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ABSTRACT: Owing to unique features, hierarchical nano-
structure of TiO, has superior photocatalytic activity. In this
work a facile hydrothermal route has been explored to prepare
3D hierarchical TiO, (3D-HTiO,), 1D/3D hybrid hierarchical
TiO, composite (HHC), and 3D hierarchical protonated
titanate microspheres H,Ti,OsH,0 (3DHPTMS) at the
expense of free-standing titania nanotube membrane (TiO,-
Memb). It proceeded through the formation of peroxotitanium
complex, a water-soluble Ti complex as an intermediate.
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Mechanism of formation, role of membrane crystallinity, and reaction parameters giving fine control on tuning morphology and
crystal structure have been investigated systematically. Photocatalytic activities were determined by measuring the amount
hydrogen generated from water splitting under UV irradiation in the presence of methanol as a sacrificial reagent. Self-assembled
hierarchical titania nanostructures exhibited much superior photocatalytic activity compared to that of starting material, i.e., TiO,-
Memb. Enhanced photocatalytic activity is due to characteristic morphology, increased surface area, and enhanced production of

photogenerated charge carriers.

KEYWORDS: 1D/3D hybrid hierarchical TiO, composite, 3D hierarchical TiO,, titania nanotubes membrane,
photocatalytic water splitting, H, generation, peroxotitanium complex

Bl INTRODUCTION

Titanium dioxide (TiO,) with wide band gap (3.2 eV) has been
extensively studied for energy applications such as solar cell,'
batteries,” photocatalysis,” CO, photoreduction* and water
splitting.” Numerious critical factors such as extended light
absorption, separation of electron and hole pairs, crystalline
phase, surface area, particle size, and morphology govern the
overall efliciency of these devices. Among the eight polymorph
phases of TiO,° the anatase phase has the highest surface
photoactivity,” the rutile phase is the most stable thermody-
namic form,® and brookite is the least studied polymorph
because it is difficult to prepare with phase purity.”

Artificial photosynthesis as emerging technology has been
intensively studied for the next generation solar fuel
production'®™"? Since the discovery of photocatalytic property
of TiO, by Fujishima and Honda,"® many studies have been
devoted for photochemical as well as photoelectrochemical
(PEC) water splitting for solar hydrogen production.'* Various
methodologies such as plasmonic coupling," hetrostructur-
ing,16 band gap engineering by N and C doping,®® formation of
black and red TiO,,'”~*° and crystal facet engineering”' ~>* are
developed to improve photocatalytic performance. Our
research group has also contributed toward improved PEC
performance via fabricating facet oriented photocatalytic films
on conducting substrate with selective exposure of highly
reactive crystal facets.”*”>® However, the water splitting
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efficiencies achieved so far are much less compared to
theoretically predicted values because of several limiting factors
such as low absorption of solar radiation and high rate of
electron/hole pair recombination due to the defects and low
diffusion coefficient of electron/hole in the crystals.”” Existence
of grain boundaries in particulate titania acts as carrier trapping
sites.”® One dimensional (1D) TiO, nanostructures such as
nanotubes arrays,” nanorods,® and nanowires®" provides
direct pathway for electron transfer due to extended diffusion
length.>* One dimensional TiO, nanostructures can minimize
the grain boundaries for the electron/hole diffusion. However,
they suffer the drawback of lower surface area.*® Hierarchically
assembled one-dimensional TiO, structures exhibit multiple
advantages such as high degree of roughness and increased
surface area. These factors favor extended separation and
transfer of electronic charge carriers.*® It has been reported that
branched nanorods,®® hierarchical nanowires,>® and nano-
tubes®” of titania have shown significant improvement in
photocatalytic performance. Moreover, the improvement in
energy conversion efficiency by a three-dimensional urchin-like
structure of TiO, is attributed to the high surface area and
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entrapment of incident radiation due to the light scattering
effect.’®

Hence, it was highly desirable to combine the advantages of
both high surface area of three-dimensional (3D) TiO, and
better electron transport properties of 1D TiO, due to the
minimized grain boundaries to improve light harvesting and
electron/hole diffusion capabilities.”” This work is focused on
the preparation of 3D hierarchical TiO, nanostructure (3D-
HTiO,) and 1D/3D hybrid composite (HHC) by hydro-
thermal transformation of anodized TiO, nanotubes membrane
(TiO,-Memb). Fabrication process was composed of two steps,
ambient temperature etching of TiO,-Memb in H,0, solution
followed by hydrothermal reaction in NaOH solution. It was
accompanied by intermediate formation of protonated titanates
which were transformed into TiO, by thermal annealing. It was
found that annealing temperature of TiO,-Memb had played an
important role in controlling desirable morphology of
hierarchical TiO, nanostructures. The TiO,-Memb without
annealing as well as with moderate annealing (below 300 °C)
resulted in the complete transformation into 3D-HTiO,. As
annealing temperature of membrane was higher than or equal
to 300 °C, composite structure (HHC) having both 1D and 3D
TiO, was produced. Moreover, when the concentrations of
H,0, and NaOH were changed, TiO, nanostructures with
various morphologies (nanoparticles, nanospindle and nano-
plates) with the desired crystalline phase (anatase or brookite)
were obtained. Photocatalytic activities of TiO,-Memb and
hierarchical TiO, nanostructures were studied comparatively by
measuring the amount of hydrogen gas generated from water
splitting. This study provides a versatile route to fabricate the
hierarchical TiO, nanostructures with tunable morphology and
crystal structure. Considering practical application of TiO, as
photocatalyst, a significant improvement in photocatalytic water
splitting efficiency has been achieved.

B EXPERIMENTAL SECTION

Materials and Chemicals. Titanium foil (0.25 mm thick, 99.7%
purity), ammonium fluoride (NH,F, 98.0%), ethylene glycol (C,H;O,,
99.8%), and hexachloroplatinic acid hexahydrate (H,PtCls-6H,0, 8 wt
%) were purchased from Sigma-Aldrich. Hydrogen peroxide (H,O,,
35%) was obtained from Jin Chemicals. Sodium hydroxide (NaOH,
97.0%) and hydrochloric acid (HCl, 35—37%) were obtained from
Daejung Chemicals. All reagents were used without any further
purification. Aqueous solutions were prepared using doubly distilled
water (DDW) obtained from Millipore.

Preparation of TiO,-Memb. TiO,-Memb was prepared by
electrochemical anodization of Ti foil.*® Briefly Ti foil (2 cm X 3
cm) was washed by ultrasonication in acetone, ethanol, and DDW.
Anodization was performed in ethylene glycol having 0.3 wt %
ammonium fluoride and 2 vol % DDW at 60 V for 10 h using Pt foil as
counter electrode. Undesired debris from the top of anodized TiO,
nanotube arrays was removed by ultrasonication in water and ethanol.
TiO,-Memb was separated from Ti foil using methanol wetting.*'

Preparation of Hierarchical TiO, Nanostructures. TiO,-Memb
(0.02 g) was aged in 2 mL of 35% H,O, solution until complete
etching of the entire membrane was obtained. The clear yellow
solution obtained was transferred into a 30 mL Teflon-lined autoclave.
A 10 mL of 0.5 M NaOH solution was added. After room temperature
stirring for 30 min, autoclave was heated in electric oven at 180 °C for
12 h. White precipitates were collected by centrifuge and washed
several times with DDW. Acid washing was performed by aging the
above precipitates in 0.1 M HCl solution (10 mL) for 4 h. It produced
3DHPTMS, which were thermally annealed in air at 450 °C (for 2 h)
to produce 3D-HTiO,. The Cryt-TiO,-Memb (annealed at 500 °C for
S h) was partially etched upon aging in H,O, solution. Under the
identical hydrothermal conditions it produced HHC. In a similar way

it was washed with dilute HCI solution and air annealing was
performed at 500 °C for S h.

Preparation of TiO, Nanocrystals with Tunable Morphology
and Crystalline Phase. TiO,-Memb was completely etched in
reduced amount of 35% H,0, (0.2 mL). NaOH solution (10 mL) of
variable concentration such as 0.01, 0.05, and 0.1 M was introduced in
it, and hydrothermal reaction was carried out 180 °C for 12 h. White
precipitates were recovered by centrifuge and washed several times
with only DDW.

Materials Characterization. The morphologies were observed
using scanning electron microscope (SEM-JSM 7600F operated at 20
keV) and transmission electron microscope (TEM-JEM 211F
operated at 20 keV). Elemental composition was determined by
energy-dispersive X-ray spectroscopy (EDAX) attached to SEM. XRD
measurement was performed using Rigaku miniFlex-II desktop
diffractometer Cu Ka radiation (4 = 0.154 056 A) with 20 range of
7°—60°. BET surface area and pore volume distribution were analyzed
by measuring nitrogen adsorption—desorption isotherm (Autosorb-1
Quantachrome Instruments). Samples were vacuum degassed at 250
°C before measurement. Thermogravimetric analysis (TGA) was
carried out using TGA thermal analyzer Scinco STAN-650 at a heating
rate of 5 °C/min from room temperature to 500 °C in Ar flow.
Diffused reflectance spectra were measured using a UV—visible—NIR
spectrophotometer (Carry 5000). XPS survey and high resolution
spectra were measured using an X-ray photoelectron spectropho-
tometer (Sigma Probe).

Photocatalytic Activity Measurement: Photocatalytic H,
Evolution. Photocatalytic H, evolution was observed in the water/
methanol mixture (v/v, 9/1), where methanol acted as a sacrificial
reagent to capture photogenerated holes during photolysis. A 40 mg of
photocatalyst was dispersed in mixture of water and methanol with
total volume of 40 mL (catalyst to solvent ratio of 1 g/L).
Photocatalytic experiment was performed in the in-house-developed
cylindrical quartz photoreactor (volume capacity of 100 mL),
surrounded by steel covering and fitted with quartz window for
irradiation and septum to withdraw gas sample. H, evolution was
performed with in situ photodeposition of 1% Pt by adding 10 L of 8
wt % H,PtCl, solution under continuous stirring in a top irradiation
mode using 300 W Xe lamp (Max-302, Asahi Spectra, Japan) as light
source set 20 cm away from the top of the reactor. The focused UV
intensity measured at top of reactor using UV radiometer YK-34UV
(Lutron Electronics, Taiwan) was observed as 1.8 mW/cm? Before
irradiation the whole system was deaerated by purging with Ar gas (1
h) at a flow rate of 70 sccm controlled by mass flow controller unit
(MFC). During water splitting reaction by UV irradiation, a 500 uL
gas sample was withdrawn intermittently from the headspace of
reactor using gastight syringe (SGE, Analytical Science, Australia) and
injected manually into a gas chromatograph (GC-78790A, Aligent
Technologies) equipped with thermal conductivity detector (TCD),
which was operated using Ar as carrier gas. Retention time observed
for H, gas was 2.325 min. The concentration of H, was calculated
from pre-established calibration curve obtained from H, gas of known
concentrations. The amount of H, gas was calculated using ideal gas
law PV = RT.

B RESULTS AND DISCUSSION

Morphology and Crystal Structure of 3DHPTMS. TiO,-
Memb was obtained by anodization of Ti foil by applying an
external electric field followed by separating it from Ti foil.
SEM image of top view (Figure 1a) indicates the uniform pore
distribution with an average diameter of 90 nm. The length of
the membrane was around 110 um (Figure 1b). The TiO,
nanotubes surface was very smooth (Figure 1c). The optical
image (Figure 1d) indicates perfect delamination of TiO,-
Memb from Ti substrate. The delamination mechanism has
been reported elsewhere.**”* XRD pattern given in the
Supporting Information indicated that as formed TiO,-Memb
was amorphous in nature without appearance of any character-
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Figure 1. SEM images: top view (a), cross section (b), magnified cross
view (c), and optical image (d) of TiO,-Memb.

istic diffraction peak. Air annealing (500 °C for S h) produces
well crystalline anatase phase of TiO, membrane (Cryst-TiO,-
Memb) as shown in Figure S1. Physicochemical properties of
amorphous titania are entirely different from those of the
crystallized form.

It is obvious that amorphous TiO,-Memb (Figure S2a)
before annealing with inferior chemical resistance is prone to be
readily dissolved in H,0, solution for a short period of time
and it produced a clear yellow solution (Figure S2b). However,
Cryst-TiO,-Memb (Figure S2c) was partially etched in H,0,
solution and most part of it was settled down (Figure S2d).
Appearance of yellow color is due to the formation of water-
soluble peroxotitanium solution. It has been reported in
literature that peroxotitanium solution can have different colors
ranging from orange to pale yellow.

It is related to existence of different forms of the
peroxotitanium complex such as cationic [Ti(O,)(OH);]%
uncharged [Ti(O,)(OH);], or anionic [Ti(O,)(OH);]”
depending upon solution pH.**** The pH of TiO,-Memb
etched solution was measured as 1.04, which indicates the
formation of neutral form of peroxotitanium complex. In
general, titanium chloride (TiCl,) is most commonly used for
making peroxotitanium solution. However, chlorides can
adversely affect electrical characteristics.*> Peroxotitanium
solution derived from TiO,-Memb does not involve chlorides.
Ti-complex solution was completely transformed into uni-
formly dispersed 3D hierarchical spheres. SEM image (Figure
2a) of hydrothermal reaction product indicated the formation
of 3D urchin-like morphology. Absence of any trace impurity of
TiO,-Memb ensured the complete transformation. TEM
analysis (Figure 2b,c) indicates that the hierarchical spheres
with diameter around 900 nm are constructed by self-assembly
of large number of two-dimensional nanoplates as building
block material. The width of 2D nanoplates was around 5 nm
(Figure 2d). The Ti complex so formed does not hold enough
stability. During hydrothermal treatment it decomposed and
reacted with alkaline species present in the reaction medium.

XRD pattern (Figure S3b) confirmed the formation of
sodium titanate microspheres (3D-NaTMS). Washing with
dilute HCI solution resulted in the formation of 3DHPTMS,
which was confirmed by XRD pattern (Figure 3c). The
appearance of diffraction peaks at 26 values of 9.7°, 24.6°, 39°,
and 48.4° were indexed to the lattice planes (200), (110),

Figure 2. SEM image (a), TEM images (b, c), and HRTEM image (d)
of 3DHPTMS obtained from 0.5 M NaOH and 2 mL of H,O, using
TiO,-Memb (without preannealing).
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Figure 3. XRD patterns of reference H,Ti,O5-H,0, JCPDS no. 47-
0124 (a), reference peaks of anatase TiO, JCPDS no. 21-1272 (b),
3DHPTMS (c), 3D-HTiO, (d), and HHC (e).

(501), and (020) of the orthorhombic phase of H,Ti,O¢H,O
(JCPDS no. 47-0124).*° The interlayer spacing (0.71 A)
measured by HRTEM (Figure 2d) also confirmed the
formation of hydrogen titanate. A shift in the peak position
of (200) and (310) planes (Figure S3) is due to the difference
in the ionic radius between Na' and H" intercalated in the
interlayer spacing of lepidocrocite titantes.*’ Complete
replacement of Na® with H* was ensured from energy
dispersive X-ray (EDAX) spectrum given in the Figure S4.
Effect of Concentration (H,0, and NaOH) on
Morphology of 3DHPTMS. Concentration of hydrogen
peroxide and NaOH can be varied to control the size and
morphology of 3DHPTMS as summarized in Figure 4. To
evaluate individual role of hydrogen peroxide and NaOH, the
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Figure 4. SEM images of 3DHPTMS using 2 mL of H,0, with varied
concentrations of NaOH of 0.1 M (a), 0.3 M (b), 1.0 M (c) and at 0.5
M NaOH with varied amounts of H,0, solution of 1 mL (d), 3 mL
(e), and S mL (f).

concentration of one reactant was increased gradually while
keeping the other constant. When the NaOH concentration
was increased, a gradual increase in diameter of 3DHPTMS was
observed. A 0.1 M NaOH solution gave hierarchical spheres
with an average diameter of 480 nm, whereas the increase of
NaOH concentration to 0.3 and 1.0 M produced hierarchical
spheres with an average diameter of 796 and 1296 nm,
respectively. In addition to the size variation, packing density of
hierarchical spheres was also influenced by alkali concentration.
A lower concentration produced self-assembled hierarchical
spheres in loosely packed form, while an increase in alkali
concentration produced densely packed spheres having urchin-
like morphology with the existence of many side branches
(Figure 4a—c).

It appears that size and morphology of 3DHPTMS are
critically dependent on concentration of NaOH as well as
H,O,. Sutradhar et al. has reported an inverse relationship
between NH,OH concentration and corresponding size of
TiO, spheres.*® However, this study reveals that size of
3DHPTMS was increased with increasing NaOH concen-
tration. Such phenomenon is based on pH dependent variation
in growth kinetics of hierarchical spheres. Peroxotitanium
complex is reported to have high stability under acidic
conditions.** Extended stability means unfavorable conditions
for release of titanium from stable complex. However, as
solution pH is increased, peroxotitanium complex undergoes
deprotonation and its stability is reduced.** At higher pH value
titanium is likely to be released more easily from the complex
and sodium titanate nuclei will grow more rapidly. It is due to
direct influence of NaOH concentration on growth kinetics of
sodium titanate that 1.0 M NaOH produced hierarchical
spheres of much bigger in size compared to that of 0.1M.
Similar trials were conducted to vary the amount of H,O, at

fixed concentration of NaOH (0.5 M). In contrast to the effect
of alkali concentration on the size of hierarchical TiO, spheres,
increasing the amount of H,0, solution behaved strikingly in
the opposite way. As in Figure (4d—f) the increasing amount of
H,0, solution resulted in the decreased size of hierarchical
spheres. H,0, as a stabilizing agent can control the hydrolysis
rate of peroxotitanium solution. Excess of H,O, can suppress
the growth rate of hierarchical spheres. Hence, a decrease in the
size of hierarchical spheres was observed with higher
concentration of H,0,. However, morphology of hierarchical
spheres was quite close to each other and variation in the size
was also less pronounced compared to variable concentration of
NaOH solution.

Formation Mechanism of 3DHPTMS. At room temper-
ature, TiO,-Memb etching in H,0, medium accompanied by
formation of water-soluble peroxotitanium complex [Ti(O,)-
(OH),] is indicated in eq 1. Being unstable, the so formed Ti-
complex can be easily hydrolyzed into titanic acid (eq 2).
However, such an undesirable reaction can be prevented by the
use of excess of H,0, as indicated by eq 3.* During
hydrothermal reaction in the presence of NaOH solution the
complex of [Ti(0,)(OH);] was thermally decomposed to
produce sodium titanate as shown by eq 4. A large number of
nuclei assemble together to produce sodium titanate nano-
crystals and result in a spherical shape to favor surface energy
minimization.*” Acid washing resulted in the replacement of
Na" by H' through simple ion exchange process, and
3DHPTMS was produced (eq 5).*

Ti*" + H,0, + 3H,0 — [Ti(0,)(OH),] + SH* (1)

1 _
[Ti(0,)(OH);] + H,0 — Ti(OH), + EOZ + OH

()

Ti(OH), + H,0, — [Ti(0,)(0OH),] + H,0" (3)
4[Ti(0,)(OH),] + 4NaOH

— 2Na,Ti,0,-H,0 + 6H,0 + 30, (4)

Na,Ti,0,-H,0 + 2HCI — H,Ti,05-H,0 + NaCl (5)
H,Ti,0,-H,0 — 2TiO, + 2H,0 (6)

Formation of 3D-HTiO,. Thermal annealing in air (450 °C
for 2 h) transformed 3DHPTMS into 3D-HTiO,.** XRD
pattern (Figure 3d) confirmed the appearance of anatase phase
of TiO,.

SEM and TEM images (Figure Sa,b) indicate the formation
of spherical nanocrystals with retention of hierarchical
morphology. Electron diffraction pattern (Figure Sc) shows
that 3D-HTiO, were well crystallized. During annealing, phase

1 Lm
—

Figure 5. SEM image (a), TEM image (b), and electron diffraction
pattern (c) of 3D-HTiO, obtained from 0.5 M NaOH and 2 mL of
H,0,.
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transition is related to dehydration of 3DHPTMS as
represented by eq 6.*° It was monitored by thermogravimetric
analysis (Figure 6). As the weight loss of 13.12% was observed
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Figure 6. TGA data of as-prepared 3DHPTMS during heating in Ar
flow.

up to 500 °C, such loss is due to the removal of physically
adsorbed water as well as dehydration of protonated titanates.*’
Effect of concentration on size variation of 3D-HTiO, is
summarized in Supporting Information Figure SS.

N, Adsorption/Desorption Isotherms and BET Surface
Area Measurement. Mesoporous nature of 3DHPTMS and
3D-HTiO, was analyzed by nitrogen adsorption/desorption
isotherm curves shown in Figure 7. The specific surface area
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Figure 7. N, adsorption/desorption isotherms of TiO,-Memb,
3DHPTMS, 3D-HTiO,, HHC and corresponding pore size
distribution profiles (given in inset).

was measured by Brunauer—Emmet—Teller (BET) method,
while pore size distribution was determined from pore volume
distribution curves (given in the inset of Figure 7) by applying
Barrett—Joyener—Halenda (BJH) method.

The calculated specific surface area and total pore volume of
3DHPTMS were observed as 303.6 m* ¢! and 0.70 cm® g™/,
respectively. However, its transformation into 3D-HTiO, by air
annealing was accompanied by decrease in the surface area and
total pore volume up to 97.7 m* g' and 020 cm’® g7/,
respectively. The observed surface area and total pore volume
of 3D-HTiO, are still higher compared to those of Cryst-TiO,-
Memb as 41.6 m*> ¢! and 0.22 cm® g™". Such an increase in the

specific surface area as well as mesoporous nature of
hierarchical titania is highly desirable to achieve significant
improvement in photocatalytic performance.

Formation of HHC. Cryst-TiO,-Memb was partially etched
in H,0, solution even after several hours of aging. Limited
dissolution of Cryst-TiO,-Memb in H,O, solution is quite
obvious because of increase in chemical resistance owing to
higher crystallinity. Hydrothermal treatment and postannealing
transformed Cryst-TiO,-Memb into HHC. The HHC was
composed of both 3D-hierachical spheres as well as 1D-
hierarchical TiO, nanostructures. A small fraction of Cryst-
TiO,-Memb etched in H,0, solution produced 3D-hierachical
spheres, whereas the major fraction of Cryst-TiO,-Memb being
undissolved in H,0, solution was transformed into 1D-
hierarchical TiO, nanostructures. From the SEM (Figure 1c)
and TEM images (Figure 8b,c) it is apparent that sidewalls of

J00%im 4 Shm
"‘ — B

Figure 8. SEM and TEM image of TiO,-Memb (a, b), TEM images of
Cryst-TiO,-Memb (c), and TEM image (d, e) and HRTEM image (f)
of HHC, obtained from 0.5 M NaOH and 2 mL of H,O, using Cryst-
TiO,-Memb (preannealing at 500 °C, S h).

TiO,-Memb were smooth in appearance. Hydrothermal
transformation produced HHC. Coexistence of 3D-hierachical
spheres and 1D-hierarchical TiO, nanostructures is evident
from Figure 8a,d,e. XRD pattern (Figure 3e) confirmed the
formation of single crystalline anatase phase of TiO,. Very
interestingly during hydrothermal formation of HHC the
smooth walls of TiO,-Memb were homogeneously transformed
into 1D-hierarchical TiO,.

A large number of crystallites (diameter of ~S0 nm)
appeared to be attached on the side walls. The electron
diffraction pattern (inset of Figure 8e) and HRTEM image
(Figure 8f) indicated their crystal structure as anatase phase of
TiO,. The HHC has a high surface roughness. It was
responsible for the increase in the specific surface area. The
surface area of HHC was observed as 60.21 m* g™', which is
much higher compared to those of TiO,-Memb as 41.6 m* g™
Such fabrication of large surface area morphology can enhance
the surface adsorption of reactants during photocatalytic
reactions. Very recently Ye et al. has fabricated 1D hierarchical
TiO, photoanode. They demonstrated significant improvement
in PCE efficiency of DSSC.>" However, this work is focused on
transformation of TiO,-Memb into 3D hierarchical and 1D/3D
hybrid hierarchical composite of TiO, under controlled
experimental conditions as well as exploring their application
to photocatalytic hydrogen production via water splitting
reaction in the presence of methanol as a sacrificial reagent.

dx.doi.org/10.1021/am501796m | ACS Appl. Mater. Interfaces 2014, 6, 10342—10352
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Effect of Membrane Preannealing Temperature on
the Formation of HHC. TiO,-Memb was air annealed at
different temperatures before hydrothermal reaction to figure
out the possible influence of preannealing temperature on the
formation of HHC. The product obtained from TiO,-Memb
annealed at 200 °C was quite similar to that obtained from
amorphous membrane in terms of complete transformation
into 3DHPTMS during hydrothermal reaction (Figure 9a).

Figure 9. SEM image of hydrothermal products obtained from Cryst-
TiO,-Memb preannealed at 200 °C, S h (a) and at 300 °C, S h (b),
with 0.5 M NaOH and 2 mL of H,O,.

However, as the preannealing temperature was raised to 300
°C, it produced composite structure having both 3D-
hierarchical spheres and 1D-hierachcial TiO, nanostructure
(Figure 9(b)).

It is noteworthy that earlier reports in literature have
exploited the difference in crystallinity between the closed
bottoms and side walls of TiO,-Memb for selective opening of
bottoms to get through hole free-standing TiO,-Memb.*
However, to the best of our knowledge, the fabrication of
hierarchical composite by controlling crystallinity of TiO,-
Memb has not been realized, as highlighted in this work. The
procedure mentioned in this work is not simply an alternative
route to make peroxotitanium solution. Rather it describes
crystallinity controlled partial or complete etching of TiO,-
Memb. This can be helpful for fabricating titania based
composites as well as nanoscale heterostructures for desirable
applications. Ultimate objective of this work is significant
enhancement in the photoactivity of TiO,-Memb as expected
because of increased surface area and formation of hierarchical
TiO, nanostructures.

Fluorine and Carbon Doping. Fluorine and carbon
elements can possibly be incorporated to TiO,-Memb by
anodization in fluorinated organic electrolyte.*>>* Presence of
carbon on the surface of TiO, can enhance photoreactivity,”*
whereas fluorine is reported to have suppressive role.>’
Elemental composition was determined by XPS analysis.
Survey spectra of TiO,-Memb (Figure S6a) indicated the
appearance of sharp peaks at 37.5, 62.5, 284.5, 459, 530, 564,
685, and 975 eV which represent the binding energies of Ti 3p,
Ti 3s, C 1s, Ti 2p, O 1s, Ti 2s, F 1s, and OKLL respectively.“’57
Figure S6b shows the Ti 2p spectrum. The two peaks at 464.5
and 458.7 eV were assigned to Ti 2p;, and Ti 2p;,
respectively.”> Four peaks were observed for O 1s spectra
(Figure S6¢) at positions of 533.5, 532.4, 531.3, and 530.1 eV,
which correspond to the binding energies of water molecules,
chemically adsorbed oxygen, hydroxyl group, and Ti—O bonds,
respectively.*® Figure S6d shows the C Is spectrum. Three
characteristic peaks of C1S at 284.5, 285.9, and 288.5 eV were
observed. The peak at 284.5 eV is assigned to carbon present in
all XPS measurements. The peak at 285.9 eV was assigned to
T—C—O bonds. It indicates the presence of interstitial carbon

in TiO,, whereas the peak at 288.5 eV was due to surface
adsorbed oxidized carbon C=0." F 1s spectra (Figure S6(e))
indicated a sharp peak at 684.4 eV. This reflected physically
adsorbed F atoms on the surface of TiO,.>> Figure 10a shows
the peak intensities of F 1s of different samples.

Fls (a) 484.4 ¢V—— TiO,-Memeb C1s (b) 2863 ¢V
——Cryst-Ti0,-Menib Ti0, Memb

—— Cryst-TiO,-Memb

——3DHPTMS

——3D-HTIO,

——HHC

=—3DHPTMS
=—3D-HTiO,

= HHC

Intensity (a.u.)
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Binding Energy (V) Binding Energy (V)

Figure 10. F 1s spectra (a) and C 1s (b) of TiO,-Memb, 3DHPTMs,
and hierarchical TiO, nanostructures.

It appeared that F as dopant was present in TiO,-Memb.
However, the intensity of F 1s was decreased significantly by
annealing.> Similar reduction of peak intensity was observed
for 3DHPTMS and hierarchical TiO, nanostructures due to
possible elimination of F during hydrothermal processing. In
contrast to F, the C was detected in all samples (Figure 10b). A
slight shift in binding energy of C 1s was observed for
3DHPTMS compared to that of various structures of TiO,.

Optical Absorption Characteristics. Figure S7 shows
UV—visible diffused reflectance spectra of TiO,-Memb, Cryst-
TiO,-Memb, 3DHPTMS, and hierarchical TiO, nanostruc-
tures. Extending absorption observed in the range of
approximately 400—450 was attributed to carbon doping as
observed from the XPS analysis (Figures S6d and 10b). Band
gap (Eg) was determined from Tauc plot given in Supporting
Information (Figure S8). E, values of TiO,-Memb, Cryst-TiO,-
Memb, 3DHPTMS, 3D-HTiO,, and HHC were observed as
3.05, 3.1, 3.29, 3.17, and 3.15 €V, respectively. The observed
red shift in absorption onset is due to the presence of carbon as
dopant.

Tuning Morphology and Crystalline Phase of TiO,
Nanostructures. Varying the concentration of H,0, and
NaOH provided valuable tool to prepare TiO, nanocrystals
with tunable shape as well as crystal structure. As discussed
above for 20 mg of TiO,-Memb, the amount of H,0O, as low as
2.0 mL and NaOH concentration as low 0.5 M were enough to
produce 3D-HTiO, with intermediate formation of
3DHPTMS. Further increase in either H,0, amount or
NaOH concentration just changed the size and packing density
of hierarchical spheres as in Figure 4. However, working with
very little amount of H,0, as 0.2 mL, TiO, nanocrystals with
diverse morphologies were obtained as a function of gradual
increase in NaOH concentration (Figure 11). Control of crystal
structure as either anatase or brookite phase of TiO, was also
possible without going through intermediate formation of
hydrogen titanate (Figure 12). Hydrothermal reaction of only
peroxotitanium complex solution without using any NaOH
produced nanoparticles of diameter of around SO nm (not
shown here). Nanoparticles with identical morphology were
obtained while using very dilute (0.01 M) solution of NaOH as
shown in Figure 11ab. Corresponding XRD patterns (Figure
12d) indicated the formation of anatase phase of TiO,. The
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Figure 11. SEM and TEM images of titania: nanoparticles,
nanospindles, and nanoplates obtained from TiO,-Memb using 0.2
mL of H,0, with varying concentrations of NaOH of 0.01 M (a, b),
0.05 M (c, d), and 0.1 M (e, f).
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Figure 12. XRD patterns: reference peaks of anatase TiO, (a) and
brookite TiO, (b) and various morphologies of TiO, of nanoplates
(c), nanoparticles (d), and nanospindles (e).

diffraction peaks match well to the standard pattern of anatase
(JCPDS no. 21-1272) given in Figure 12a.

Increase of NaOH concentration to 0.05 M produced spindle
shaped titania (Figure 11c,d), the average length of which was
around 100 nm, and it appeared to have mixed anatase and
brookite phase of TiO, (Figure 12e).

Further increase of NaOH concentration up to 0.1 M
resulted in production of TiO, nanoplates (Figure 11e,f) with
an average length of 200 nm. These nanoplates were identified
as single crystalline brookite phase of TiO, (Figure 12c). The
diffraction peaks match well to the standard pattern of brookite
(JCPDS no. 29-1360) given in Figure 12b.

The above discussion highlights that, in addition to TiO,-
Memb crystallinity, the choice of appropriate concentration

(both H,0, and NaOH) is essential to prepare hierarchical
TiO, nanostructure with desirable morphology as well as
crystalline phase. Fabrication of various morphologies is
highlighted by schematic illustration given in Figure 13. It is

Anodization Delamination .
—
"4

Hydrothermal 180 °C, 12h

;

Peroxotitanium solution  Erching in H.O, (2 ml)
.. Hydrothermal 180°C , 12 h
IDHPTMS Nano Spindies . . 500°C,5h

450°C, 2k
X .l NineHistes Nano Particles

E 0-SMNaOH

il

0.2 ml

X=02ml
[ e——
0.1 M NaOH
X

0.058MNaOH
X=02ml

—

.01N NaOH

3DH-TIO,

Figure 13. Schematic diagram for fabrication of 3DHPTMS, 3D-
HTiO,, HHC, and various morphologies from hydrothermal trans-
formation of TiO,-Memb.

important to note that very low concentration of NaOH (0.01
M) produced anatase phase of TiO, and that medium
concentration of NaOH (0.05 M) gave the mixed phase of
anatase and brookite while high concentration of NaOH (0.1
M) resulted in the formation of single crystalline brookite phase
of TiO,. Such observation is consistent with a recent report
describing that formation of brookite phase of TiO, is highly
favored at higher pH.”

Photocatalytic H, Generation by Water Splitting.
During photocatalytic reaction a nanoscale hierarchical TiO,
can reduce the recombination of photogenerated electron and
hole pairs, as they can be efficiently utilized before getting
diffused. Similarly, the increase in roughness and surface area
can extend the number of active sites. Integration of these
factors into one unit of photocatalysts could possibly favor
superior photoactivities. In order to testify such an assumption,
hierarchical TiO, nanostructures as well as Cryst-TiO,-Memb
were tested for photocatalytic H, production through water
splitting under UV irradiation in the presence of methanol as a
sacrificial reagent. For the sake of comparison under similar
conditions the Cryst-TiO,-Memb was milled into powder form
prior to BET and H, test. By being milled, Cryst-TiO,-Memb
was transformed into smaller fragments as shown in Figure S9.
Time dependent production of H, and corresponding rate of
H, production are given in Figure 14. The average H,
production observed by Cryst-TiO,-Memb was 385 pmol h™!
g~". The HHC and 3D-HTiO, produced 661 and 1310 ymol
h™'g 7', respectively, which are 1.72 and 3.4 times higher than
that of Cryst-TiO,-Memb. Such an improvement in the water
splitting efficiency is attributed to corresponding increase in the
surface area as well as better utilization of charge carriers.
Increase in the surface area of hierarchical TiO, nanostructures
can promote better dispersion and higher loading of Pt
nanoparticles during photodeposition process. This may be
another factor to the increase in corresponding rate of H,
production. The H, production rate of various samples and
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Figure 14. Time course for H, production (A) and corresponding rate
(B) of 1% Pt deposited 3DHPTMS, Cryst-TiO,-Memb (500 °C, S h),
HHC, and 3D-HTiO,, obtained from 0.5 M NaOH and 2 mL of
H,0,.

corresponding BET surface areas are summarized in Table 1.
Among various samples, 3DHPTMS occupies the highest

Table 1. Comparison of Photocatalytic H, Production Rates
and Corresponding BET Surface Areas of Cryst-TiO,-Memb
(Preannealed at 500 °C, 5 h), 3DHPTMS, 3D-HTiO,, and
HHC

H, production rate BET surface area

sample (umol h™! g_l) (m? g_l)
Cryst-TiO,-Memb 385 41.6
HHC 661 60.21
3D-HTiO, 1310 97.7
3DHPTMS 1.15 303.6

surface area at 303.6 m* g~'. However, it expressed the least H,
generation (1.15 ymol h™" g™'). Because of much difference in
measurement conditions of hydrogen evolution as reported in
literature, it is not easy to directly compare H, generation
observed in this work with reported values. However, titanate
nanotubes have been reported to have very low values of H,
evolution from water splitting.°° The important reasons of less
activity of 3DHPTMS can be related to poor crystallinity
(Figure 3c), larger band gap (Figure $8c),®" and shorter
lifetime of photogenerated charge carriers.

Presence of residual trace of sodium may also adversely affect
photocatalytic activity.”>* It would be appropriate to consider

that instead of any single parameter, multiple factors such as
surface area, morphology, crystallinity, crystalline phase,
absorption band, and lifetime of separated electron are playing
a critical role while governing overall photoactivity.

As mentioned above, the transformation of TiO,-Memb into
hierarchical TiO, nanostructures significantly enhanced the
amount of H, generation. Among various samples, 3D-HTiO,
showed the highest improvement; as observed, it was 3.4 times
higher than that of TiO,-Memeb. However, the given rate of H,
production does not represent the optimized one. Tuning
appropriate size of 3DHPTMS and 3D-HTiO, and adjusting
relative proportion of 1D and 3D constituents of HHC could
possibly make further improvement in H, generation. To figure
it out, nanoparticles of 3DHPTMS and 3D-HTiO, with
different size were examined for H, production under similar
testing conditions. As is clear from the SEM images (Figure
S5), 3D-HTiO, increases in size by increasing NaOH
concentration.

Figure 15 shows that H, production rate was influenced by
the corresponding size of 3D-HTiO,. The sample prepared
with the lowest NaOH concentration (i.e, 0.1 M) has the
highest H, production with an observed value of 1996 ymol h™!
g~', which is 5.18 times higher than that of the starting material
of Cryst-TiO,-Memb.
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Figure 15. Time course for H, production (A) and corresponding rate
(B) of 1% Pt deposited 3D-HTiO, obtained from varied
concentrations of NaOH and H,0, volume of 0.1 M, 2 mL (a), 0.3
M, 2 mL (b), 1.0 M, 2 mL (c), 0.5 M, 1 mL (d), 0.5 M, 3 mL (e), and
0.5 M, S mL (f).
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It has been reported in the literature that NaOH
concentration can markedly influence surface area, photo-
degradation rate, and phase transition behavior of H,Ti,Os-
nH,0.° In contrast, varying the concentration of H,0O, during
formation of peroxotitanium solution resulted in a slight
modification in corresponding H, production (Figure 15).
3DHPTMS was also studied to explore size dependent H,
production. However, compared to 3D-HTiO,, it expressed
very low activity (Figure S10). As explained earlier, the entirely
different behavior toward H, production is related to intrinsic
electronic and optical characteristics of 3DHPTMS.

The impact of preannealing of Cryst-TiO,-Memb on
corresponding rate of H, production is summarized in Figure
16. Since annealing temperature of TiO,-Memb controls
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Figure 16. Time course for H, production (A) and corresponding rate
(B) of 1% Pt deposited HHC and 3D-HTiO, obtained from 0.5 M
NaOH and 2 mL of H,0,, with different preannealed TiO,-Memb at
500 °C, S h (a) and 300 °C, S h (b) and without preannealing (c).

dissolution rate during etching in H,0, solution, it can
influence on relative proportion of 1D and 3D constituents
of HHC during hydrothermal reaction (Figure S, Figure 8, and
Figure 9). H, evolution rates observed for HHC samples
preannealed at 500 and 300 °C were observed as 661 and 1107
umol h™" g™, respectively, whereas without preannealing TiO,-
Memb was absolutely transformed into 3D-HTiO, instead of
HHC, producing even higher rate of H, generation such as
1310 yumol h™" ¢! as shown in Figure 14B and Figure 16B. It is
generalized that a decrease in preannealing temperature of
TiO,-Memb (before hydrothermal treatment) increases the

corresponding rate of H, production. Figure 7 and Table 1
show that BET surface area of 3D-HTiO, (97.7 m* g7') is
much higher than that of 1D TiO,-Memb counterpart (41.6 m*
g~"). Higher H, production is due to more favorable etching of
TiO,-Memb in H,O, solution producing higher proportion of
3D component of HHC, which thereby contributes to relatively
higher surface area, and hence, the increased H, production is
observed. In this study methanol was used for H, production
during photocatalytic water splitting. During water splitting
reaction, photogenerated charge carriers on the surface of TiO,
exhibit ultrafast recombination tendency. Existing studies in
literature have revealed that recombination of photo generated
carriers occur in the range of femtosecond to picoseconds time
regime.* In order to suppress such recombination and to
observe the half reaction, i.e,, H, production, different sacrificial
reagents (hole scavengers or electron donors) are frequently
used. The use of methanol as the most common sacrificial
reagent for H, production is well reported in litera-
ture.}>%556055 However, in this study, to figure out the role
of sacrificial reagent, H, production tests were also performed
in the absence of methanol. In such a case, no measurable gas
was detected by GC under similar chromatographic config-
uration. (Table S1). This observation is consistent with the
previous studies reporting that aqueous suspension of TiO,
could not split water.”® Hence, the role of methanol is vital for
suppressing charge carrier recombination with simultaneous
boosting in H, production. Uncertainty was existing in the
literature regarding the role of methanol as a hole scavenger or
re-forming during H, production from water splitting. A recent
finding aimed at exploring mechanistic aspect of water splitting
suggests its role as sacrificial reagent. With the help of using
isotopically labeled (D,0) and (CD;0OD), it revealed that H,
production in the presence of methanol is mainly from water
splitting reaction.®® The above discussion supports that in this
study nonobservance of H, production in the absence of
methanol is due to the high rate of carrier recombination, while
its presence reduces recombination in favor of H, production
from water splitting.

B CONCLUSION

In summary, hierarchical TiO, nanostructures have been
fabricated by transformation of TiO,-Memb through a simple
strategy. A two-step approach was based on peroxide etching of
membrane at ambient conditions and hydrothermal treatment
in NaOH solution. The preannealing of TiO,-Memb was
exploited to fabricate hierarchical TiO, with desirable
morphologies. Transformation of TiO,-Memb into hierarchical
TiO, reflected a large increase in the specific area. The
hierarchical TiO, exhibited excellent performance toward
photocatalytic water splitting. A 5.18-fold increase in the rate
of H, production was observed compared to that of TiO,-
Memb. Fabrication of different morphologies of TiO, such as
nanoparticles, nanospindles, and nanoplates with adjustable
crystalline phase as pure anatase or brookite was also
demonstrated. Simplified strategy reported in this work can
be applied to fabricate hierarchically structured other metal
oxide composites, and nanoscale heterostructuring of TiO,—
metal oxides.
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