, samples.
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Figure 5 TEM images of T3 (one of T-series samples with no NaOH
treatment, possessing similar phase composition to S3).

weakest one for the rutile phase. We can judge the change in
phase composition by the position as well as relative intensity of
peaks. When the volume of HNO; medium gained, the relative
intensity of band at 151 or 152 cm™ increased. Meanwhile, the
typical bands at 445 cm™ and 612 cm™ for R phase become
weaker. This can be explained by the decrease of weight fraction
of R. Both of the changes in relative intensity and position of
Raman bands are in accordance with those of XRD patterns,
which further proved the evolution of phase composition by
altering the volume of HNO; solution in the crystallization step.

Changes in morphology and particle size simultaneously bring
about the difference in specific surface area of samples. The
values can be calculated from nitrogen adsorption-desorption
isotherms (Fig. 4 and Table 1). Compared with 1D nanostructures,
0D nanostructures have higher surface-to-volume ratio, which
means larger surface area. Due to the lower surface-to-volume
ratio of 1D Nr, S1 possesses the lowest surface area as 111 m?/g,
which is much smaller than that of S2 to S4. Surface area of S4
reaches 215 m%g, which is almost twice as large as that of S1
because of the Np’s high surface-to-volume ratio. From S1 to S4,
the ratio of Np gradually increases and the crystal size decreases,
both leading to the increase of surface area. Thus we conclude
that the phase composition, morphology, and surface area can be
facilely controlled through adjusting the volume of HNO;
medium. These results are given and compared in Table 1.
Overall, the tendency is that adding more HNOj; solution during
crystallization step is in favour of forming crystals with larger
proportion of anatase Np and larger surface area.

Sample S-series (treating by NaOH) T-series (not treating by NaOH)

S1 S2 S3 S4 T1 T2 T3
Amount of intermediate product 1/8 1/8 1/8 1/8 1/4 1/4 1/4
Volume of HNO3; medium (mL) 20 60 90 120 60 110 180
Weight fraction of A (%) ~0 34 70 88 ~0 31 71
Weight fraction of R (%) ~100 66 30 12 ~100 69 29
Average size, perpendicular to (101) for 8.2nm (A) 5.5nm (A) 5.3nm (A) - 7.3nm (A) 4.1nm(A)
Aand (110) for R 134n$m((R) 11.0nm(R) 11.0nm(R) - 123nm (R) 146nm(R) 11.0nm (R)
Specific surface area (Sger, m%/g) 111 153 184 215 127 176 235
Morphology almost Nr Np+Nr Np+Nr almost Np Np Np Np

4 | Journal Name, [year], [vol], 00—00
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Figure 6 PL spectra of S-series samples and one of T-series samples,
which has similar phase composition to S3.

Effect of NaOH treatment on morphology and specific
surface area

Since morphology will influence the surface area and the
photocatalytic performance, comparisons of these properties
between 0D/1D composite structure and pure 0D structure should
be considered. Previous study evidenced that NaOH treatment
has little influence on the phase composition of TiO, composite
but is essential to the fabrication of R nanorods via such soft-
chemical strategy.’® That is to say, pure 0D products with similar
phase composition can be synthesized with no NaOH treatment,
which are labeled as T-series samples (from T1 to T3). In this
regard, the properties of T-series samples (not treating by NaOH)
are analyzed and compared with S-series samples (treating by
NaOH).

According to XRD patterns in Fig. S1 in supporting
information, the phase composition of T-series samples is
calculated and the results are given in Table 1. Through adjusting
the volume of HNOj; solution, samples T1-T3 are controlled to
contain the similar weight fractions of A and R to samples S1-S3,
respectively. The results also reflect that both A and R phase
formed whether the hydrolysate was treated with NaOH or not,
and the phase transition occured following the same regulation.
When taking sample T3 as an example, it consists of 71% of A
and 29% of R, which is very close to that of sample S3 (70% of A
and 30% of R). Differently, the TEM image reveals that T3
presents no obvious 1D structure (Fig. 5). Besides, NaOH
treatment has some effect on the size of 0D particles. As shown
in Fig. 3, the main features of the Raman spectrum of sample T3
are very similar to those of sample S3. Using the Photon
Confinement Model, the overall half-width at half-height of
Raman band is proportional to the inverse of the grain size.*? It is
clear that the Raman bands become asymmetric broadening and
the intensities decrease in sample T3, suggesting the decrease of
crystal size in contrast to the samples with NaOH treatment. This
is consistent with XRD calculation. Because of higher surface-to-
volume ratio of 0D Np, T1, T2 and T3 possess the higher surface
area than S1, S2 and S3, respectively. For instance, the surface
area of T3 reaches as high as 235 m%g (Fig. S2 and Table 1). In
addition, we find the same trend in Sget values changing of T-
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series products with phase composition, which is also attributed
to the similar effect of reacting space (i.e. volume of HNO;
medium) on the oriented arrangement of structural units and the
phase transition from A to R. Therefore, NaOH treatment before
acid peptization negligibly affects the phase composition but
significantly affects the morphology, surface area, and the
resulted photocatalytic activity. S-series and T-series samples can
be used to explain the difference between OD/1D composite
structure and pure OD structure when using TiO, as
photocatalysts.

Phase compositon and morphology on the charge carriers
separation

In general, photocatalytic processes involve the excitation, bulk
diffusion, surface transfer of photoinduced charge carriers, and
radical chain reaction. Only the separated carriers will participate
in the following radical chain reaction. For single component
TiO,, most of the photogenerated electron-hole (e —h*) pairs
inevitably recombine at bulk or at surface trapping sites, with the
release of photons and heat, resulting in PL spectra. Hence PL
spectra can be used to compare the recombination level of
photogenerated e —h* pairs within different photocatalysts.***°
The PL spectra of S-series and T-series samples exhibit the
similar emission bands for all TiO, samples, indicating the
similar defect level for A and R phase (Fig. 6 and Fig. S3). In
comparison to single component TiO, (S1 and S4), the lower
recombination rate is observed in A/R heterogeneous system such
as S2 or S3. The same result is also discovered among T1, T2 and
T3. For single component TiO,, the e —h* recombination may be
grouped into two categories: bulk recombination and surface
recombination. Bulk recombination is a dominant process in
well-crystallized large TiO, particles. When the particle size was
reduced to around 10 nm, the average migration time of e~ and h*
from the particle bulk to the surface is very fast, so the surface
recombination become an important  process.***’ In
heterogeneous system, the difference in conduction band energy
of A and R phase will act as a driving force for electrons
transport between their contacting surfaces and thus improve the
surface charge separation to some extent. More importantly, the
long-shaped crystals are constructed of isoelectronic materials
that permit easy electron transport along the long direction. The
introduction of 1D TiO, nanorods instead of 0D nanoparticles
will result in the decreased number of contact barriers between
crystals, which usually forms grain boundaries acting as electron
traps.”*852 Therefore, the charge carrier separation is more
efficient in A/R heterogeneous nanostructure containing 1D TiO,
nanorods (S3) than that consisting of pure 0D nanoparticles (T3).

Photocatalytic activity

The influence of phase composition, morphology, and specific
surface area on the photocatalytic performance over TiO, samples
is studied via degrading a series of organic dyes under UV light
irradiation (Fig. 7). Before degradation experiments, the rates of
adsorption progress in samples are also tested (Fig. 7a). The
adsorption capacity increases from S1 to S4 in S-series samples
due to the same trend in specific surface area. Particles with large
surface area usually have more active sites to absorb organic
molecules for photodegradation. Sample S1 with pure R phase
exhibits the poorest photoreactivity of all samples (Fig. 7b,c),

This journal is © The Royal Society of Chemistry [year]
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Figure 7 (a) Adsorption capacity of TiO, samples by recording changes

s in MB concentration before and after continuous stirring in the darkness
for 40 min. (b) Evolution of MB concentration versus UV irradiation time
in the absence of photocatalysts (Blank) and in the presence of TiO,
samples. “Ref” is the reference sample, anatase nanoparticles with an
average particle size of ~20 nm. (c) Comparison of photocatalytic

10 activities among TiO, photocatalysts under UV irradiation (100 min for
MO and 2,4-DCP, 200 min for AO.

which is probably due to the lower adsorption affinity for organic
molecules and a higher recombination rate than A phase besides
the lowest surface area.>’ From S1 to S4, both Sger value and
s adsorption  capacity  increase  stepwise, however, the
photocatalytic activity increases with A content at the beginning,
and then turn to a downtrend when the transition to R phase is
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further inhibited. The relatively optimal performance is obtained
with sample S3, consisting of 70% of A and 30% of R. That is,
the highest surface area in S4 does not endow it the best reactivity.
Bechstein and Besenbacher et al correlated the photoreactivity to
the A-to-R ratio from a wide A content range of 0~86%. They
highlighted a region of A content from 40% to 80%, which
displayed a sufficient synergetic effect in contrast to other
regions.® The limited activity is observed in rutile-dominant
composite like sample S2, even much lower than that of S4 with
almost pure A phase, which is probably due to the combined
effect of lower surface area and insufficient amount of A. In
sample S4, the amount of R is insufficient to assist in such
synergetic effect.

A lively discussion on the exact cause or process of such
synergism between A and R phases has appeared in the literatures.
The bandgap of TiO, crystal is 3.20 eV for anatase and 3.03 eV
for rutile. Since Kavan et al proposed the conduction band edge
of A 0.2 eV higher than that of R according to electrochemical
impedance analysis,®® it has been generally accepted that the
photogenerated e transfers from A to R and the h* transfers from
R to A at their interface, which was also supported by several
other experiments.’*2 Consequently, the e~ in the conduction
band of R is consumed by the reduction of O,, while the h* in the
valence band of A oxidizes organic substrates, leading to efficient
charge separation. Some alternative measurements, such as
photoemission electron microscopy and electron paramagnetic
resonance, have revealed that e~ flows from R into A, while h*
moves in the opposite direction.>**® Most recently, Scanlon et al
revised the band model of A and R with a staggered alignment of
~ 0.4 eV. They demonstrated that e~ flowing from R to A was
attributed to the higher electron affinity of A than R. The
alignment of 0.4 eV contributes to lowering the effective bandgap
of composite materials and facilitating efficient e —h"
separation.”” There is other explanation for less active R TiO,
from Xu’s group that R has a lower affinity to O, than A in water.
They reported that A not only acted as a photocatalyst but also
functioned as an oxygen source for supplying R in mixed phase.
In this way, the adsorbed O, on A phase diffused onto the R sites
to scavenge the conduction band electron of R, resulting in the
increase of “intrinsic” photoactivity of TiO,.® Although the
controversy in roles of A and R always exists, it seems plausible
to assume that A and R phase function as two different
semiconductors in the composite structure since they have some
different properties, whatever the band model, electron or oxygen
affinity. Each of these proposed differences could act as a driving
force for the charge carrier separation and the resulted
improvement of photoactivity in A/R composite, which can be
evidenced by measurements of PL spectra and photocatalytic
experiments. What is distinguished from other composite systems
is that such composite is comprised of TiO, polymorph, having
the same structure unit and being able to achieve in the same
reaction system.

For T-series samples, T3 possesses the highest value of Sger
and also exhibit the strongest adsorption capacity, implying that
higher surface area brings about the obvious increase in
adsorption capacity even if samples are prepared from different
process. However, T3 does not display the expectedly high
reactivity as S3 for dye decomposition though both of them are
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composed of A-to-R ratio as 7:3 or so. For OD structure like T3,
decrease of particle size brings about the increased surface area
and the reduced bulk recombination, however, e —h* pairs may
quickly reach the surface and undergo rapid surface
recombination because of the abundant surface trapping sites.*’ In
1D TiO, nanorods, the delocalized carriers are free to move
throughout the length of the crystal. This could partially
compensate for the occurrence of surface trap states and ensure a
more efficient charge separation.?® Compared with pure 0D
structure, the drawbacks of 0D/1D composite arising from larger
particle size and lower surface-to-volume ratio are significantly
offset by the reduced e —h" recombination probability.

Conclusions

In summary, we have synthesized a series of TiO, samples from a
facile soft-chemical system. Through simply altering the volume
of acid peptizer, TiO, nanomaterials possess varied phase
composition, morphology, specific surface area, but otherwise
identical physical/chemical properties. First, the anatase-to-rutile
phase transition is hindered by the increase of acid volume due to
the limited orientational aggregation. Second, NaOH treatment is
essential to the fabrication of 0D/1D heterogenous structure but
has little influence on the phase composition. Third, due to the
higher surface-to-volume ratio of 0D particles, the specific
surface area increases with the decrease of 1D rutile content and
reaches as high as 235 m?/g in pure 0D structure.

In anatase/rutile composite, the different properties between
them favor the charge carrier separation in case of electrons or
oxygen flowing from one to another. Compared with single
structure, the 0D/1D TiO, heterogenous structure combines the
merits of higher surface-to-volume ratio of OD particles with the
lower carriers recombination of 1D nanorods. As expected, the
photocatalytic measurement shows that the superior performance
for dye decomposition is achieved in 0D/1D composite with
anatase-to-rutile ratio as 7:3 and Sger value as 184 m%g. These
results would be important in designing highly active TiO,-based
photocatalysts for application in environmental purification and
energy conversion.
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