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A simple route has been developed to prepare well-aligned TiO, nanotube arrays, which is based on outward coating of
TiO, and inward etching of Cu(OH), nanorod templates. Effects of annealing temperature and time on the crystal size
and crystallinity of TiO, nanotube arrays and photocatalytic activities of TiO, nanotube arrays for degradation of Rho-
damine B in aqueous solution have been investigated. The results indicate that the TiO, nanotube arrays annealed at
500°C for 2 h possessed an enhanced photocatalytic activity in comparison with the TiO, nanotube arrays without post
heating and commercial anatase TiO, nanoparticle film and presented a good life cycle performance. Scale-up of the
process has also been demonstrated. Our work opens a new avenue to fabricate free-standing TiO, nanotube arrays
and demonstrates an excellent photocatalytic performance of the anatase TiO, nanotube arrays for wastewater treat-

ment. © 2013 American Institute of Chemical Engineers AIChE J, 59: 2134-2144, 2013
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Introduction

Due to their chemical stability, nontoxicity, low cost, and
some other remarkable physical and chemical properties,
TiO, nanostructures have found wide applications in many
domains including environment protection,'™ gas sensing,
and®” energy storage and conversion.®® A number of syn-
thetic strategies have been reported to fabricate TiO, nano-
sheets,9 nanorods,10 nanotubes,“’12 nanospheres,13 and so
forth. Recently, many dazzling nanostructure arrays have
been fabricated on some useful substrates to introduce and re-
alize their functionalities.'* Among them, TiO, nanotube
arrays have attracted significant attention given their charac-
teristics of high specific surface area, excellent charge transfer
properties,15 easy operation and recovery, and convenient
recycling in practical applications. These advantages of TiO,
nanotube arrays overcome the vital technical problems
encountered by colloidal and particulate TiO,, such as separa-
tion, particle aggregation, and the problematic use in continu-
ous flow process.

In the past decades, a series of methods have been
proposed to immobilize TiO, on the solid substrates to over-
come the problems that powder-form TiO, faces with,
including sol-gel dip-coating,'® sputtering,'” chemical vapor
deposition,18 and so forth. However, compared with the TiO,
powder, its film usually shows a low photocatalytic effi-

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to W. Zhang at
wxzhang@hfut.edu.cn.

© 2013 American Institute of Chemical Engineers

2134 June 2013 Vol. 59, No. 6

ciency because of an inevitable decrease of its active surface
areas and a limited mass diffusion in solution.'® TiO, nano-
tube arrays have well-aligned tubular structure and porous
surface, which may provide a large active surface area, short
diffusion path from bulk solution to active surface area, and
an efficient light absorption and separation of photogenerated
carriers.' Therefore, they can be expected to have enhanced
photocatalytic activity.

In 1999, Zwilling et al.?® first reported self-organized
TiO, nanotube layers fabricated by electrochemical tita-
nium anodization. Since then, this approach has mainly
been used as the synthetic strategy for TiO, nanotube
arrays. Macak et al."” prepared self-organized TiO, nano-
tube array layer with inner diameters of 45-100 nm by
anodization of Ti foil, which was post heated at 450°C over
3 h to obtain anatase phase. They found that anatase TiO,
nanotube layers exhibited a better photocatalytic activity
for the decomposition of organic azo dyes in comparison
with a compacted TiO, nanopowder layer. Wang et al.?!
synthesized highly aligned TiO, nanotube arrays by a lig-
uid-phase deposition method. Anodic aluminum oxide tem-
plate was immersed in (NHy4),TiFs aqueous solution of 0.5
mol/L at 60°C for 10 min. TiO, nanotube arrays with an
outer diameter of 200 nm and an inner diameter of 100 nm
formed in situ in the inner side of the templates. Post heat
treatment at 400°C for 4 h was employed to produce
anatase-type TiO,, which was used as a photocatalyst to
degrade methylene blue.

We have reported an inward chemical lithography route to
prepare Cu,;S; nanotube arrays22 and double-walled Cu;S,
and Cu,_,Se nanotube arrays23 based on Cu(OH), nanorod
arrays grown on copper foil. Herein, we demonstrate an
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alternative chemical way to synthesize TiO, nanotube arrays
at room-temperature using Cu(OH), nanorod arrays as the
templates. The influence of annealing temperature and time
on the crystallite size and crystallinity of the TiO, nanotube
arrays has also been investigated. Moreover, we have exam-
ined the photocatalytic activities of the obtained anatase
TiO, nanotube arrays in the degradation of RhB dye in aque-
ous solution, and compared it with that of TiO, nanotube
arrays obtained without post heating and TiO, film made
from commercial anatase TiO, powder. The kinetic model-
ing for the degradation of RhB has been developed. To
explore the potential application in wastewater treatment, the
life cycle and scale-up performance of the anatase TiO,
nanotube arrays have been investigated.

Experimental Section
Materials

All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd, China and used as-received without any
further purification. Stock solutions of sodium hydroxide (10
mol/L) and ammonia persulfate (1 mol/L) were prepared by
dissolving NaOH and (NH4),S,Og in distilled water, respec-
tively. Tetra-n-butyl titanate (Ti(OC4Ho)4) was dissolved in
ethanol as titanium source. Ammonia solution (25 wt %) and
Copper foil in high-purity (99.99%) were also used. Com-
mercial TiO, powder was used for a comparison experiment.

Synthesis of Cu(OH), nanorod array templates

The details to synthesize Cu(OH), nanorod arrays grown
on copper foil were described in our previous papers.’**
Typically, an aqueous solution was prepared in a 60-mL bot-
tle by mixing 10 mL of distilled water, 2 mL of NaOH solu-
tion (10 mol/L), 1 mL of (NH4),S,0g solution (1 mol/L),
and 1.0 mL of ammonia solution (25 wt %). A piece of cop-
per foil (10 X 10 X 0.25 mm?) which had been ultrasoni-
cally cleaned in acetone, absolute ethanol, and distilled water
in turn was immersed in as-prepared solution at room-tem-
perature. After 50 min, the copper foil covered with a blue
film was taken out, rinsed with distilled water and absolute
ethanol, and dried in air.

Synthesis of Cu(OH),/TiO; core/sheath nanorod arrays

Ti(OC4Hg),4 (1 mL) was dissolved in 5 mL of ethanol to
make a solution. Cu(OH), nanorod arrays grown on copper
foil were then immersed in the solution. After 10 min, the
sample was taken out of the solution and placed in air.

Synthesis of TiO, nanotube arrays

The sample of Cu(OH),/TiO, core/sheath nanorod arrays
was immersed in a 10 mL of ammonia aqueous solution
(12.5 wt %) for 16 h to dissolve the inner Cu(OH), cores.
Then, the sample was taken out, rinsed with distilled water
and ethanol, and dried in air. The obtained sample was
annealed in a nitrogen atmosphere.

Fabrication of commercial TiO, powder film

Commercial TiO, powder and polyvinylidene fluoride as a
binder in the weight ratio of 20:1 were mixed in a solvent of
N-methyl pyrrolidinone. The obtained homogenous slurry
was cast onto copper foil to form a film by a doctor blade
method, followed by evaporation of the solvent in a mild
heating condition. Then, the film was cut into square pieces
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with the same film area (10 X 10 mm?) as that of the TiO,
nanotube arrays.

Characterization of the samples

The samples were characterized by X-ray powder diffrac-
tion (XRD) in a Rigaku D/max-yB X-ray diffractometer with
a Cu ko radiation source (1 = 0.154178 nm) operated at 40
kV and 80 mA. The scanning time of XRD measurement for
every sample was 15 min. The step width was 0.02 degree.
The morphologies and structures of the samples were charac-
terized using field-emission scanning electron microscope
(FESEM; FEI Sirion-200), scanning electron microscope
(SEM; JSM-6490), transmission electron microscope (TEM;
Hitachi H-800), and high-resolution TEM (HRTEM; JEM-
2100F), respectively. The TEM and HRTEM measurements
were both performed at an accelerating voltage of 200 kV.
Photoluminescence (PL) spectra were recorded at room-tem-
perature on a fluorescence spectrophotometer (Hitachi F-
4500) with a Xenon lamp (150 W) as the excitation source.
Both entrance and exit slits were 5.0 nm. The scanning
speed was 1200 nm/min, and the scanning range was from
375 to 750 nm.

Adsorption-desorption isotherms of N, were obtained on a
Quantachrome NOVA 2200e surface area and pore-size ana-
lyzer at liquid nitrogen temperature. The specific surface
area of the samples was calculated by following the multi-
point Brunauer—-Emmett-Teller (BET) procedure, and aver-
age pore diameters were determined by the Barrett—Joyner—
Halenda method. Before the measurement, each sample was
degassed at 120°C for over 4 h.

Photocatalytic activity measurement

The photocatalytic activities of the samples were eval-
uated by the degradation of RhB in aqueous solution under a
UV light irradiation at a distance of 10 cm. A high-pressure
Hg lamp (predominant wavelength 4 = 365 nm, 300 W)
served as the UV light source. The photocatalytic reactions
were carried out in a quartz cuvette. TiO, nanotube arrays or
a commercial TiO, powder film were vertically immersed in
1 mL of RhB aqueous solution with an initial concentration
of 4 mg/L and faced to the light source. Before irradiation,
the system was placed in the dark for 30 min to achieve
adsorption equilibrium. Every other 30 min, the photocata-
lyst was removed from the cuvette. After a couple of shakes,
the cuvette was placed in the fluorescence spectrophotome-
ter, and residual RhB concentration was determined by
detecting its characteristic emission wavelength at 586 nm.
The excitation wavelength was 350 nm. Shortly after that,
the photocatalyst was immersed in the solution again for
further photocatalytic reaction. Every measuring process
took less than 1 min.

Results and Discussion

Composition, morphology, and structure of the TiO,
nanotube arrays

Figure 1 shows the XRD patterns of the products prepared
in the evolution process. In Figure la, a series of diffraction
peaks marked with A can be indexed to the orthorhombic
Cu(OH), (JCPDS 13-0420), except those with * which
come from the copper substrate. The XRD pattern of
Cu(OH),/TiO, core/sheath sample presented in Figure 1b is
similar to that in Figure la, and no obvious characteristic
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Figure 1. XRD patterns of the samples on a copper
substrate.

(a) Cu(OH), nanorod arrays, (b) Cu(OH),/TiO, core/
sheath nanorod arrays, (c¢) TiO, nanotube arrays
without post heating, and (d) TiO, nanotube arrays
annealed at 500°C for 4 h.

peak can be observed for TiO,, indicating a low crystallinity
of the TiO, layer obtained from the hydrolysis of
Ti(OC4Ho)4.>**> After dissolution of the Cu(OH), cores, only
reflections assigned to Cu are presented in Figure lc, further
confirming that the TiO, nanotubes without post heating were
poorly crystallized. Through post heat treatment operated in a
nitrogen atmosphere at 500°C for 4 h, the characteristic planes
of anatase TiO, phase appear in Figure 1d. All the peaks
marked with e can be indexed to anatase-type TiO, (JCPDS
21-1272). Commercial TiO, powder used in this work for a
comparison of photocatalytic activity was also characterized,
and found to be pure anatase phase. Its XRD pattern is pre-
sented in Figure S1 (see Supporting Information).

The SEM images of Cu(OH), nanorod arrays, and
Cu(OH),/TiO, core/sheath nanorod arrays are presented in
Figure 2. As observed in Figure 2a, the Cu(OH), nanorods
had diameters of 200-500 nm and lengths up to 10-15 pum.
Clearly, the templates of Cu(OH), nanorod arrays were
well-aligned. Figure 2b shows the top view of Cu(OH),/TiO,
core/sheath nanorod arrays, which presents a similar mor-
phology to the array of Cu(OH), nanorod templates.

.
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After the dissolution of Cu(OH), core, TiO, nanotube
arrays were obtained. Figure 3 shows the FESEM and the
corresponding TEM images of the samples. The top view
FESEM image of the TiO, nanotube arrays without post
heating is displayed in Figure 3a. As clearly shown, large
scale of TiO, nanotube arrays with similar morphology to
the Cu(OH), templates were prepared on copper substrate
(also shown in Supporting Information, Figure S2a). The
TiO, nanotubes were well-aligned and had close tips, which
can also be observed in Supporting Information, Figures
S2b, c¢. To examine the hollow interiors of these nanostruc-
tures, the sample was scraped slightly and some of the close
tips were cut off. One magnified TiO, nanotube with a bro-
ken tip can be clearly seen in the inset of Figure 3a and in
Supporting Information, Figure S2d, indicating that the as-
prepared TiO, nanotube arrays possessed a sheath-like nano-
structure. Figure 3b presents the light and dark contrast in
the TEM image of the TiO, nanotubes without post heating,
which further confirms the sheath-like structure of the nano-
tubes. From the FESEM and TEM results, it can be observed
that the TiO, nanotubes ranged from 200 to 500 nm in diam-
eter. The film thickness of the TiO, nanotube arrays was
about 15 pm, which can be obtained from the cross-sectional
SEM image in Supporting Information, Figure S3a.

Figure 3c manifests the TiO, nanotube arrays on copper
foil after heat treatment. It is clear to see that array of the
TiO, nanotubes after post heating was nearly vertically
aligned on the copper substrate. TiO, nanotubes were intact
without any sign of breakage. The corresponding TEM
image in Figure 3d exhibits the tubular structure of TiO,,
which is in good agreement with Figure 3b.

The FESEM image of the commercial TiO, powder is dis-
played in Figure 3e. As observed, the film was composed of
agglomerated nanoparticles with a size of about 100 nm,
which is consistent with the TEM result presented in Figure
3f. The film thickness of the commercial TiO, nanoparticles
was about 10 um, which can be obtained from the sectional
SEM image of the commercial TiO, powder film presented
in Supporting Information, Figure S3b.

Formation process of the anatase TiO, nanotube arrays

To investigate the formation process of the anatase TiO,
nanotube arrays, temporal evolution has been tracked by
TEM observation. Figure 4a shows the TEM image of the
original Cu(OH), nanorod, with a diameter of about 500 nm.

08/DECI09

' 2um
Figure 2. SEM images of (a) Cu(OH), nanorod arrays and (b) Cu(OH),/TiO, core/sheath nanorod arrays.
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Figure 3. FESEM and TEM images of the samples.

(a, b) TiO, nanotube arrays without post heating, (c, d)
TiO, nanotube arrays annealed at 500°C for 4 h, and
(e, f) commercial anatase TiO, powder film.

After the process of adsorption and hydrolysis of
Ti(OC4Ho)y, a uniform TiO, layer was formed on the surface
of the Cu(OH), nanorod. The edge contrast can be seen in
Figure 4b, which reveals the formation of Cu(OH),/TiO,
core/sheath structure. The thickness of as-formed TiO,
sheath is estimated to be about 30 nm. When the Cu(OH),/
TiO, core/sheath nanorod was immersed in a 10 mL of
ammonia aqueous solution (12.5 wt %) for about 16 h, the
Cu(OH), core was dissolved and TiO, nanotube was
obtained. As shown in Figure 4c, the sharp contrast between

the wall (dark) and the interior (pale) indicates a hollow
structure. It is evident that the tip of the nanotube was
closed. The rings presented in the selected area electron dif-
fraction (SAED) pattern of the TiO, nanotube without post
heating are not clear except the (101) plane, revealing its
low crystallinity. Figure 4d presents the TEM image of one
TiO, nanotube after post heat treatment, which shows a
well-retained tubular structure. Diffraction rings correspond-
ing to (101), (004), and (211) planes of anatase TiO, are
observed in the SAED, indicating polycrystalline structure of
the anatase TiO, nanotube.

Effect of annealing temperature on the TiO, nanotube
arrays

Figure 5a shows the XRD patterns of the TiO, nanotubes
annealed at temperatures ranging from 300 to 600°C for 4 h.
For comparison, the XRD pattern of the sample without post
heating is also presented, and there is no observable peak.
For the sample annealed at 300°C, its XRD pattern is similar
to that without post heating, which implies that TiO, was
not crystallized yet at this temperature. When the tempera-
ture increased to 400°C, a tiny diffraction peak (framed by
dash lines) emerged at 25.3°, which can be assigned to the
(101) plane of anatase TiO, (JCPDS 21-1272). This evidence
indicates that anatase phase began to form at around 400°C.
When the annealing temperature went up to 500°C, all the
peaks marked with A can be indexed to anatase phase TiO,.
Additionally, the relative intensity of the diffraction peaks
became stronger, indicating the increase of crystallinity. Fur-
ther increasing the annealing temperature to 600°C led to
appearance of rutile TiO, (JCPDS 21-1276). The sample
obtained at this temperature contained a mixing phase, but
the predominant phase was still anatase.

The results presented in Figure Sb give clear evidence that
the annealing temperature affected the photocatalytic per-
formance of the TiO, nanotube arrays. After 180 min of
irradiation, 74.1% of RhB was degraded by the TiO, nano-
tube arrays annealed at 300°C for 4 h. The degradation ratio
increased to 83.2, 87.9, and 87.3% for the samples annealed
at 400, 500, and 600°C for 4 h, respectively. It can be seen
that the photocatalytic activities of the TiO, nanotube arrays
were improved with the increase of annealing temperature
from 300 to 500°C, exhibiting a similar trend to the previous
report,26 which investigated a photoelectrocatalytic activity
of the TiO, nanotube arrays electrode annealed at various
temperatures for azo dye degradation. However, there was

Figure 4. TEM images for the evolution process of the anatase TiO, nanotube.

(a) Cu(OH), nanorod, (b) Cu(OH),/TiO, core/sheath nanorod, (¢) TiO, nanotube without post heating (inset: the corresponding
ED pattern), and (d) TiO, nanotube annealed at 500°C for 4 h (inset: the corresponding ED pattern).
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Figure 5. (a) XRD patterns of the TiO, nanotubes
without post heating and annealed at
varying temperatures for 4 h; (b) the
variation of the relative concentration of
RhB as a function of UV light irradiation time
in the presence of the TiO, nanotube arrays
as the photocatalysts which were annealed
at varying temperatures for 4 h.

(All samples for XRD tests were scraped from copper

substrates. The photocatalytic systems were placed in
the dark for 30 min beforehand.)

no further improvement in the photocatalytic activity when
the annealing temperature was changed from 500 to 600°C.
The two samples showed comparable photocatalytic activity
with each other.

It should be pointed out that the concentration of RhB
decreased before UV light irradiation because of the adsorp-
tion effect on the surface of TiO, nanotube arrays. Adsorp-
tion experiments in the dark showed that RhB concentration
leveled off after 30 min of adsorption on the TiO, nanotube
arrays. So, 30 min was chosen as the adsorption time for
reaching the equilibrium. The values of the adsorption ratio
at 30 min were 16.0, 14.5, 6.6, and 4.8%, respectively, for
the TiO, nanotube arrays annealed at the temperature vary-
ing from 300 to 600°C for 4 h. This tendency may result
from the surface area decrease of the TiO, nanotube arrays.

According to the XRD results in Figure 5a and the SAED
patterns presented in Supporting Information, Figure S4, the
crystallinity of the TiO, nanotube has been improved with
the increase of the annealing temperature from 300 to
500°C, which may contribute to the increasingly enhanced
photocatalytic activity of the TiO, nanotube arrays. When
the annealing temperature reached up to 600°C, a small
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amount of rutile phase formed due to the partial transforma-
tion from anatase to rutile. However, anatase TiO, is com-
monly considered to be much more photoactive than rutile
because of a superior capacity of uptaking 0,.77 Therefore,
partial phase transformation at a relatively high temperature
may explain why no further improvement of the photocata-
lytic performance was obtained when the annealing tempera-
ture increased from 500 to 600°C.

Compared with the sample annealed at 600°C, the TiO,
nanotube arrays annealed at 500°C had a pure anatase phase
and comparable photocatalytic performance. Moreover, they
showed better crystallinity and photocatalytic performance
than the samples annealed at 300 and 400°C. These merits
are beneficial to the subsequent screening and optimization
of the annealing parameters for TiO, nanotube arrays. There-
fore, 500°C was chosen as the annealing temperature for the
following investigation.

Effect of annealing time on the TiO, nanotube arrays

Figure 6a shows the XRD patterns of the samples
annealed at 500°C for 1-6 h. It can be seen that all indexed
peaks can be assigned to anatase TiO, (JCPDS 21-1272).
With the annealing time increasing from 1 to 4 h, the

Intensity (a.u.)

10 20 30 40 50 60 70

2Theta (degrees)
1.0 b
0.5 —a—1h
——2h
o 0.6+ —a4dh
) —76h
0.4
0.2
0.0

0 30 60 9 120 150 180 210
Time (min)

Figure 6. (@) XRD patterns of the TiO, nanotubes
annealed at 500°C for varying time; (b) the
variation of the relative concentration of
RhB as a function of UV light irradiation time
in the presence of the TiO, nanotube arrays
as the photocatalysts which were annealed
at 500°C for varying time.

(All samples for XRD tests were scraped from copper

substrates. The photocatalytic systems were placed in
the dark for 30 min beforehand).
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relative intensity of the diffraction peaks increased, indicat-
ing the improvement of the samples’ crystallinity. However,
when the annealing time was prolonged to 6 h, the intensity
of the major peaks decreased. One possible reason for this
phenomenon is that an underlying tendency for phase trans-
formation from anatase to rutile might be underway. The
influence of the annealing time on average crystallite sizes
can be deduced from the corresponding XRD patterns. Based
on the Scherrer formula, the crystallite sizes (calculated from
the peak width at half height of anatase (101) plane) of the
samples annealed at 500°C for 1-6 h are 20.5, 22.9, 27.7,
and 31.5 nm, respectively. It is clear that the crystallite size
increased with the annealing time prolonged.

Figure 6b shows the influence of the annealing time on the
photocatalytic activity of the TiO, nanotube arrays. The degra-
dation ratio of the samples annealed at 500°C for 1, 2, 4, and 6
h is 80.0, 99.3, 87.9, and 85.8%, respectively. It is evident that
the TiO, nanotube arrays annealed at 500°C for 2 h presented
a superior photocatalytic performance to other samples.

Normally, extending the annealing time favors the crystal-
lization of the TiO, nanotube arrays, which has been
confirmed by the XRD results in Figure 6a and the SAED
patterns in Supporting Information, Figure S5. The photoca-
talytic activity increase within the first 2 h probably resulted
from the increased crystallinity. However, the crystallite size
increased dramatically from 22.9 to 27.7 and 31.5 nm when
the annealing time was prolonged from 2 to 4 and 6 h,
which can also be observed from the high-magnification
TEM images of the TiO, nanotube in Supporting Informa-
tion, Figure S5. The increase of crystal sizes might result in
the decrease of their specific surface areas, which can be
reflected from the decreasing adsorption effects of the TiO,
nanotube arrays. Adsorption tests in the dark showed that
with the increase of annealing time, the equilibrium adsorp-
tion ratios for these four samples were 10.3, 7.9, 6.4, and
4.4%, respectively. As well-known, there are a lot of active
reaction sites on the surface of photocatalysts. Decreasing
specific surface area probably led to the decrease of the
number of the active sites, whose effect might far outweigh
that of the increasing crystallinity. Thus, a decreased photo-
catalytic activity was observed for the photocatalysts
annealed at 500°C for 4 and 6 h.

Based on the results presented above, the anatase TiO,
nanotube arrays obtained at 500°C for 2 h exhibited a satis-
factory photocatalytic performance. Thus, they were selected
for the further investigation.

Kinetic modeling of photocatalytic degradation

The TiO, nanotube arrays had a film thickness of about 15
pm (see Supporting Information, Figure S3a). It is necessary
to examine the mass-transfer limitations for the photocatalytic
reaction of the RhB molecules. To identify whether the reac-
tion is kinetically controlled or predominated by mass transfer,
constant stirring was introduced to reduce or even eliminate
the influence of external mass transfer of RhB from bulk solu-
tion to the surface of the film. The photocatalytic degradation
ratio of RhB in the presence of the anatase TiO, nanotube
arrays all reached up to 99% or so within 180 min with or
without constant stirring, which indicates that the reaction was
not controlled by the external mass transfer.

It is believed that internal mass-transfer resistance depends
on the nature of catalyst, film thickness, film-making tech-
nique, and preheat treatment and post heat treatment of cata-
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lyst film.?®%° In this study, the prepared TiO, nanotube array
film was very thin (about 15 pum) and composed of free-
standing TiO, nanotubes. Large interspace existed among
well-aligned nanotubes, which can also be reflected from the
extremely low catalyst loading (only 0.14 mg/cm?) for the
TiO, nanotube array film. According to Zhou et al.,*® the in-
ternal mass-transfer resistance could be neglected for a low
catalyst loading of 0.52 mg/cm”. Furthermore, the intercon-
nected top-to-bottom space among nanotubes and the nano-
tubular geometry of the photocatalyst can provide a shorter
and easier diffusion path for RhB within the nanotube array
film, compared with the convoluted porous nanoparticle film.
Thus, the internal mass-transfer resistance arising from the
diffusion through the TiO, nanotube array layer can be con-
sidered to be negligible. Because TiO, nanotubes had porous
walls with a thickness of only 30 nm or so, the internal
mass-transfer resistance from the wall diffusion is also
assumed to be negligible.

Based on what has been discussed above, it can be con-
cluded that the external and internal mass-transfer resistance
are not the predominant limitation for the photocatalytic
reaction. Kinetics should be the main restrictive factor for
the reaction. The kinetics of heterogeneous catalysis of a lig-
uid-solid system has frequently been described using Lang-
muir—Hinshelwood (L-H) model,>*>' which can be expressed
by Eq. 1

dC k.KC

dt  1+KC+K,Cq

Here, C is the concentration of the reactant, ¢ is the reac-
tion time, &, is the reaction rate constant, K is the adsorption
coefficient of the reactant, K is the adsorption coefficient of
the solvent, and C is the concentration of the solvent. When
the reactant is more strongly adsorbed than solvent, Eq. 1
can be simplified to Eq. 2

dC_ kKC
dt  1+KC

ey

r=

(@)

When the initial concentration of reactant is very low (KC
<< 1), Eq. 2 can be further simplified to Eq. 3
r=- % =k, KC = kyppC 3)
where k,p, represents the apparent reaction rate constant.
According to Eq. 3, if the photocatalytic reaction can be
described by the simplified L-H model, the reaction rate
should be proportional to the concentration of RhB. To iden-
tify whether the photodegradation of RhB can be fitted by
the L-H model or not, a set of experiments with different ini-
tial RhB concentrations have been conducted. The corre-
sponding results are presented in Figure 7. As observed in
Figure 7a, the RhB concentration decreased with the increase
of the irradiation time. After 180 min, RhB solutions with
initial concentrations varying from 2 to 8 mg/L were
degraded almost completely. The relationship between the
concentration of RhB and the irradiation time has been fitted
by an exponential function. Equations of the fitting plots and
their values of the coefficient of determination have been
listed in Supporting Information, Table S1. As clearly
shown, all values of the coefficient of determination are
close to 1, which indicates a very good fitting.
To obtain the reaction rates, the derived functions of the RhB
concentration with respect to UV light irradiation time have
been deduced. Based on the results, the relationship between the
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Figure 7. (a) The concentration of RhB as a function of
UV light irradiation time and the corresponding
fitting plots, and (b) the reaction rate of RhB as
a function of the concentration of RhB and the
corresponding fitting plots in the presence of

the anatase TiO, nanotube arrays (The
systems with different initial concentrations
were placed in the dark for 30 min beforehand).

reaction rate of RhB and its concentration has been established,
which is presented in Figure 7b. The values of the coefficient of
determination are very close to 0.999, which indicates very
good linear characteristics. On the basis of what has been dis-
cussed above, it is reasonable to consider that the photocatalytic
reaction of RhB solution in the presence of the anatase TiO,
nanotube arrays can be described by the simplified L-H model.
That is, the reaction can be ascribed to pseudo-first-order kinetic
model at these initial RhB concentrations.

According to Eq. 3, the slope of the fitting line represents
the apparent reaction rate constant k,p,. As observed from
Figure 7b, k,p, decreased with the increase of initial RhB
concentration, which 1is consistent with the previous
study.32’33 One reason for this observation is that with the
increase of initial RhB concentration, a larger percent of the
light might be adsorbed by the RhB molecules rather than
by the TiO, nanotube arrays. Another possible reason is that
the photocatalytic reaction possesses the photonic nature.
High concentration of RhB solution might saturate the TiO,
surface and reduce the photonic efficiency.

Photocatalytic activity of different TiO, samples

Figure 8 presents the photocatalytic performance of the
three different TiO, samples: anatase TiO, nanotube arrays,
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commercial anatase TiO, nanoparticle film, and TiO,
nanotube arrays without post heating. For comparison, two
blank tests (experiments of photolysis and adsorption under
dark conditions) also have been conducted. As shown in Fig-
ure 8a, the degradation ratio of RhB in the presence of the
anatase TiO, nanotube arrays, commercial anatase TiO,
nanoparticle film, and the TiO, nanotube arrays without post
heating is 99.3, 89.3, and 44.1%, respectively, whereas the
RhB degradation ratio is only 18.8% in the absence of any
photocatalyst. Curve S5 of Figure 8a shows the result of the
adsorption experiment. As shown, the relative concentration
of RhB decreased in the first 30 min, and then leveled off.
The final adsorption ratio of RhB on the TiO, nanotube
arrays was 7.9%. For TiO, nanotube arrays without post
heating and commercial anatase TiO, nanoparticle film, their
adsorption ratios were 22.7 and 7.8%, respectively.
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Figure 8. Photocatalytic degradation of RhB solution in
the presence of (s1) the anatase TiO,
nanotube arrays, (s2) commercial anatase
TiO, nanoparticle film, (s3) TiO, nanotube
arrays without post heating, and (s4) in the
absence of any photocatalyst under UV light
irradiation, and (s5) in the presence of the
anatase TiO, nanotube arrays under dark
conditions (Co and C are the concentrations
of RhB solution at timet =0and t = t.

For sl-s4, the systems were placed in the dark for 30
min beforehand). (a) The variation of the relative
concentration of RhB as a function of time and (b) the

dependences of In(C/Cy) on UV light irradiation time t
and their fitting plots.
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Flgure 9. The TEM images (a-c) and HRTEM image (d) of the anatase TiO, nanotube

As mentioned in the experimental section, before irradia-
tion, the photocatalytic system was placed in the dark for 30
min. Therefore, the adsorption effect on the photocatalytic
system can be eliminated. After removing the effect of direct
photolysis, the contribution of the anatase TiO, nanotube
arrays to the degradation ratio of RhB is 80.5%, indicating
its predominant effect for decomposition of RhB.

According to the results in Figure 8b, it is also plausible
to suggest that the reactions follow the simplified L-H
model, which can also be written as In(Co/C) = kuppt, Where
Co and C are the concentration of RhB solution at the
moment ¢t = 0 and ¢ = f, respectively. The values of the
apparent reaction rate constants for the three samples can be
obtained. However, it is unreasonable to directly compare
the values of the absolute apparent reaction rate constant
without considering the film thickness and area, and the
mass of active material. In our experiment, the film thick-
nesses of the TiO, nanotube arrays was about 15 pm, which
is bigger than that of the commercial TiO, nanoparticle film
(10 pm), and their film areas were all 1 cm?. The active ma-
terial mass of commercial TiO, nanoparticle film (1.68 mg)
was much greater than that of the TiO, nanotube arrays
(0.14 mg). Taking these factors into consideration, the values
of the apparent rate constant were 12.16, 0.45, and 1.36 h™
mg ~' ¢m™? for the anatase TiO, nanotube arrays, commer-
cial anatase TiO, nanoparticle film, and TiO, nanotube
arrays without post heating, respectively. Apparently, the an-
atase TiO, nanotube arrays had the highest rate constant,
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indicating their highest photocatalytic activity in comparison
with the other two samples.

To estimate the experimental error, the TiO, nanotube
arrays annealed at 500°C for 2 h was selected as the photo-
catalyst for photodegradation of RhB because of their high-
est efficiency. A set of parallel experiments have been done
to determine the error range. As shown in Supporting Infor-
mation, Figure S7, the concentration of RhB decreased rap-
idly with the irradiation time. After 180 min, almost all the
RhB was degraded. The experimental error is represented by
the vertical line, which is approximately 8.1% at 30 min and
decreases with the increased illumination time.

Characterization of microstructure

To understand the reasons for the enhanced photocatalytic
performance of the anatase TiO, nanotube arrays, their
microstructure was investigated by high-magnification TEM
and HRTEM measurements. Figure 9a shows a nanotubular
structure with a uniform wall thickness. Figures 9b, ¢ exhibit
higher magnification results, from which some irregular mes-
opores can be observed on the wall of the nanotube through
the contrast between brightness and darkness. The pore size
is about 10 nm. The HRTEM image of Figure 9d was
recorded by focusing on one single crystal. Two types of
lattice fringes can be clearly seen, indicating a good crystal-
linity. The lattice spacings are 0.353 and 0.192 nm, which
correspond to the (101) and (200) planes of anatase TiO,,
respectively.
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Table 1. Summary of the Specific Surface Area and Average
Pore Size of TiO, Nanotubes without Post -Heating, Anatase
TiO, Nanotubes, and Commercial Anatase TiO,

Nanoparticles.
Specific Average
Surface Pore
Sample Area (mz/g) Size (nm)
TiO, nanotubes without post heating 135.5 26.6
Anatase TiO, nanotubes 18.1 9.3
Commercial anatase TiO, naonoparticles 8.9 4.8

More detailed information on the structure of the three
photocatalysts has been investigated by the nitrogen adsorp-
tion-desorption experiments, for which the TiO, nanotube
samples were scrapped from the Cu substrates.

The N, adsorption-desorption results presented in, Sup-
porting Information, Figure S8 display a type-IV isotherm
with a hysteresis loop, indicating a mesoporous structure>*
of the TiO, nanotubes after and before post heating. Support-
ing Information, Figure S9 shows the N, absorption-desorp-
tion isothermal curves of commercial anatase TiO, nanopar-
ticles. The value of specific surface area and average pore
size of TiO, nanotubes without post heating, anatase TiO,
nanotubes, and commercial anatase TiO, nanoparticles are
listed in Table 1. As shown, their specific surface areas are
135.5, 18.1, and 8.9 mz/g, respectively.

Without post heating, the TiO, nanotube was composed of
large amounts of amorphous tiny grains, which led to a large
specific surface area. Post heating at 500°C for 2 h resulted in
the sintering of these tiny grains and turned them into larger
crystals. Correspondingly, the specific surface area of the
TiO, nanotubes had a sharp decrease. Commercial anatase
TiO, nanoparticles showed the lowest specific surface area.
Thermal treatment also led to the decrease of pore sizes of the
TiO, nanotubes. The average pore size of the anatase TiO,
nanotubes was 9.3 nm, which is consistent with the TEM ob-
servation in Figure 9b. For commercial anatase TiO, nanopar-
ticles, they showed a small average pore size of 4.8 nm.

Recombination of electron-hole pairs

For semiconductor nanomaterials, the PL spectrum reflects
the separation and recombination of photoinduced charge
carriers. The lower the PL intensity, the lower the recombi-
nation rate of photogenerated electron-hole pairs, and the
higher the photocatalytic activity of semiconductor
photocatalysts.*>

Figure 10 shows the PL spectra of the three samples (exci-
tation wavelength: 300 nm. All samples for PL experiments
had the same film area of 1 cmz), all of which present an
obvious emission at about 473 nm. It is clear that the anatase
TiO, nanotube arrays showed the lowest PL intensity,
whereas commercial anatase TiO, nanoparticle film showed
the highest one. The TiO, nanotube arrays without post heat-
ing showed slightly higher PL intensity than the anatase
TiO, nanotube arrays.

Taking the microstructure and PL properties of the sam-
ples into consideration, the possible reasons for the enhanced
photocatalytic performance of the anatase TiO, nanotube
arrays are listed as follows. First, one-dimensional TiO,
nanotubular structure could provide a transport channel for
charges along the longitudinal direction and make it possible
to shorten the diffusion path for carriers and facilitate the

2142 DOI 10.1002/aic

Published on behalf of the AIChE

charge separation.'” On the other hand, the commercial
anatase TiO, nanoparticle film was made up of randomly
packed and interconnected anatase TiO, particles, and their
disordered structure increased the opportunity for the charge
recombination. In addition, the anatase TiO, nanotubes pos-
sessed a larger BET surface area than the commercial TiO,
nanoparticles. Not only the outer surface but also the inner
surface of the TiO, nanotubes could be used due to the
mesoporous structure on the wall. These two factors might
contribute to the better photocatalytic activity of the former.
Although the TiO, nanotubes without post heating had a
much larger BET surface than the anatase TiO, nanotubes,
large amounts of structural defects on the nanotube walls
due to low crystallization led to a higher recombination rate
of electron-hole pairs. Consequently, the TiO, nanotube
arrays without post heating showed a relatively poor photo-
catalytic performance in comparison with the anatase TiO,
nanotube arrays.

Life cycle assessment of the anatase TiO, nanotube
arrays

To examine the durability of the anatase TiO, nanotube
arrays for water treatment, their life cycle assessment was
performed. The corresponding results are presented in Figure
11. All the experiments were conducted under the same con-
ditions (initial RhB concentration: 4 mg/L; UV light irradia-
tion time: 3 h). After each run, the anatase TiO, nanotube
arrays were cleaned with absolute ethanol and deionized
water, respectively, and then dried in air. As observed, the
RhB degradation ratio varied from 99.3% of the first run to
84.9% of the sixth run.

As expected, with the increased run cycles, some active
sites on the surface of the nanotubes might have been occu-
pied by the formed intermediates, which is unfavorable for
the adsorption of RhB. Therefore, RhB could not adsorb on
the surface of the nanotubes to participate in the photocata-
Iytic reaction as effectively as at the beginning. This may
explain why the degradation ratio of RhB decreased gradu-
ally with the increased run cycles. Nevertheless, the decrease
of the RhB degradation ratio over the first six runs is small,
and it can be considered that the anatase TiO, nanotube
arrays possessed a good stability as a photocatalyst.
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Figure 10. Photoluminescence spectra of the TiO,
samples (excitation wavelength: 300 nm).
(a) Anatase TiO, nanotube arrays, (b) TiO, nanotube

arrays without post heating, and (c) commercial
anatase TiO, nanoparticle film.
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Scale-up performance of the anatase TiO, nanotube
arrays

To consider the potential feasibility of the anatase TiO,
nanotube arrays for photocatalytic water treatment at large
scale, different film areas of the anatase TiO, nanotube
arrays with similar quality were successfully prepared,
including 1, 2, and 4 cm? (see Supporting Information, Fig-
ure S10). Figure 12 presents the photocatalytic performance
of the anatase TiO, nanotube arrays in various scale-up sys-
tems. When the photocatalyst film area and the volume of
the RhB solution were both scaled up eight times, the degra-
dation ratio of RhB still reached up to 92.1%.

The performance of the anatase TiO, nanotube arrays at
different scales demonstrates that the process may be oper-
ated at large scale for the potential engineering applications.
With increase of the scale, the small drop in the photocata-
Iytic efficiency might be ascribed to the more pronounced
effect of the mass transfer on the overall reaction rate. Fur-
ther study is required to understand the effect of the mass
transfer at different scales, which remains to be future work.

It should also be noted that the copper substrate used is
alkali sensitive. In practice, wastewater may have various pH
values. Therefore, it is necessary to adjust the pH value of
wastewater to neutral value before the TiO, nanotube array
film can be used.

Conclusions

TiO, nanotube arrays with lengths of ~15 pm and diame-
ters of 200-500 nm have been successfully prepared with
Cu(OH), nanorods grown on the copper substrate as sacrifi-
cial templates. This route involves outward coating of TiO,
and inward etching of Cu(OH), cores. The performance of
the anatase TiO, nanotube arrays for photocatalytic degrada-
tion of RhB in aqueous solution has been proved to be supe-
rior to that of TiO, nanotube arrays without post heating and
commercial anatase TiO, nanoparticle film. Furthermore, the
anatase TiO, nanotube arrays had a good durability and a
satisfactory photocatalytic performance in scale-up systems.
It is believed that this study has opened a new avenue to
fabricate free-standing TiO, nanotube arrays in large scale.
In comparison with commonly used powder-form photocata-
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Figure 11. Life cycle performance of the anatase TiO,
nanotube arrays in the photocatalytic

degradation of RhB solution under UV light
irradiation.
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Figure 12. Comparison of photocatalytic performance

of the anatase TiO, nanotube arrays in
various scale-up systems.

The area of the TiO, nanotube arrays and the
corresponding volume of RhB solution treated (a) 1
em?, 1 mL; (b) 2 em?, 2 mL; (c) 4 cm?, 4 mL; (d) 2 X
4 cm?, 8 mL (The systems were placed in the dark for
30 min beforehand).

lysts, the anatase TiO, nanotube arrays grown on substrates
had the advantages of easy recovery and stable structure.
They also effectively overcame the problem concerning the
decreasing active surface areas caused by immobilization of
powder-form photocatalysts. The scale-up experiments dem-
onstrated the potential engineering application of using the
anatase TiO, nanotube arrays for wastewater treatment.
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