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ABSTRACT: The role titanate particle structure plays in governing its
characteristics upon calcining and their ensuing influence on photo-
catalytic performance was investigated. Titanate nanotubes and nano-
ribbons were prepared by hydrothermal treatment of Aeroxide P25 and
then calcined at temperatures in the range 200 - 800 °C. Heat treatment
directly transformed the nanotubes to anatase while nanoribbon
transformation to anatase occurred via a TiO,(B) intermediate phase.
The nanoribbon structure also provided an increased resistance to
sintering, allowing for retention of the original {010} facet of the
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titanate nanosheets up to 800 °C. The changing material properties

with calcining were found to influence the capacity of the particles to photodegrade oxalic acid and methanol. The nanotubes
provided an optimum photoactivity following calcination at 500 °C with this point representing a transition between the relative
dominance of crystal phase and surface area on performance. The comparatively smaller initial surface area of the nanoribbons
consigned this characteristic to a secondary role in influencing photoactivity with the changes to crystal phase dominating the
continually improving performance with calcination up to 800 °C. The structural stability imparted by the nanoribbon architecture
during calcination, in particular its retention of the {010} facet at temperatures >700 °C, advanced its photocatalytic performance
compared with the nanotubes. This was especially the case for methanol photooxidation whose primary degradation mechanism
relies on hydroxyl radical attack and was facilitated by the {010} facet. The effect was not as pronounced for oxalic acid due to its
higher adsorption on TiO, and therefore greater susceptibility to oxidation by photogenerated holes. This study demonstrates that,
apart from modulating sintering effects and changes to crystal phase, the titanate nanostructure influences particle crystallography

which can be beneficial for photocatalytic performance.
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1. INTRODUCTION

With awareness of the increasing levels of pollutants in air and
water, photocatalytic oxidation of organic compounds, especially
in environmental-related applications, has been intensively
studied.'* Among the many photocatalyst candidates, titanium
dioxide (TiO,) is a common choice due not only to its photo-
catalytic attributes but also its low cost and benign nature.’ In
addition, Ti—O-based nanostructures possessing various archi-
tectures can be readily tailored and have been proposed to impart
advantageous characteristics depending on the particular mor-
phology. For example, Yu et al. observed the photocatalytic
activity of a nanofibrous TiO, structure exceeded that of Degussa
P25 for vapor phase photocatalytic oxidation of acetone in air.’
Ti—O nanostructures with a high aspect ratio may invoke a high
charge transfer rate” and decreased electron hole recombination®
compared with their bulk counterparts.

The simple preparation of titanium oxide nanotubes was first
reported by Kasuga et al. using hydrothermal synthesis by
reacting TiO, particles with concentrated NaOH followed by
acid washing.” The synthesis conditions could be adjusted to
fabricate alternate titanate structures, including nanosheets,
nanorods/nanowires and nanoribbons/nanobelts.*'®"'* On the
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basis of their high surface area, titanate nanostructures have been
proposed as good candidates for organic photomineralization."”
Nakahira et al. reported that as-prepared titanate nanotubes
showed a high photocatalytic activity for formaldehyde decom-
position in the aqueous phase.'® Moreover, titanate nanofibers
were found by Zhu et al. to be active for synthetic dye degrada-
tion under UV Iight.17 On the other hand, Yu et al. and Inagaki
et al. observed no photocatalytic activity for acetone degradation
in the gas phase over as-prepared titanate nanowires and
nanotubes.'® *° Similarly, hydrothermally synthesized titanate
was found to be inactive for amaranth dye and azo dyes.*"** The
reduced performance was attributed to titanate being an inactive
phase and possessing low crystallinity,”**" althou3gh the model
organic may have also been a contributing factor”

Calcination may be used to improve the photocatalytic
properties of a material by promoting its crystallinity, converting
it to a more active crystal phase or reducing surface defects. Calcin-
ing titanate nanostructures invariably leads to the formation of

Received:  July 1, 2011
Accepted:  September 22, 2011
Published: September 22, 2011

3988 dx.doi.org/10.1021/am2008568 |ACS Appl. Mater. Interfaces 2011, 3, 3988-3996



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

Figure 1. (a) TEM image of uncalcined nanotubes; (b—d) high-resolution TEM images of nanotubes calcined at 400, S00, 800 °C, respectively; (e)
high-resolution TEM image and corresponding fast Fourier transformation (FFT) of particle obtained from nanotubes calcined at S00 °C.

crystalline TiO, with the phase attained being governed by the
calcination temperature and potentially the original structure.
For instance, titanate nanotubes have been reported to transform
to anatase at temperatures higher than 200 °C,19%*72¢ while
calcining titanate nanowires/fibers/ribbons at 200—400 °C has
been observed to form TiO,(B) as an intermediate phase after
which conversion to anatase occurred at higher (>400 °C)
temperature.'”*” " TiO,(B) was also observed by Armstrong
et al. during calcination of their titanate nanotubes.’” Phase
transformation invoked by calcination has been shown to improve
photoactivity as detailed in a number of studies,'¥?>?%%3%3*

The crystal facets of anatase can exhibit different photocata-
lytic activities as detailed by Pan et al (2011).>* In particular the
more energetic but less prevalent {010} facet has been described
as the most photoactive of the facets ({101}, {001} and {010})
present on the surface of a generic anatase crystallite. Recently,
the dominant {010} facet in anatase nanorods was reported to
significantly enhance the photocatalytic conversion of CO, into
methane when compared to TiO, P25.%

While studies have demonstrated calcining titanate nano-
structures incites its transformation to various TiO, crystal phases
and can improve photoactivity, no direct assessment of the role
the structure plays in the phase transformation process nor the
resulting photoactivity has been attempted. Additionally, the
impact of calcination on titanate particle crystallography and its
potential relationship with photoactivity has not been considered.
This study probes the influence of nanostructure on these char-
acteristics, comparing titanate nanotube and nanoribbon phase
transformation during calcination and their subsequent photo-
degradation of two organic compounds, oxalic acid (a strongly

adsorbed organic compound) and methanol (a weakly adsorbed
organic compound).

2. EXPERIMENTAL SECTION

2.1. Reagents. Aeroxide P2S titanium dioxide (80% anatase, 20%
rutile (Sigma-Aldrich)), sodium hydroxide (Ajax Finechem), hydro-
chloric acid (32 vol%, Ajax Finechem), perchloric acid, oxalic acid and
methanol were used without further purification.

2.2. Nanotube and Nanoribbon Synthesis. Titanate nano-
structures were synthesized using a hydrothermal procedure. Initially,
0.5 g of Aeroxide P25 TiO, and 20 mL of 10 M NaOH were stirred for
1.5 h in a plastic bottle. The slurry was transferred to a Teflon-lined
autoclave, sealed and heat treated in an oven at (i) 150 °C for 72 h to
produce the nanotubes or (i) 200 °C for 24 h to produce the
nanoribbons. The resulting suspension was washed first with 0.1 M
HCl and then with water until the pH value of the wash solution reached
approximately 6. After centrifuging and drying at 80 °C for 72 h, the
products were calcined at temperatures between 200 and 800 °C. During
calcination the temperature was ramped at $ °C min~ " with the samples
held at the desired temperature for 2 h.

2.4. Characterization. Crystal and structural characteristics of the
products were investigated by powder X-ray diffraction (XRD) per-
formed on a Philips X’pert multipurpose X-ray diffraction system with
monochromatized Cuy, radiation (y = 1.5418 A). Sample morphology
was assessed by transmission electron microscopy (TEM, JEOL 1400
and Phillips CM200 including HRTEM). The surface area and pore size
distribution was determined by N, adsorption (BET method, Micro-
meritics Tristar). Optical properties of the samples were characterized
by UV—visible spectroscopy (Cary 300).
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Figure 2. (a) TEM images of uncalcined nanoribbons; (b—d) high-resolution TEM images of nanoribbons calcined at 500, 600, 800 °C, respectively;
(e) high-resolution TEM image and corresponding fast Fourier transformation (FFT) of particle obtained from nanoribbons calcined at 800 °C.

2.5. Photocatalytic Activity. Photocatalytic activity was assessed
by studying the mineralization of oxalic acid and methanol in acidified
water. The initial organic concentration was 1000 ug (as carbon) and a
0.5 g/L catalyst loading was employed. In a typical experiment, 60 mL of
the photocatalyst suspension was added to a glass spiral reactor and 1 M
perchloric acid used to adjust the pH to 3 £ 0.0S. Prior to organic
addition, the suspension was illuminated using a UV—C lamp (Ao =
254 nm) for 40 min to remove impurities from the photocatalyst surface.
The suspension was then air equilibrated for 20 min after which the
organic compound was injected and the system allowed to circulate for a
further 20 min. The lamp was turned on and photocatalytic degradation
monitored by the rate of CO, generation in the system. The relative
activity of samples calcined at different temperatures was evaluated by
comparing the half-life mineralization rate for CO, generation.

3. RESULTS AND DISCUSSION

The TEM images in Figure 1a and 2a reveal morphologies of
the titanate nanostructures hydrothermally synthesized at 150 °C
for 72 h and 200 °C for 24 h are nanotubes and nanoribbons,
respectively. The nanotubes have an outer diameter of approxi-
mately 9 nm and length in the order of micrometers while the
nanoribbons have a width of 10—100 nm and a length also in
the order of micrometers. This nanotube diameter falls in the
range described by Yu et al. (7—15 nm)"® and Qamar et al.
(6—10 nm)*' and the particles are of similar length. The
nanoribbon diameter range is broader than that reported by
Jitputti et al. (20—40 nm),*” although they synthesized their
particles at 150 °C for 72 h. The formation of nanowires by
Jitputti et al, despite using conditions expected to produce

nanotubes, may have arisen from the particular acid washing
conditions used in their work. The role of hydrothermal tem-
perature on the final particle morphology has been previously
described by Bavykin et al.** During the initial stages of the
hydrothermal process crystal titanate sheets are formed. At
milder temperatures (i.e., 150 °C), the kinetics of layer formation
of these titanate sheets are slow enough to allow for their rolling
up leading to nanotube formation. At higher temperatures,
titanate sheet growth and layering is rapid, in turn favoring
formation of ‘thicker’ structures, which then suppress the struc-
tural forces responsible for any roll-up effect. Consequently, the
flat nanoribbon structure is obtained.

The sequence of TEM images in Figure 1b—d illustrates the
influence of calcination on titanate nanotube morphology. As the
calcination temperature was increased over the range 200 to
400 °C the nanotubes became increasingly fragmented and, as
seen in Figure 1b, by 400 °C some nanotubes had collapsed to
produce nanoparticles. Calcining at 500 °C resulted in complete
structural collapse of the nanotubes with the particles becoming a
mixture of elongated and irregularly shaped morphologies.
Complete collapse of the nanotube architecture by 500 °C is
consistent with the findings of others.'®*****" Xiao et al. ob-
served structural collapse of their nanotubes at 500—600 °C;
however, they used a variation in synthesis conditions
(hydrothermal treatment at 140 °C for 12 h), which produced
H,Ti,0,.- H,O as opposed to the trititanate (H,Ti3O-) struc-
ture reported by the preceding studies.*' By 800 °C considerable
sintering and agglomeration had occurred whereby the particles
had increased in size to between 25 and 70 nm. A HRTEM image
for the particles calcined at 500 °C is provided Figure le. It depicts
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Table 1. Structural and Optical Properties of Uncalcined
and Calcined Nanotubes and Nanoribbons

calcination surface area crystalite size of band gap

structure  temperature (°C) (mz/ g) anatase” (nm) energy (eV)

nanotube uncalcined 313 3.56
200 280 8.20 3.52
300 255 9.21 3.50
400 225 9.95 3.50
500 106 13.76 348
600 52 18.93 3.48
700 23 30.78 3.30
800 S 40.73 3.30
nanoribbon uncalcined 26 3.56
200 24 3.52
300 22 3.50
400 21 3.50
500 19 11.29 3.50
600 15 20.00 3.48
700 6 47.90 3.29
800 S 47.90 3.29

“ Empty entries indicate the absence of an anatase phase.

a well-defined internal crystal lattice encompassed by a less-
defined outer layer which was similarly observed by Yu et al.'®
The interplanar spacing of the particle calcined at 500 °C,
corresponding to the (101) crystal plane of anatase, is 0.35 nm
which also agrees well with the findings by Yu et al.'® for titanate
nanotubes calcined at 500 °C. The calculated interplanar spacing
of the (002) plane is 0.48 nm as also shown in Figure le. In addition,
the particle calcined at 500 °C possessed a distinct crystal structure
pertaining to a dominant {010} exposed facet. However, a domi-
nant crystal facet could not be identified following particle trans-
formation from elongated morphologies to irregular shapes at
temperatures higher than 700 °C.

TEM images in Figure 2b—d depict the impact of calcining the
titanate nanoribbons on their morphology. Figure 2b shows the
nanoribon structure is preserved at 500 °C, although some
fragmentation had occurred. Calcination at 600 °C invoked a
distinct change in particle morphology as, although some parti-
cles retained an elongated structure, other more spherical par-
ticles were also present. Particle morphology after calcining at
800 °C was similar to that for the 600 °C temperature with a
mixture of elongated and irregularly shaped particles. Jitputti
et al. observed structural stability in their nanowires at calcination
temperatures up to and beyond 800 °C.*’

Figure 2e indicates that the dominate crystal facet for titanate
nanoribbons calcined at 800 °C is {010}, which was similar to
that observed for the nanotubes calcined at 500 °C. It is inter-
esting to note that nanoribbons can retain their facet at higher
temperature, which may be attributed to the thicker nanosheet
layers of the nanoribbon particles. That is, the greater number of
stacked nanosheets acts to stabilize the crystal structure against
rearrangement at higher calcination temperatures.

Transformation of the nanostructures with calcination tem-
perature is reflected by the change in specific surface area as
detailed in Table 1. The titanate nanotubes have an initial specific
surface area of 313 m*/g which is slightly lower than the values
reported by Yu et al."® and Qamar et al.*' (~350 mz/g). The
specific surface area decreases to 225 m”/g when the sample was

Pore volume (cm®/g)

Pore diameter (nm)

Figure 3. Pore size distribution of uncalcined nanotubes and nanotubes
calcined at 200—800 °C.

calcined at 400 °C. Calcination at 500 °C further decreases the
specific surface area (106 m?*/ g), which corresponds to the
complete collapse of the nanotube structure as was illustrated
in Figure 1. The ruinous loss of tube structure at 500 °C (and above)
is reflected by the loss of pore volume for pores below 8 nm in
diameter (Figure 3). This is again comparable with the work by
Yu et al.'® who reported a complete loss of tube pores <10 nm in
diameter following nanotube calcination at 500 °C. Increases in
calcination temperature above 500 °C promote a further de-
crease in specific surface area as particle sintering and a§glom—
eration occurs agreeing with the findings of others."®*"

The titanate nanoribbons possessed a comparatively low
initial surface area (26 m”/g) which decreased to approximately
19 and 15 mz/g for samples calcined at 500 and 600 °C,
respectively. At 700 °C and above the structure had crumbled
and the specific surface area reduced to 5 m*/g. The drop in the
specific surface area between 500 and 700 °C corresponded to
the change in particle morphology depicted in Figure 2. Jitputti
et al. reported a higher initial surface area of their titanate nano-
wires (150 m*/g), which likely arose from the slimmer structure
their particles possessed®’. They also observed a continual
decrease in surface area with increasing calcination temperature,
reaching ~13 m*/g by 800 °C.

The XRD patterns in Figure 4 demonstrate the phase trans-
formation resulting from nanotube calcination. The uncalcined
nanotube profile in Figure 4a confirms the presence of hydrogen
titanate (H,Ti3O,), with the reflection peak at 20 ~ 9°
corresponding to interlayer spacing between the titanate sheets.
Calcining at 200 °C leads to disappearance of the peak at 20 ~ 9°
due to dehydration of moisture located between titanate layers,
and the appearance of small peaks at 53°, 55° and 63° corre-
sponding to the anatase phase of TiO,. Similar findings were
reported by Vijayan et al. (2010)*' and others*"*' whereby
anatase was present in the sample by 300 °C. Increasing the
calcination temperature to 400 °C promoted the continued
formation of anatase (Figure 4b—h) as well as a minor growth
in the crystal size (Table 1). Calcining at S00 °C leads to a
comparatively larger crystal size which corresponds to the
collapse of the nanotube architecture (Figure 1). Increasing the
calcination temperature beyond 500 °C promotes further growth
in crystal size and conversion of the entire structure to anatase.
No evidence of rutile formation at calcination temperatures up to
800 °C was found, which agrees with Tsai and Teng24 for titanate
nanotubes hydrothermally treated at temperatures greater than
130 °C. However, rutile has been reported to form in nanotubes at
temperatures lower than 800 °C by other research groups.'®*'~*
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Figure 4. XRD patterns of uncalcined nanotubes and nanotubes
calcined from 200 to 800 °C. T = titanate phase; A = anatase phase.
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Figure 5. XRD of uncalcined nanoribbons and nanoribbons calcined
from 200 to 800 °C. T = titanate phase; B = TiO,(B) phase; A =
anatase phase.

XRD patterns for the uncalcined and calcined nanoribbons are
provided in Figure S. The spectra for the uncalcined nanoribbons
can be indexed to hydrogen titanate (H,Ti;O,) with the peak at
20 ~ 11° corresponding to interlayer spacing between the
titanate sheets. The shift in this peaks position, compared with
the titanate nanotubes, derives from bending of the multilayered
sheets in the nanotube configuration.** Calcining from 200 to
500 °C sees a significant loss in intensity of the 26 &~ 11° peak as
well as its broadening and shift to a higher value (26 ~ 14°). This
stems from structural dehydration of the titanate nanoribbons
and their ensuing conversion to the monoclinic TiO,(B). TiO,-
(B) formation is confirmed by the onset and gradual intensifying
of peaks at 20 & 28 and 47° as the calcination temperature is
increased. At 500 °C, the nanoribbons comprise TiO,(B) mixed

with ~24% anatase (calculated using Scherrer’s equation), with
the anatase proportion increasing to 74% by 600 °C. Bulk
conversion from TiO,(B) to anatase across this temperature
region corresponds with nanoribbon fragmentation and mor-
phology change as evident in Figure 2. At calcination tempera-
tures of 700 °C and beyond the structure is completely converted
to anatase. An analogous nanowire phase transition at the same
calcination temperatures has been described by Jitputti et al.*”
Nanoribbon conversion to anatase and its crystal growth are
quantified in Table 1.

A schematic depicting structural and phase transformations of
the titanate nanotubes and nanoribbons into anatase with
increasing calcination temperature is provided in Figure 6. On
comparison, distinct differences are evident in the event lines for
the two structures.

Transformation of the nanotube from the titanate to the
anatase phase does not occur via an intermediate phase (TiO,(B))
as is the case for the nanoribbons. Furthermore, structural collapse
occurs at a lower temperature for the nanotubes. Variations in
these transformation events originate from the different degrees
of nanosheet stacking and the ensuing structural stability a
greater number of sheets provides. The nanoribbon system
comprises multilayered titanate sheets which appear to pro-
vide a stronger “bulk” structure, enabling greater resistance to
mobility of the titania octahedra at elevated temperatures. The
titanate nanotubes, on the other hand, contain a low sheet
stacking density which reduces its opposition to sintering
during calcination. This effect manifests itself not only in the
decreased resistance of nanotubes to sintering but also in the
prolonged presence of the metastable TiO,(B) phase during
nanoribbon calcination as well as retention of the {010} crystal
facet at temperatures up to 800 °C. It is conceivable TiO,(B)
is formed during nanotube transformation from titanate to
anatase; however, its presence may be short-lived (occurr-
ing below 200 °C) because of the weaker nature of this
configuration.

Calcination was observed to influence optical properties of
both nanostructure types as depicted in Figure 7. The absorption
edge of the uncalcined nanotubes moved from ~355 nm to
~363 nm (Figure 7a) on calcining at 200 °C as a consequence of
the structural dehydration. Calcining at 300 °C invoked a red
shift in the absorption edge to ~365 nm where it resided up to a
temperature of 400 °C. A further increase in temperature to
500 °C promoted an additional red shift in the absorption edge to
367 nm which then again shifted to approximately 373 nm as the
temperature increased to 700 °C. The shifts in absorption edge
are reflected in the band gap values provided in Table 1. The
changes in band gap energy likely derive from the transforma-
tions in crystal phase and, to a lesser extent, particle morphology.
Similar shifts in band gap energy with calcination have been
reported by others."”***” The nanoribbons (Figure 7b) exhib-
ited similar absorption onsets and shifts with calcination tem-
perature to that experienced by the nanotubes with the exception
that the shift to 367 nm is observed to start at 600 °C. This delay
is anticipated to derive from the different rates of change in
crystal phase of the nanostructures as detailed earlier.

The influence of calcination temperature and change in
particle characteristics of the two nanostructures on the photo-
mineralization rates of oxalic acid and methanol are illus-
trated in Figures 8 and 9, respectively. The organics were
selected based on their extensive (oxalic acid)**~* and
limited (methanol)*>*® adsorption on TiO,, reflecting direct
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Figure 6. Schematic diagram showing phase structural transformations of nanotubes and nanoribbons with calcining up to 800 °C.
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Figure 7. UV—visible spectra of: (a) uncalcined nanotubes and nanotubes calcined at 200—800 °C; (b) uncalcined nanoribbons and nanoribbons

calcined at 200—800 °C.

hole photooxidation and indirect hydroxyl radical photoox-
idation mechanisms, respectively.

Figure 8 reveals distinct differences between the oxalic acid
photomineralization rates with calcination temperature for each
nanostructure. Photomineralization by the nanotubes is charac-
terized by a maximum rate at calcination temperatures between
400 and 500 °C, whereas the nanoribbons exhibit a continual
increase in rate over the entire calcination range. Nanotube
photoactivity is observed to increase with calcination tempera-
ture up to 400 °C, despite an approximately 30% decrease in
surface area (Table 1). The improvement can be explained by
the initial structural dehydration and consequent gradual
increase in anatase content, highlighting the dominant impact
of crystal phase over this region. The calcination zone of 400 to
500 °C represents a transition between the relative dominance
of crystal phase and surface area as, beyond 500 °C, the

photoactivity decreases irrespective of the improving anatase
crystallinity and loss of titanate component. Other studies have
reported a similar optimum photocatalytic performance of
titanate nanotubes calcined at between 400 and 500 °C for a
range of organics in both the aqueous (methyl orange,*'
amaranth®') and gas (acetone,'® propylene®’) phases. The
uncalcined titanate nanostructures exhibited photoactivity in
this instance which was similarly observed in some studies*” but
not so in others."®*" Variations in the photocatalytic perfor-
mance of the uncalcined nanotubes may derive from particle
differences but can equally originate from the choice of organic
compounds. Ryu and Choi demonstrated the different photo-
catalytic performance of a selection of commercial TiO,
samples was linked to the class of organic (e.g., carboxylic acid,
aromatic, dye) being ;hotodegraded, and is a potential explana-
tion in this instance.”®
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Figure 8. Fifty percent photocatalytic mineralization rate (Rsp) of
oxalic acid (as 1000 ug C) in the presence of 0.5 g/L uncalcined
nanotubes/nanoribbons and nanotubes/nanoribbons calcined at tem-
peratures from 200 to 800 °C.
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Figure 9. (a) Fifty percent photocatalytic mineralization rate (Rso) of
methanol (as 1000 ug C) in the presence of 0.5 g/L uncalcined
nanotubes/nanoribbons and nanotubes/nanoribbons calcined at tem-
peratures from 200 to 800 °C.

In contrast to the nanotubes, the comparatively low initial
surface area of the nanoribbons suppresses the potential for this
trait to have any influence on photoactivity. Instead, nanoribbon
photoactivity appears to be governed by the change in crystal
phase with calcination temperature, increasing in the order
H,Ti;0, < TiO,(B) < mixed TiO,(B)/anatase < anatase. A similar
relationship has been observed for phenol photodegradation®®*°
and photocatalytic hydrogen evolution using methanol.*” The
higher activity of the pure anatase phase in relation to the mixed
anatase/TiO,(B) phase however disagrees with findings by Yang
et al®>' and Zhou et al.>* who reported an improvement in
photocatalytic performance by their mixed phase systems. Yang
et al’s particles comprised a fibril TiO,(B) core surrounded by an
anatase shell while Zhou et al’s particles comprised TiO,(B)
nanobelts loaded with anatase nanoparticles. In both instances
the anatase component was loaded onto a titanate structure by
acid treatment followed by calcination to convert titanate to
TiO,(B). The photoactivity improvement invoked by these
heterostructures (which was not observed in our particles)
was ascribed to their ability to mediate photogenerated hole
migration across the phase interface into TiO,(B) and reduce
recombination. This effect may be enhanced by: (1) clarity of the
definition between phase boundaries and; (2) the size and
continuity of the anatase/TiO,(B) features in the heterostructures.

The phase mixture of the nanoribbons in this study is anticipated
to be more homogeneous than those reported above with an
initial low level of small anatase inclusions in the TiO,(B) bulk,
gradually increasing until the inverse circumstance (i.e., small
TiO,(B) inclusions in the anatase bulk) occurs. Consequently,
the potential for hole migration from anatase to TiO,(B) may be
diminished by the more homogeneous structure.

The influence of calcination temperature on methanol
(limited adsorption on TiO,) photomineralization rates by both
nanostructures was similar to that observed for oxalic acid
(extensive adsorption on TiO,). That is, a maximum photo-
mineralization rate was seen for samples heat treated at 500 °C
for the nanotubes, whereas the photomineralization rate con-
tinually increased for the nanoribbons.

However, differences between the mineralization findings
for the two organics are also apparent. First, the Rs values for
methanol oxidation are a factor of 40 (or greater) lower than
the values for oxalic acid oxidation. The consistent difference
in these values likely originates from the mechanisms dom-
inating their photodegradation, which may in turn be attrib-
uted to their degree of adsorption. Oxalic acid is extensively
adsorbed on TiO,,*® meaning its oxidation by photogenerated
holes can play a substantial role. Methanol is poorly adsorbed
on TiO,” meaning it is more reliant on oxidation by hydroxyl
radicals (generated from the oxidation of water and surface
hydroxyl groups) in solution. It is apparent from the overall
mineralization rates oxidation by hydroxyl radicals is consid-
erably more arduous than when holes also participate in the
process.

Second, both organic mineralization rates for the nanoribbons
calcined at 800 °C are greater than the corresponding nanotube
rates. The Rso values for the two nanostructures calcined at
800 °C indicate the nanoribbons are more proficient at miner-
alizing both organics (~20% for oxalic acid, ~80% for methanol)
despite the two materials exhibiting similar physical character-
istics (Table 1). In the case of methanol this is also apparent for
the structures calcined at 700 °C, even with the nanotubes having
a four times greater advantage in terms of surface area. This
peculiarity may arise from the higher prevalence of the {010}
facet on the nanoribbons calcined at 700 °C and above
(Figure 2e) compared with the nanotubes when calcined at the
same temperatures (Figure 1d). The {010} facet has been
reported by Pan et al.*® to be more photoactive than the {101}
and {001} facet of TiO,, particularly for hydroxyl radical gen-
eration, supporting the findings of this work. They attributed the
higher photoactivity of the {010} facet to a combination of its
more favorable surface atomic and surface electronic structures,
which promote the efficient photoreduction reactions and
photooxidation reactions, simultaneously. The impact of the
{010} facet is particularly noticeable for methanol given its
photooxidation mechanism is primarily mediated by hydroxyl
radical attack.

4. CONCLUSIONS

Titanate nanostructure morphology was found to influence
structural stability and particle characteristics when subject to
calcination. The multiple stacked titanate sheets of the nanorib-
bons provided greater resistance to change with increasing
calcination temperature compared to the rolled titanate sheets
of the nanotubes. For the nanoribbons, this manifested itself
as the formation of an intermediate TiO,(B) phase during

3994 dx.doi.org/10.1021/am2008568 |ACS Appl. Mater. Interfaces 2011, 3, 3988-3996



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

conversion to anatase and greater retention of the original {010}
facet of the titanate nanosheets. The nanotubes on the other
hand were directly converted to anatase with no observed
prevalence for the {010} facet, particularly at elevated tempera-
tures, and were subject to a considerable loss in surface area.

The extent to which these changes influenced the materials
photocatalytic performance was governed by both the particle
characteristics and the targeted organic or, more critically, its
preferred photodegradation mechanism. In the case of the
nanotubes, the optimum photoactivity occurred for samples
calcined at ~500 °C with this temperature reflecting the transi-
tion in dominance between crystal phase and surface area.
Photoactivity of the nanoribbons continually increased with
increasing calcination temperature, due primarily to the change
in crystal phase from titanate to TiO,(B) to anatase. However,
the structural stability invoked by the nanoribbons and the
consequent retention of the {010} facet at elevated calcination
temperatures (>700 °C) proved beneficial for its photoactivity.
This was especially the case for methanol photodegradation due
to its reliance on hydroxyl radical attack for its oxidation.

This study ascertained that titanate particle architecture can
have a significant impact on its characteristics when subject to
calcination. This can be in the form of, for instance, resistance to
sintering, phase transformation, and as demonstrated here,
crystallographic retention. The extent to which these character-
istics are either altered or retained then influences photocatalytic
performance.
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