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Low-temperature  crystallized  TiO2 nanotubes  (LT-NTs)  are  efficient  photocatalysts.
LT-NTs  produce  multiple  ROS  (1O2 and  OH·) while  traditional  NTs  produce  no 1O2.
Crystallization  parameters  control  morphology  for  potentially  tunable  photocatalysis.
Green  method  to produce  immobilized  TiO2 photocatalyst.
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a  b  s  t  r  a  c  t

This study  investigates  the photocatalytic  efficiency,  type  of reactive  oxygen  species  (ROS)  produced,
and  potential  for structural  and  morphological  modification  of anodic  TiO2 nanotubes  (NTs)  synthesized
using  a novel,  energy  efficient,  low  temperature  crystallization  process.  These  TiO2 NTs  show  greater
photocatalytic  efficiency  than  traditional  high-temperature  sintered  NTs  or supported  Degussa  P25  TiO2,
as  measured  by  degradation  of methyl  orange,  a model  organic  dye  pollutant.  EPR  analysis  shows  that
low-temperature  crystallized  TiO2 NTs  generate  both  hydroxyl  radicals  and  singlet  oxygen,  while  high-
eywords:
iO2

anotubes
hotocatalysis
rystallization

temperature  sintered  TiO2 NTs  generate  primarily  hydroxyl  radicals  but no  singlet  oxygen.  This “cocktail”
of reactive  oxygen  species,  combined  with  an increased  surface  area,  contributes  to  the increased  effi-
ciency  of  this  photocatalytic  material.  Furthermore,  variation  of  the  NT crystallization  parameters  enables
control  of  structural  and  morphological  properties  so  that  TiO2-NTs  can  be  optimized  for  scale-up  and

nario
eactive oxygen species
reen synthesis

for  specific  treatment  sce

. Introduction

Titanium dioxide (TiO2) has been extensively studied as a pho-
ocatalyst for advanced oxidation processes to remove hazardous
ubstances from air and water [1–4]. Efficient removal of diverse
ontaminants such as organic dyes [5–8], endocrine disrupting
ompounds and pharmaceuticals [9–11], aromatics [12–14], pes-

icides [15,16], microorganisms [17,18] and heavy metals [19] has

ade TiO2 a promising material for multipurpose advanced water
reatment systems. Upon illumination, TiO2 converts incoming
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photons into excitons, or electron/hole pairs, which can either
recombine and dissipate the energy as heat or migrate to the
material surface, where they can participate in redox reactions
and generate reactive oxygen species (ROS) such as hydroxyl radi-
cals (OH·) and super oxide (O2

−) [1,20]. These energetic species
can further react to form 1O2 and then these ROS  contribute to
the degradation and removal of unwanted contaminants from
water.

While TiO2 remains the most widely used photocatalyst, the dif-
ficulty and energy cost of separating and reusing suspended TiO2
particles from treated water has increased the interest in immo-
bilized photocatalyst materials [21,22], such as titanium dioxide
nanotubes (TiO2 NTs) [23–26]. TiO2 NTs offer unique nanotubu-
lar structure with high chemical stability, lack of toxicity, and

high photochemical activity [27–29]. To date, TiO2 NTs have been
used in numerous applications including photocatalytic treatment
of pollutants in air and water [30,31], photovoltaics for energy
production [32,33], biomedical applications [34,35], lithium-ion
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Fig. 1. Digital photographs of P25 plate (left, top) with similar area as the crystal-
Y. Liao et al. / Journal of Hazard

atteries [36,37], water splitting [38–40], and chemical gas sensors
41–43].

Anodization of titanium is the most widely used method for
he fabrication of self-organized TiO2 NT arrays due to ease of
ontrol, low cost, and scalable production [44–47]. Anodic TiO2
T arrays have shown outstanding photocatalytic performance

30,33], and may  be particularly beneficial for photocatalysis
ue to their large surface area, short diffusion distance between
lectron/hole generation sites and the material surface (limiting
lectron/hole recombination), and their inherent immobilization,
educing the energy and material cost of separating the photo-
atalyst after treatment. However, regardless of their preparation
ethod, anodic TiO2 NT arrays are always amorphous, necessi-

ating post-fabrication crystallization by heat treatment such as
hermal annealing [48–51] or hydrothermal processing [52–54],
hich require high temperatures (about 450 ◦C) or special equip-
ent (e.g., pressurized autoclave vessels). Therefore, there is need

or less energy-intensive, more affordable and sustainable crystal-
ization methods.

Recently, we reported an alternative and more environmen-
ally friendly method to crystallize amorphous anodic TiO2 NTs
t lower temperatures [55]. Facile and cost-effective, low tem-
erature crystallization provides a new route for crystalline TiO2
T production without extra chemical addition, high energy input
r special equipment. However, the photocatalytic efficiency of
he TiO2 NTs synthesized by this method has not been carefully
valuated to assess their potential application for treating recal-
itrant hazardous substances. In addition, little is known about
ow different synthesis conditions affect the fundamental mate-
ial properties of the TiO2 NTs that determine their photocatalytic
fficiency towards chemical contaminant removal.

This paper seeks to advance understanding of the photocatalytic
ctivity and the type of ROS generated by low-temperature crystal-
ized TiO2 NTs relative to the more traditional and energy-intensive
igh-temperature sintered TiO2 NTs, and to determine the effect
f synthesis conditions on NT morphology, which could further
nfluence photocatalytic degradation efficiency. Accordingly, we
ffer novel insight into low-temperature crystallization mecha-
isms and potential environmental applications.

. Experimental

.1. Preparation of TiO2 NT arrays

TiO2 NT arrays were synthesized by electrochemical oxidation
f titanium sheets as described previously [24]. Briefly, the titanium
heets were oxidized at 60 V for 2 h in a conventional fluorine-
ontaining electrolyte (ethylene glycol containing 0.25 wt.% NH4F
nd 1.0 wt.% deionized (DI) water), using a platinum counter elec-
rode [27]. The electrolyte was kept at 7 ◦C in a cryogenic slot
THJD-2006WY, Tianheng, China) during the synthesis unless oth-
rwise noted. The as-anodized TiO2 NT array films were thoroughly
ashed with DI water and ethanol several times. All the reagents
ere of analytical grade (Sinopharm Group Chemical Reagent Co.

td., China).

.2. Crystallization of the TiO2 NTs arrays

Two methods were used to crystallize the amorphous anodized
iO2 NTs: the novel, water-assisted, low temperature (LT) method,
nd the traditional, high-temperature (HT) method. The LT method

sed here involved immersing the amorphous TiO2 NT films in DI
ater at 90 ◦C for 10 h, followed by drying in ambient air. The crys-

allization temperature (70, 90, and 110 ◦C) and heating duration
10, 20, 24 and 30 h) were then varied to determine their effects
lized TiO2 NT array film (LT plate, left bottom), and corresponding photocatalytic
performance in MO degradation. [MO]0 = 20 mM,  error bars represent 95% CI and
are  too small to be seen.

on the crystallization process. Aqueous solutions of CuCl2 or FeCl3
were tested as a crystallization medium in place of DI water to
investigate the effect of metal ions—which are commonly used as
dopants in semiconductor photocatalysis [36,56,57]—on the crys-
tallization process. Experiments above the solvent boiling points
were carried out in an autoclave. The HT method involved heating
the NT films at 450 ◦C for 3 h.

2.3. TiO2 NT characterization

The crystalline properties of all the samples were charac-
terized by X-ray diffraction as described previously [24], along
with transmission electron microscopy (TEM, JEM 2100, JEOL Inc.,
Japan TEM) and UV-Vis spectrometry (Ultrospec 2100 pro). The
Brunauer–Emmett–Teller (BET) surface area was determined by
nitrogen adsorption measurement at 77 K (Model ASAP 2020,
Micromeritics, USA). TiO2 NTs were scraped from the Ti metal
surface, weighed and measured for BET surface area. All the sam-
ples were degassed at 100 ◦C for 24 h prior to nitrogen adsorption
measurement. Photocatalytic ROS production was  characterized
by electron paramagnetic resonance (EPR) measurement using a
Varian E-6 spectrometer under the following conditions: tem-
perature = 293 K; microwave frequency = 9.225 GHz; microwave
power = 10 mW;  modulation amplitude = 1 G at 100 kHz; and scan
time = 4 s. The compounds 2,2,6,6-tetramethyl-4-piperidinol (TMP)
[58] and �-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN) [59]
were used as spin-trapping agents for 1O2 and OH·, respectively.

2.4. Photocatalytic and photochemical characterization

The crystallized TiO2 NT films were tested as photocatalysts, and
their photo-activities were evaluated on the basis of the degrada-
tion of methyl orange (MO) and 4-chloro-phenol (4CP) as model
organic pollutants in aqueous solutions (40 mL total volume, 20
and 100 mM L−1, respectively). The TiO2 NT films (3.0 cm × 1.5 cm
frontal surface area, total mass = 0.04 g) were immersed in the solu-
tion and irradiated with six 4-W UV bulbs (Eiko, Black Light Blue,
Shawnee, KS; 18 W m−2 measured illumination intensity). The pho-
tocatalytic activities of NTs sintered for 3 h at high temperature
(450 ◦C) and a similar film of Degussa P25 TiO2 with the same frontal
surface area applied with a razor blade and calcined at 450 ◦C (Fig. 1)
were also compared under identical conditions.
Photodegradation experiments lasted 120 min  with 1 mL
aliquot samples removed periodically, and were carried out in
an open quartz photoreaction vessel with rapid stirring at 23 ◦C
[60]. The pH of the system was  neutral (pH 7) throughout the



436 Y. Liao et al. / Journal of Hazardous Materials 260 (2013) 434– 441

Fig. 2. Photocatalytic performance of traditional high-temperature sintered (HT 450) and low-temperature (LT-90) TiO2 NT films in degradation of (a) MO,  and (b) 4CP.
[MO]0 = 20 mM,  [4CP]0 = 100 mM,  error bars represent 95% CI.
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have a significantly larger surface area, and are less likely to detach
during treatment.

To further understand the role of photo-generated ROS, pho-
tocatalytic degradation of MO by LT-90 and HT-450 TiO2 NTs was

Table 1
First order degradation rates.

Material/conditions 1st order degradation rate
(min−1 × 10−3 ± standard deviation)

LT-90 + MO 14.7 ± 1.5
HT-450 + MO 10.7 ± 0.8
P25 Plate + MO  12.2 ± 1.4
LT-90 + 4CP 6.7 ± 0.8
HT-450 + 4CP 6.9 ± 0.4
ig. 3. Photocatalytic performance of traditional high-temperature sintered (HT 45
s  a ROS scavenger, and (d) tert-butanol as a OH· scavenger. [MO]0 = 20 mM,  [l-hist]

xperiments. The concentration of the residual MO was mea-
ured by a UV-Vis spectrometer (Ultrospec 2100 pro), while the
oncentration of residual 4CP was measured by HPLC (Shimadzu
rominence LC20) with a C18 column and acetonitrile and phos-
horic acid (60:40 v:v) as the mobile phase. l-Histidine and
ert-butanol were used as ROS scavengers at concentrations of
0 mM.

. Results and discussion

.1. Photocatalytic activity and ROS production of the
ow-temperature crystallized TiO2 NT arrays

TiO2 NT films were crystallized using both the novel low-
emperature, water assisted method (LT-90; heated in water at
0 ◦C for 20 h) and the traditional high-temperature sintering
ethod (HT-450; heated in air at 450 ◦C for 3 h). Characterization

sing both TEM and XRD showed similar TiO2 peaks consis-
ent with anatase crystalline material, with no other TiO2 crystal
orms (rutile or brookite) observed (Figure S1, ESI). The crystalliza-
ion mechanism for this low-temperature process was  previously
ypothesized to follow a traditional dissolution-recrystallization
rocess [61–63], which we  confirmed by observing the formation of
natase TiO2 particles during crystallization (Figure S2, ESI). These
T films were then tested for photocatalytic ROS generation and
egradation of several model compounds in water. The LT-90 NTs
ad higher photocatalytic activity than HT-450 for the degradation
f MO (Fig. 2a), and similar photocatalytic activity for the degrada-
ion of 4CP (Fig. 2b). The LT-90 NT photocatalytic activity was  also
ompared to a similar plate of Degussa P25 TiO2, which is the most
ommonly studied form of TiO2. LT-90 exhibited higher photocat-

lytic activity than the P25 loaded on a plate with similar frontal
rea (Fig. 1). Although using a similar frontal area does not allow
or an exact comparison in terms of mass loading or total surface
rea, it does enable a qualitative evaluation of this novel material
 low-temperature (LT-90) TiO2 NT films in degradation of MO with (a) l-histidine
BuOH]0 = 20 mM,  error bars represent 95% CI.

in relation to traditional materials. Table 1 summarizes the initial
first-order degradation rate constants for the removal of these com-
pounds. Control experiments showed that both direct photolysis
and adsorption were negligible (Figure S3, ESI).

The higher degradation efficiency of LT-90 may be partially
attributed to its higher specific surface area: 129.0 m2/g for LT-
90 versus 26.8 m2/g for HT-450 (Figure S4, ESI) and 50.5 m2/g
for commercial P25 TiO2 [64] (although the BET surface area of
the attached P25 TiO2 was  not measured and was likely lower
than literature values due to aggregation during the immobiliza-
tion and annealing process). Although there was  no significant
adsorption of MO or 4CP onto the NT surface, larger surface area
is conducive to increased efficiency due to higher availability of
photocatalytic ROS generation sites and greater opportunity for
interaction between photo-generated electrons/holes or ROS and
contaminants at the photocatalytic surface. Furthermore, TiO2 NTs
offer significant advantages over immobilized P25 TiO2 in that they
do not require an attachment step (saving cost and processing),
P25 Plate + 4CP 6.6 ± 0.4
LT-90 + MO + t-BuOH 13.8 ± 0.3
HT-450 + MO + t-BuOH 7.0 ± 0.5
P25 Plate + MO  + t-BuOH 8.0 ± 0.5
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Fig. 4. EPR data showing generation of hydroxyl radicals (OH·) using a POBN trap (a)
and singlet oxygen using a TMP  trap (b) by illuminated LT-90 and HT-450 photocata-
lysts. Both photocatalysts produce hydroxyl radicals, while only the LT-90 material

F
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haracterized in the presence of two different ROS scavengers at
0 mM:  l-histidine (which acts as a global ROS scavenger) and tert-
utanol (t-BuOH, a preferrential OH· scavenger) [65,66] (Fig. 3). No
egradation occurred with LT-90 or HT-450 in the presence of l-
istidine (Fig. 3a), which confirms the critical role of ROS in MO
egradation. Furthermore, addition of t-BuOH, which helps discern
he role of OH· (Fig. 3b), had a greater impact on the degradation
f MO  by HT-450 (rate constant reduction by 35%, Table 1) than
y LT-90 (7% reduction, Table 1). This suggests that OH· mediated
egradation plays a more significant role in the presence of HT-450
ompared to LT-90, and that other ROS (e.g., 1O2 or O2

−) or direct
lectron/hole oxidation also played a role (because degradation was
ot completely stopped by t-BuOH).

EPR analysis was conducted to further characterize the role of
OS production in TiO2 NT photocatalytic performance. We used
wo different spin traps: POBN, which is a general radical trap,
nd TMP, which acts as a 1O2 trap. When POBN interacts with a
adical species such as OH·, it forms a spin adduct, which is much
onger lived than the hydroxyl radical (lifetime 5 �s) [20], facilitat-
ng measurement. This spin adduct can then be detected by EPR and
ompared to characteristic radical signatures. The detection of 1O2
s based on oxidation of TMP  to 2,2,6,6-tetramethyl-4-piperidinol-
-oxyl radical (TMPN), which can be monitored by EPR. Both the
T-90 and the HT-450 NT array films produced characteristic OH·
pectra as shown by the POBN response (Fig. 4a), but attempts
o isolate O2

− EPR peaks from the POBN signal using super oxide
ismutase as a O2

− quencher were unsuccessful. Only the LT-90
ample produced 1O2 as shown by the oxidation of TMP  to TMPN

Fig. 4b).

There are several possible mechanisms for 1O2 production
y TiO2, including direct photosensitization, ion annihilation and
most commonly) oxidation of superoxide [67–69]. Superoxide is

ig. 5. Crystal diffraction peaks of the anodic TiO2 NT array films under different condition
c)  different synthesis temperatures. Desired crystallinity and micro-structure properties
produces singlet oxygen (1O2). Rose Bengal (RB) was used as a positive control for
1O2 production.

commonly formed by an interaction between dissolved oxygen and
a photo-generated electron, which can be subsequently oxidized by

1
a photogenerated hole to form O2. This process may be facilitated
by the smaller crystal size (6–7 nm)  of the LT-90 NTs compared
to the traditional HT-450 NTs (20–22 nm)  according to the Scher-
rer equation (based on facet (1 0 1) at 2� ≈ 25.28◦) [52]. While an

s: (a) different crystallization durations; (b) different crystallization temperatures;
 of anodic TiO2 NTs can be achieved by manipulating these parameters.
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n-depth exploration of the mechanism of 1O2 production is beyond
he scope of this study, it is likely that the smaller crystal size com-
ined with the increased surface area increased the likelihood of
uperoxide oxidation near the NT surface, thus enabling 1O2 for-
ation. The presence of the TMPN 1O2 signal in the EPR spectra

or the LT NT array confirms that low-temperature crystallization
roduces a photocatalyst that generates both OH· and 1O2, while
igh temperature sintered TiO2 NTs generated primarily OH· with
o 1O2.

The ability to produce multiple types of ROS could make
ow-temperature crystallized photocatalysts especially useful for
hotocatalytic treatment of recalcitrant hazardous substances

n natural waters and wastewater effluents. Natural water and
astewater contain significant amounts of background organic
atter, while the target hazardous compounds are usually present

t trace concentration levels. In such systems, there can be a sig-
ificant reduction or even complete loss of photocatalytic activity
owards the target contaminants due to OH· radical scavenging by
he background organic matter [70]. Singlet oxygen, while a weaker
xidant, has been shown to be less impacted by the presence of dis-
olved organic matter [71]. While ROS generation by photocatalytic
aterials has been extensively studied, little has been reported

bout the effect of multiple ROS or the impact of a combination

f ROS on contaminant degradation [72]. This generation of mul-
iple types of ROS could be beneficial for treatment of mixtures
f emerging pollutants and other recalcitrant hazardous organics,
lthough the extent to which low-temperature crystallized TiO2

ig. 6. SEM images of the anodic TiO2 NT array films showing the morphology before and
f  anodic TiO2 NTs can be achieved by manipulating the treatment parameters.
aterials 260 (2013) 434– 441

NTs enhance the range of contaminants removed from complex
mixtures remains to be determined.

3.2. Influence of crystallization conditions on TiO2 NT material
properties

To provide insight for the optimization and scale-up of low-
temperature crystallized NTs and to further understand the impact
of various experimental conditions on the morphology and other
physical properties of these materials (which control their photo-
catalytic performance) the amorphous anodic TiO2 NT films were
treated in water under a series of controlled conditions.

The crystallization heating time was  varied to help optimize
energy use and determine the effect of heating time on crystal
structure. Fig. 5a shows that the TiO2 NT samples heated at 90 ◦C
for 10, 20 and 24 h exhibit similar XRD patterns, all crystallized to
anatase. The degree of crystallinity and the crystal size increase
slightly with increasing heating time. Since only crystalline TiO2
is capable of photocatalytic degradation, a higher degree of crys-
tallinity may  increase degradation efficiency, while crystal size may
be important in the production of 1O2 as previously discussed.
However, excess heating (30 h) in water resulted in the peeling of
TiO2 NTs from the Ti substrate (Figure S5, ESI).
The morphological properties of the TiO2 NTs before and
after crystallization (at 90 ◦C) were characterized by field
emission-scanning electron microscopy (FE-SEM) (Fig. 6). Before
crystallization, the as-anodized TiO2 NT arrays were open, with an

 after water treatment at 90 ◦C. Desired crystallinity and micro-structure properties
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Fig. 7. Crystal diffraction patterns of the anodic TiO2 NT array films crystallized in
the  presence of Cu2+ (a) and Fe3+ (b) in water at 90 ◦C for 10 h. Dashed lines indicate
the location of anatase (1 0 1) peak at 2� ≈ 25.28◦ . The new peak formed at 0.5 M and
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nner diameter of 100 nm and a wall thickness of 10 nm (Fig. 6a and
). After heating in water for 20 h, the tubular structure of the TiO2
Ts was maintained, but the inner diameter decreased to 30 nm,

he tube wall thickness increased up to 80 nm, and the surface
ppeared rougher (Fig. 6c and d). This suggests less dense, possibly
orous walls. A rougher morphology provides more active surface
ites, which is beneficial for photocatalysis (e.g., surface reaction
rea, electron charge transfer paths) as well as other applications
e.g., sensors, solar cells) [28]. However, after the heating time
ncreased to 24 h, the one-dimensional tube structure was lost, and
racks appeared on the TiO2 NT film, which could be problematic
or some applications.

In traditional sintering, an increased crystallization temperature
an result in different crystal phases (e.g., rutile, brookite) [48–50].
o determine if there is a similar change in crystal structure using
his low-temperature method, the crystallization temperature was
aried. Fig. 5b shows that amorphous anodic TiO2 NTs are effi-
iently crystallized into the anatase phase in water at a wide range
f temperatures from 70 to 110 ◦C, with crystal size increasing
ith increased temperature. However, the TiO2 NTs detached from

he Ti substrate when treated at 110 ◦C for 20 h, and no other
iO2 crystal structure was observed. FE-SEM images show that
he nanotubular structure disappeared after only 3 h of treatment
t 110 ◦C (Figure S6, ESI), which may  be attributed to the special
ydrothermal environment used in an autoclave to achieve water
eating at 110 ◦C. In contrast, at both 90 and 70 ◦C, crystallinity
nd firm attachment to the substrate were achieved. Disorienta-
ion (loss of NT alignment) and detachment of nanotubes from the
nderlying substrate has been a severe limitation for traditional
olvothermal or hydrothermal crystallization methods for years
27]. This water-assisted low-temperature crystallization method
t temperatures below 110 ◦C offers an effective solution to this
roblem.

Fig. 5c shows the crystallization of TiO2 NTs that were synthe-
ized under different NT anodic growth temperatures (0 ◦C, 7 ◦C,
3 ◦C). After being treated in water at 90 ◦C for 20 h, they exhibited
imilar XRD patterns, indicating that all the TiO2 NTs were crys-
allized into the anatase phase. Furthermore, the intensity of the
rimary anatase (1 0 1) peak at 25.28◦ increased with the anodic
ynthesis temperature, indicating the presence of more crystalline
aterial. As previously reported, higher synthesis temperature

roduces longer tubes [44,47]. Since the longer tubes (those with
igher synthesis temperatures) also have more crystalline material,
e infer that crystallization of the anodic TiO2 NTs occurs through-

ut the tube length, which could increase the active surface area for
hotocatalytic ROS generation and may  contribute to the observed

ncrease in degradation rate.
The effect of metal ions in the crystallization medium was  also

ested to determine if the crystal structure of the TiO2 can be altered
uring crystallization, since metal-ion doping is a common means
f altering the photo-physical properties of semiconductor photo-
atalysts [73]. The presence of metal ions in the heating water with

 charge-to-size ratio similar to titanium disrupted the TiO2 crystal-
ization process. Fig. 7 shows the crystal structure of the anodized
iO2 NTs crystallized in Cu2+ and Fe3+ aqueous solution (0–1 M,  at
0 ◦C for 10 h). Cu2+, which has a significantly smaller charge to
ize ratio than Ti (i.e., 27 versus 66 charge/nm) had no apparent
ffect on crystallization (Fig. 7a). In contrast, Fe3+ (46 charge/nm)
isrupted the crystallization of amorphous TiO2 NTs into anatase
iO2, yielding a crystal composite of Ti, Fe and O, containing pri-
arily Fe4(TiO4)3 and Fe2Ti3O9 peaks identified by reference to

he JCPDS database (Fig. 7b). This alternate crystal structure was

ikely formed when iron cations replaced titanium cations during
he dissolution-recrystallization process due to the similar atomic
iameters and charge-to-size ratios of iron and titanium (Figure S7,
SI) [74–76]. These results suggest that it may  be possible to use
1  M Fe3+ is indicative of a new Fe–Ti–O crystal species resulting from substitution
of  Fe3+ ions in the place of Ti4+ ions in the lattice structure due to their similar
charge/size ratio.

ionic crystallization water to dope TiO2 NTs, enabling visible-light
sensitivity for photocatalytic degradation [77].

In summary, anodic TiO2 NTs can be efficiently crystallized into
anatase after heating in water at temperatures from 70 to 90 ◦C and
heating durations of 10–20 h. These parameters, along with synthe-
sis temperature, could be used to selectively control the degree of
crystallinity, tube length, micro-structure, and chemical composi-
tion of anodic TiO2 NTs to maximize photocatalytic ROS production
efficiency and control the type of ROS produced. Further work is
needed to determine the role that each of these morphological
properties play in ROS generation type and quantity.

4. Conclusions

Water-assisted crystallization is a green alternative synthe-
sis method for making anatase TiO2 NTs for potential use as a
supported photocatalyst material for advanced oxidation of haz-
ardous organic materials. When used as a photocatalytic material,
low-temperature crystallized NTs produce various types of ROS,
including hydroxyl radicals and singlet oxygen, which could be par-
ticularly useful for photocatalytic treatment of emerging pollutants
in complex water matrices such as waste-water treatment plant

effluents. This ability to produce multiple ROS was  not observed
with NTs crystallized by traditional high-temperature sintering,
indicating an advantage of the low-temperature crystallization pro-
cess. Furthermore, the NT synthesis and crystallization parameters
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an be varied with the potential for controlled manipulation of crys-
al and chemical properties such as tube length, interstitial dopants,
urface area and crystal size, enabling application-specific opti-
ization. With these remarkable properties, combined with larger

urface area, low temperature, water-assisted crystallized TiO2 NTs
re a promising alternative to traditional photocatalytic materials
or advanced water and wastewater treatment.
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