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ABSTRACT: This study systematically evaluates the performance
of a series of TiO2 nanoflower (TNF) photocatalysts for aqueous
methylene blue photo-oxidation under UV irradiation. TNF
nanoflowers were synthesized from Ti(IV) butoxide by a
hydrothermal method and then calcined at different temperatures
(T = 400−800 °C) for specific periods of time (t = 1−5 h). By
varying the calcination conditions, TNF-T-t photocatalysts with
diverse physicochemical properties and anatase/rutile ratios were
obtained. Many of the TNF-T-1 photocatalysts demonstrated
remarkable activity for aqueous methylene blue photo-oxidation at
pH 6 under UV excitation (365 nm), with activities following the
order TNF-700-1 > TNF-600-1 > TNF-500-1 > TNF-400-1 ∼ P25
TiO2 ≫ TNF-800-1. The activity of the TNF-700-1 photocatalyst (99% anatase, 1% rutile) was 2.3 times that of P25 TiO2 at pH 6
and 14.4 times that of P25 TiO2 at pH 4. Prolonged calcination of the TNFs at 700 °C proved detrimental to dye degradation
performance due to excessive rutile formation, which reduced the photocatalyst surface area and suppressed OH• generation. The
outstanding activities of TNF-700-1 and TNF-600-1 are attributed to their hierarchical nanoflower morphology which benefitted UV
absorption, a near-ideal anatase crystallite size for efficient charge separation, and their unusually low isoelectric point (IEP = 4.3−
4.5).

1. INTRODUCTION
Synthetic dyes are widely used in the industry to color fabric,
leather, plastics, foodstuffs, cosmetics, and other consumer
products. The total annual production of synthetic dyes for
these applications is ∼7 × 105 tons per annum, with
production distributed across ∼105 different synthetic
dyes.1−10 Estimates suggest that 2−15% of this dye production
is eventually discharged into streams and rivers as effluent
waste.1−10 Many synthetic dyes, especially those used in the
textile industry such as reactive and azo dyes, are highly toxic
for aquatic life. The toxicity of dye-containing effluents has
many origins. First, most dyes are strongly absorbing at UV
and visible wavelengths, which causes heating of streams and
rivers during the day, thus reducing the dissolved oxygen
concentration in waterways (i.e., leading to asphyxiation of
aquatic organisms while promoting algal growth). In addition
to the high biological oxygen demand (BOD) and chemical
oxygen demand (COD) of discharged effluents containing
dyes, many dyes are carcinogenic or mutagenic to vertebrates.
Accordingly, most countries now have strict regulations in
place necessitating the treatment of effluent from dyeing
processes before release into the environment. Adsorption and
advanced oxygenation processes (AOPs) are currently the
preferred technologies for dye removal or decolorization/
mineralization, respectively. However, many adsorption
systems create secondary solid waste (i.e., once the dye

adsorption capacity of single-use adsorbents has been reached,
they are sent to a landfill). For this reason, AOPs such as
ozonolysis and photocatalytic water treatments are rapidly
gaining popularity for aqueous dye abatement.
Titanium dioxide (TiO2)-based photocatalysts are widely

used in organic pollutant photo-oxidation.1−6,8,11−23 Under
UV excitation, electrons are photoexcited from the TiO2

valence band (VB) into the conduction band (CB), with the
electrons and holes either recombining or migrating to the
surface of the TiO2 photocatalyst to drive reduction and
oxidation reactions, respectively.24 The top of the valence band
for anatase TiO2 is +2.7 eV versus SHE, whereas the bottom of
the conduction band is around −0.5 V versus SHE. The deep
valence band potential of anatase allows water oxidation to
hydroxyl radicals (OH•/H2O, E° = 2.31 V at pH 7),25−29 while
the conduction band electrons can successively reduce O2 to
the superoxide radicals (O2/O2

−•, E° = −0.35 V at pH 7), then
to hydrogen peroxide, and finally hydroxyl radicals. Eqs 1−8
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describe the formation of hydroxyl radicals during UV
irradiation of an aqueous dispersion of anatase TiO2
nanoparticles23,28,30−33

Photoexcitation of TiO2 under UV (t ∼ 10−15 s)

ν+ > → +− +h E hTiO ( E ) TiO (e )2 g 2 CB VB (1)

Water oxidation by valence band holes yields a hydroxyl
radical (t1/2 ∼ 10−9 s)

+ → ++ + •hH O H OH2 (ads) VB (aq) (aq) (2)

+ →− + •hOH OH(ads) VB (aq) (3)

Conduction band electrons reduce O2 to create superoxide
radicals (t1/2 ∼ 10−5 s), which can also generate hydroxyl
radicals via the following sequence of reaction

+ →− •−O e O2(ads) CB 2(aq) (4)

+ →•− + •O H HO2(aq) (aq) 2(aq) (5)

→ +•2HO H O O2(aq) 2 2(aq) 2(g) (6)

+ + →•− + −O 2H e H O2(aq) (aq) CB 2 2(aq) (7)

+ → +− − •H O e OH OH2 2(aq) CB (aq) (aq) (8)

The hydroxyl radicals (OH•) then attack aqueous methylene
blue, resulting in its photo-oxidation, as described by eq 9

+

→ + + +

+

+ •

− − +

C H N S 102OH

16CO 3NO SO 6H

57H O

16 18 3 (ads) (ads)

2(g) 3(aq) 4(aq)
2

(aq)

2 (l) (9)

The photocatalytic performance of TiO2 is strongly
dependent on the surface area, crystallite size, TiO2 polymorph
(anatase, brookite, or rutile, of which the latter is the most
thermodynamically stable), type of exposed reactive facets, and
also the isoelectric point of the exposed facets.11−20,23,29,34−41

Mixed-polymorph photocatalysts, such as Evonik P25 TiO2
(85 wt % anatase + 15 wt % rutile), frequently offer superior
photocatalytic performance to single-polymorph photocatalysts
owing to superior charge separation processes that are possible
across mixed-polymorph heterojunctions. In the case of P25
TiO2, photoexcited electrons accumulate on anatase and
valence band holes on rutile, thus increasing the availability
of electrons and holes for surface photoreactions, thereby
enhancing reaction rates. However, recent studies have shown
that pure anatase nanorods synthesized by calcination of
H2Ti3O7 nanotubes at 600−700 °C demonstrate superior
activity to P25 TiO2 for both aqueous dye degradation and
alcohol photoreforming,20,23,42 hinting at the important role of
the photocatalyst morphology in achieving high rates of OH•

generation and thus aqueous dye degradation.
TiO2 photocatalysts can be synthesized with a wide range of

morphologies including one-dimensional (1D) nanowires,
two-dimensional (2D) nanotubes and nanosheets, and three-
dimensional (3D) nanoparticles and nanorods. The synthesis
of the 1D and 2D morphologies typically requires the use of a
structure directing agent, such as aqueous fluoride ions, which
bind strongly to certain facets of the growing TiO2 nano-
particles, thus suppressing crystal growth along particular
directions. While such approaches can yield novel 1D and 2D

morphologies, the structure directing agents (especially
adsorbed fluoride) are often extremely difficult to remove
postsynthesis. As a result, the obtained 1D and 2D photo-
catalysts generally have poor photocatalytic activities for dye
degradation relative to P25 TiO2. In response, researchers are
now exploring alternative approaches for creating TiO2
photocatalysts with 2D morphologies and 3D hierarchical
structures.17,37−39,43−46 Particularly interesting in this regard
are TiO2 nanoflowers, comprising 2D nanosheets self-
assembled into a 3D hierarchical architecture. TiO2 nano-
flowers offer many advantages over conventional nanoparticle
catalysts including enhanced UV absorption characteristics,
better charge separation, and easy recovery after use in
photocatalytic reactions.44 He et al. decorated rutile nano-
flowers with anatase nanoparticles, reporting that the photo-
catalytic activity of 3D nanoflower composite (6HCl-TiO2-
180) was slightly superior to that of Evonik P25 TiO2.

11 Xu et
al. synthesized rutile/anatase heterojunction nanoflowers via a
facile one-step hydrothermal approach using titanium tetra-
chloride and urea.12 The rutile/anatase heterojunction nano-
flowers outperformed P25 TiO2 for aqueous MB photo-
oxidation under simulated solar light irradiation. Lui et al.
investigated the performance of graphene-wrapped hierarchical
TiO2 nanoflowers for aqueous methylene blue photodegrada-
tion under UV irradiation, with the nanoflowers outperforming
P25 TiO2 by a factor of 3.4 at a graphene loading of 5 wt %.13

Gao et al. reported that rutile nanorod-coated mica particles
offered outstanding activity for aqueous rhodamine B photo-
degradation under UV irradiation, with the activity being
almost 1.9 times higher than P25 TiO2.

14 The activity
enhancement was attributed to the high crystallinity, narrower
band gap, and effective charge separation at the exposed [110]
and [001] facets in the supported rutile nanorods. Zhu et al.
described the synthesis of hierarchical anatase nanoflowers
(Brunauer−Emmett−Teller (BET) surface area 170 m2 g−1,
mesopore diameters of ∼7 nm).17 The anatase nanoflowers
showed very high activity for aqueous methylene blue photo-
oxidation at pH 6 (pseudo-first-order rate constant k′ = 0.0363
min−1), much better performance than P25 TiO2 under the
same testing conditions (k′ = 0.0159 min−1). These studies,
and others,19−22 suggest that hierarchical nanoflower archi-
tectures hold great promise for the future development of
highly efficient TiO2 photocatalysts for aqueous dye degrada-
tion and advanced oxidation processes for wastewater
treatment. In most literature studies relating to hierarchical
TiO2 nanoflowers for aqueous dye degradation, the main focus
of those works was optimization of hydrothermal synthesis
conditions (i.e., hydrothermal reaction temperature and time)
to achieve the best photocatalyst performance. Very little work
has been reported to date examining the effect of postsynthetic
calcination treatments on TiO2 nanoflower performance for
aqueous dye photo-oxidation. The current study aimed to
address this knowledge gap by systematically exploring the
effects of calcination treatments on the structural, physical, and
photocatalytic properties of hydrothermally grown TiO2
nanoflowers, using the photo-oxidation of the cationic dye
methylene blue under UV irradiation for comparative photo-
catalyst performance assessment.
The objectives of the present study were fourfold: (1) to

hydrothermally synthesize TiO2 nanoflowers (TNFs) and then
calcine the nanoflowers at T = 400−800 °C for different
lengths of time (t = 1−5 h), characterizing the physicochemical
properties of the obtained TNF-T-t photocatalysts in detail;
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(2) to evaluate the photocatalytic performance of the TNF-T-t
photocatalysts for OH• generation and methylene blue photo-
oxidation in aqueous solution at pH 6; (3) to study the effect
of pH on the performance of TNF-T-t photocatalysts for
methylene blue photo-oxidation; and (4) to benchmark the
photocatalytic performance of the TNF-T-t photocatalysts
against the commercially available photocatalyst Evonik P25
TiO2. From this systematic investigation, we hoped to gain
deep insights into the factors controlling TiO2 nanoflower
photocatalytic activity for aqueous methylene blue photo-
oxidation, thus laying a firm foundation for future high-
performance photocatalyst development.

2. EXPERIMENTAL SECTION

2.1. Materials. Glacial acetic acid (≥99.7%), titanium
butoxide (97%), absolute ethanol (≥99.8%), Evonik P25 TiO2,
NaOH (>97%), HCl (34−37 wt %), dipotassium hydrogen
phosphate (>99%), and potassium di-hydrogen phosphate
(>99%) were all obtained from Sigma-Aldrich and used
without further purification. Methylene blue hydrate (95%)
was obtained from Fluka. All solutions were prepared using
Milli-Q water (18.2 MΩ·cm resistivity).
2.2. TiO2 Nanoflower (TNF) Synthesis. TiO2 nano-

flowers (TNFs) were synthesized hydrothermally according to
the method described by Lui et al.13 Briefly, 5 mL of titanium
butoxide was added dropwise to 150 mL of glacial acetic acid
under constant stirring. After stirring for 10 min at room
temperature, the white suspension was transferred to a 200 mL
Teflon-lined autoclave and heated at 140 °C for 14 h. The
white product obtained was then collected by centrifugation,
washed repeatedly with Milli-Q until the washings were
neutral, then washed with ethanol, and finally dried in an oven
at 60 °C for 12 h. The dried product is denoted herein as as-
prepared TiO2 nanoflowers (TNF-AP).
2.3. TNF-T-t Photocatalyst Syntheses. The TNF-T-t

photocatalysts were obtained by calcining TNF-AP at
temperatures between 400 and 800 °C (T = calcination
temperature in Celsius) for different periods of time (t =
calcination time in h).
2.4. Photocatalyst Characterization. Scanning electron

microscopy (SEM) images examining the sample morphology
were obtained on a Philips XL-30 field emission gun scanning
electron microscope (FEGSEM) operating at 5 kV. Samples
were platinum sputter-coated for 1 min before analysis to
improve their conductivity.
Powder X-ray diffraction (XRD) patterns probing the TiO2

phase and crystallite size were taken on a PANalytical
Empyrean diffractometer. Data were acquired over the 2θ
range 10−90° (step 0.02°, scan rate 2° min−1) using a Cu Kα
X-ray source (λ = 1.5418 Å, 40 mA, 40 kV). Anatase and rutile
crystallite sizes (L) were estimated using the Scherrer equation
and full width at half maximum (FWHM) of the anatase (101)
and rutile (110) reflections at 2θ = 25.3 and 27.4°,
respectively. The percentage of rutile in the samples (as wt
%) was estimated using the following equation47

=
[ + ]

×
I I

%Rutile
1

1 0.8( / )
100

A R (10)

where IA and IR are the peak intensities for the anatase (101)
and rutile (110) reflections, respectively.
Fourier transform infrared (FT-IR) absorbance spectra

examining surface functional groups in the TNF-AP and

TNF-T-t photocatalysts were collected on a PerkinElmer
UATR Two spectrometer at a resolution of 4 cm−1. Thirty-two
scans were coadded to produce a spectrum.
UV−visible absorbance spectroscopy was used to estimate

the band-gap energies of the photocatalysts. A Shimadzu UV-
2600 PC spectrophotometer equipped with an ISR-240A
integrating sphere attachment was used for data collection.
BaSO4 was employed as the reflectance standard.
Photoluminescence measurements of radiative electron−

hole pair recombination in the TNF photocatalysts were
performed in air at room temperature. Spectra were excited at
310 nm, and photoluminescence spectra were recorded over a
range of 330−600 nm on a JASCO 8600 spectrometer.
N2 physisorption isotherms for the different photocatalysts

were collected at 77 K on a Micromeritics Tristar 3000
instrument. Specific surface areas were calculated from the
physisorption according to the Brunauer−Emmett−Teller
(BET) method,48 while the Barrett−Joyner−Halenda (BJH)
method49 was used to determine cumulative pore volumes and
pore diameters. Prior to analysis, samples were degassed at 100
°C for 1 h.
X-ray photoelectron spectroscopy (XPS) data was used to

probe the near-surface-region chemical composition of the
photocatalysts. The analyses used a Kratos Axis UltraDLD
equipped with a monochromatic Al Kα X-ray source (1486.69
eV) and a hemispherical electron energy analyzer. Survey scans
were acquired at a pass energy of 80 eV, and core-level scans
were acquired at a pass energy of 20 eV. Adventitious
hydrocarbon referencing (C 1s signal at 285.0 eV) was used for
binding energy scale calibration.
Near-edge X-ray absorption fine structure (NEXAFS) data

were collected in the drain current mode on the Soft X-ray
Beamline at the Australian Synchrotron. The spectra were
collected in the high-resolution (HR) mode by increasing the
photon energies in increments of 0.05 eV.
ζ-potential measurements examining the surface charge on

selected TiO2 photocatalysts as a function of pH were
performed on a Nano Zetasizer ZS (Malvern Instruments
Ltd.). The analyses used aqueous solutions of different pH (3−
10) and ionic strengths (I = 0.1, 0.01, or 0.001 M), prepared
using Milli-Q water, HCl, NaOH, and KCl. Photocatalyst
dispersions of concentration 1.7 mg/mL were used in the ζ-
potential measurements.

2.5. Methylene Blue Photo-Oxidation Tests. The
photocatalytic activities of the TNF-T-t photocatalysts and
several TiO2 reference photocatalysts for aqueous methylene
blue photo-oxidation were evaluated in phosphate-buffered
solutions of methylene blue at 20 °C. Methylene blue stock
solution (3 mM, 13.3 mL) was added to a phosphate-buffered
solution (986.7 mL, pH 2, 4 or 6) to give a 4 × 10−5 mol L−1

dye solution that was then used for the photocatalytic tests.
For the tests, 150 mL of the 4 × 10−5 mol L−1 MB solution

and 30 mg of the photocatalyst were added to a double-
jacketed glass beaker maintained at 20 °C. A thin planar sheet
of quartz glass was then placed over the beaker. The
photocatalyst dispersion was then stirred in the dark for 1 h
(to allow adsorption equilibrium to be attained), after which a
3 mL aliquot was withdrawn from the dye solution to establish
[MB]0. The dispersion was then irradiated by a UV lamp
(Spectraline model SB-100 P/F lamp, 100 W, 365 nm, 6.5 mW
cm−2) from above. At 10 min intervals, a 3 mL aliquot was
withdrawn from the dye solution, with the experiment running
over 1 h. At the end of the experiment, all dye aliquots were

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02142
ACS Omega XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02142?ref=pdf


centrifuged and then characterized by UV−vis absorption
spectroscopy over the range 400−850 nm on a Shimadzu UV-
1700 PharmaSpec spectrophotometer. The absorbances at 664
nm (maximum for the methylene blue monomer) and 850 nm
(baseline value) were measured, and the difference (i.e., A664 nm
− A850 nm) was used to calculate the concentration of MB
remaining in solution as a function of the UV irradiation time.
All photocatalytic tests were carried out in triplicate.
2.6. Analysis of OH• Radical Formation. Hydroxyl

radical generation by the TNF-T-t and P25 TiO2 photo-
catalysts in pH 6 buffer under UV−vis irradiation was probed
by the reaction of terephthalic acid (TA, C6H4(COOH)2) with
OH• radicals.50

+ +

→ +

• +

+

hC H (COOH) OH (VB)

C H (COOH) OH H
6 4 2

6 3 2 (11)

The product of this reaction, 2-hydroxyterephthalic acid,
fluoresces strongly at 426 nm under 310 nm excitation. For the
measurements, a 3 mmol L−1 TA solution was prepared by
dissolving terephthalic acid in aqueous sodium hydroxide (4
mL, 0.5 mol L−1). Then, TNF-T-t or P25 TiO2 (0.030 g) was

dispersed in 130 mL of pH 6 phosphate buffer, to which 20 mL
of the TA stock solution was added (final TA concentration =
0.4 mmol L−1). The photocatalyst dispersion was then UV-
irradiated (365 nm, 6.5 mW cm−2). At 10 min intervals,
aliquots were withdrawn and centrifuged, and their fluo-
rescence at 426 nm was analyzed on a JASCO 8600
Spectrometer under 310 nm excitation.

3. RESULTS AND DISCUSSION
3.1. TNF-T-t Photocatalyst Characterization. SEM

images for the as-prepared TiO2 nanoflowers (TNF-AP) are
shown in Figures 1a and S1. The as-prepared nanoflowers
possessed a spherical hierarchical structure, consisting of long
and thin 2D nanosheets radiating from the center of the 3D
nanoflowers. The 2D nanosheets (i.e., petals) forming TNF-
AP were very thin (∼10 nm), while the nanoflowers
themselves ranged in diameter from 2 to 6 μm (with the
mean diameter being around 4.5 μm). After calcination at
400−700 °C for 1 h, the characteristic nanoflower structure of
TNF-AP was retained (Figure 1b−e), with the 2D nanosheets
in the TNF-T-1 products becoming progressively thicker and
more textured as the calcination temperature increased due to

Figure 1. SEM images for (a) TNF-AP and TNF-T-1 photocatalysts obtained by calcination of TNF-AP at T = 400−800 °C for 1 h. (b) TNF-400-
1; (c) TNF-500-1; (d) TNF-600-1; (e) TNF-700-1; and (f) TNF-800-1. All images were collected at a magnification of 50 000×; scale bar is 1 μm.
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TiO2 crystallite growth. For TNF-800−1 (Figure 1f), very
large TiO2 crystallites formed, destroying the 2D nanosheet
structure. Results indicate that the sintering of TiO2 nano-
particles and grain growth were appreciable at 800 °C. Figure 2
shows higher-magnification SEM images for TNF-AP and the
TNF-T-1 photocatalysts. For the TNF-500-1, TNF-600, and
TNF-700-1 photocatalysts, pores can be seen in the 2D
nanosheets between the TiO2 crystallites, while for TNF-800-
1, the mean TiO2 particle size is well in excess of 100 nm.
Figure 3a plots mean TNF diameters and 2D nanosheet
thicknesses for the TNF-T-1 photocatalysts as a function of
calcination temperature. As the temperature increased, the
mean nanoflower diameter progressively decreased and the
mean nanosheet thickness increased, both of which are
consistent with temperature-induced sintering of TiO2
crystallites in the 2D sheets. The specific BET surface area,
BJH cumulative pore volume, and BJH average pore diameter
of TNF-AP were 79.2 m2 g−1, 0.24 cm3 g−1, and 12.2 nm,
respectively (Table 1). With increasing calcination temperature
in the range 400−800 °C (samples TNF-400-1 to TNF-800-
1), BET surface areas and BJH cumulative pore volumes

progressively decreased, while the BJH average pore diameters
generally increased (Figure 3b and Table 1). The changes
observed in the textural properties of the TNF-T-1 photo-
catalysts with increasing calcination temperature are consistent
with thermal sintering of TiO2 nanoparticles.
The photocatalytic activity of TiO2 is highly dependent on

the polymorph; thus, powder X-ray diffraction (XRD) was
applied to examine the TiO2 phases present in the TNF-T-1
photocatalysts (and also to estimate crystallite sizes via the
Scherrer method). Figure 4a shows XRD patterns for TNF-AP
and the different TNF-T-1 photocatalysts. TNF-AP showed an
intense and sharp peak at 2θ = 7.7°, with such low angle
features being typical for crystalline hydrogen titanate
compounds or Ti(IV) oxo-acetate coordination compounds
with structures similar to the metal−organic framework MIL-
125.42,51−53 This suggested that the Ti(IV) butoxide precursor
was likely initially converted to a hydrogen titanate or Ti(IV)
oxo-acetate nanobelts during the hydrothermal synthesis of
TNF-AP, in the presence of acetic acid or acetate ions
directing the creation of the nanobelt morphology (FT-IR and
XPS data discussed later confirmed the presence of acetate ions

Figure 2. SEM images for (a) TNF-AP and TNF-T-1 photocatalysts obtained by calcination of TNF-AP at T = 300−800 °C for 1 h. (b) TNF-400-
1; (c) TNF-500-1; (d) TNF-600-1; (e) TNF-700-1; and (f) TNF-800-1. All images were collected at a magnification of 100 000×; scale bar is 500
nm.
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on the surface of the TNF-AP). The reason why the nanobelts
grew or self-assembled in the form of 3D spherical nanoflowers
is unclear although this almost certainly is influenced by the
reaction medium (glacial acetic acid, butanol from Ti(IV)
butoxide hydrolysis, esters from the reaction of butanol and
acetic acid) and understood on the basis of surface free energy
minimization considerations. Some anatase TiO2 was also
present in the XRD pattern of TNF-AP and likely resulted
from drying the nanoflowers at 60 °C for 12 h postsynthesis.
Previous studies have shown that the heating of hydrogen
titanates or Ti(IV) carboxylate compounds in air yields anatase
TiO2.

42,51−53 Consistent with this argument, calcination of
TNF-AP at temperatures between 400 and 600 °C for 1 h
yielded TNF-T-1 photocatalysts that were pure anatase. The
TNF-700-1 photocatalyst was 99 wt % anatase and 1 wt %
rutile, while the TNF-800-1 photocatalyst was 15 wt % anatase
and 85 wt % rutile. From the full width at half-maximum of the
anatase (101) and rutile (110) reflections in the XRD patterns
of Figure 4a, anatase and rutile crystallite sizes were estimated
according to the Scherrer method. Results are presented in

Table 1 and reveal that the size of the anatase crystallites in the
TNF-T-1 photocatalysts increased progressively with calcina-
tion temperature in the range 400−800 °C, with a crystallite
size of ∼52 nm (TNF-700-1) being the minimum size needed
for rutile formation. Previous literature studies have shown that
a critical anatase size must be attained before rutile formation
occurs.20,42 Comparing the XRD findings with the SEM data
(Figures 1 and 2), some important conclusions can be reached.
The large nanoparticles seen in Figures 1f and 2f are
predominantly rutile nanoparticles formed via sintering of
smaller anatase nanoparticles. Further, for most of the TNF-T-
1 photocatalysts, the average anatase crystallite sizes estimated
by XRD were larger than the thickness of the 2D petals in the
nanoflowers, implying that the petals contained anatase
crystallites that were nonspherical, likely ovoid, with the long
axis in the same direction as that of the petals. The high-
magnification SEM images of TNF-600-1 (Figure 2d) and
TNF-700-1 (Figure 2e) show the presence of such ovoid-
shaped TiO2 nanoparticles in the petals of these nanoflowers.
This had important implications for the surface properties of
the nanoflowers and their photocatalytic activity, as discussed
below.
Figure 4b shows FT-IR spectra for TNF-AP and the

different TNF-T-1 photocatalysts (T = 400−800 °C) in the
range 2000−400 cm−1. The FT-IR spectrum of TNF-AP
contained bands at 3532, 2981, 2935, 1722, 1520, 1448, 1419,
1267, 1049, 1028, 907, 758, 673, 609, and 524 cm−1. By
comparison with prior literature for the adsorption and
reaction of acetic acid on TiO2 powders,

54,55 and vibrational
data for transition-metal carboxylate complexes,55−57 these
bands can all be readily assigned to vibrational modes of
surface-adsorbed acetate and acetic acid. Surface acetate is the
dominant adsorbed species. Assignments for the acetate bands
are as follows: 2935 cm−1, νs(C−H); 1520 cm−1, νas(OCO);
1448 cm−1, νs(OCO), 1419 cm−1, δ(CH3); 1049 and 1028
cm−1, both ρ(CH3); 907 cm

−1, ν(C−C); 758 cm−1, δs(OCO);
673 cm−1, δs(OCO); 609 cm−1, π(OCO); and 524 cm−1,
ρr(OCO). The separation between the νas(OCO) and
νs(OCO) bands was 72 cm−1, indicating that the acetate
species was likely adsorbed on the TiO2 surface in a symmetric
bidentate orientation (either chelating to a single Ti4+ cation or
bridging between two neighboring Ti4+ cations).54,55,58 The
remaining bands at 3532, 2981, and 1722 are associated with
surface acetic acid adsorbed via hydrogen bonding with surface
hydroxyl groups of TiO2 and assigned to ν(O−H), νs(CH3),
and ν(CO) vibrations, respectively. Liao et al. reported that
acetic acid is strongly adsorbed by hydrogen bonding or Lewis
acid-based interactions on TiO2 surfaces,55 persisting to
temperatures up to 160 °C. It should be noted that many of
the bands due to adsorbed acetic acid will be masked by those
of the more abundant adsorbed acetate. The abundance of
acetate groups on the surface of the TNF-AP suggests that
adsorption of acetate ions played a key role in the
morphological development of the hierarchical nanoflowers.
All of the acetate and acetic acid bands disappeared after
calcination of TNF-AP at 400 °C for 1 h, with the resulting
TNF-400-1 photocatalyst showing characteristic anatase-
related bands below 900 cm−1 (Figure 4b),59,60 as well as a
weak O−H stretching mode at ∼3600 cm−1 due to surface
hydroxyl groups. The FT-IR spectra of the TNF-500-1, TNF-
600-1, and TNF-700-1 photocatalysts were almost identical to
that collected for TNF-400-1, consistent with the fact that
anatase was the main TiO2 phase present in all of these

Figure 3. (a) Average TNF-T-1 diameter and average TNF-T-1 petal
thickness as a function of calcination temperature (T). (b) BET
specific surface areas for the TNF-T-1 photocatalysts as a function of
the calcination temperature (T).
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samples (Table 1). For the TNF-800-1 photocatalyst, a new
peak appeared at 492 cm−1, which is assigned to the Ti−O
stretching mode of rutile (TNF-800-1 was 85 wt % rutile by
XRD).60

XPS and NEXAFS were used to probe the speciation and
bonding environments of titanium and oxygen in the near-
surface region of TNF-AP and the TNF-T-1 photocatalysts.
The data are shown in Figure 5. The Ti 2p XPS spectra for
TNF-AP and TNF-T-1 photocatalysts were almost identical,
containing signals at 458.7 and 464.4 eV in a 2:1 area ratio
(Figure 5a). These signals can readily be assigned to Ti 2p3/2
and Ti 2p1/2 levels of Ti

4+ cations.61,62 Ti L2,3-edge NEXAFS

revealed that the local Ti4+ coordination environment differed
slightly between TNF-AP and the TNF-T-1 photocatalysts
(Figure 5c). The Ti L3 and L2 regions involve excitation of Ti
2p3/2 and Ti 2p1/2 electrons, respectively, into unoccupied Ti
3d and Ti 3d-O 2p hybrid orbitals. Due to differences in the
octahedral crystal field around the Ti4+ cations in the samples,
subtle changes are observed in the L2,3-edge spectra (e.g.,
differences in the energies and relative intensities of the t2g and
eg levels). On calcination of TNF-AP at 400 °C for 1 h to give
TNF-400-1, the L3 eg feature splits into a distinct doublet,
indicating that the 3dz

2 and 3dx−y
22 orbitals about Ti4+ were no

longer degenerate. Deviations from the perfect octahedral

Table 1. Summarized Structural, Physical, and Photocatalytic Data for the Different TNF-T-t Photocatalysts Obtained by
Calcination of TNF-AP at Selected Temperatures (T in °C) for Specific Periods of Time (t in hours)a

sample
phase(s) by

XRD

average
crystallite
size (nm)

average petal
thickness
(nm)

Eg
(eV)

BET
surface area
(m2 g−1)

BJH cumulative
pore volume
(cm3 g−1)

BJH average
pore diameter

(nm)
k′

(min−1)
k′

(min−1 g−1)
k′

(min−1 m−2)

TNF-AP 19 3.46 79.2 0.24 12.2 0.0001 0.0033 0.0001
TNF-400-1 100% A 16 13.5 3.21 106.6 0.38 13.2 0.0252 0.8400 0.0079
TNF-500-1 100% A 22 18.6 3.21 77.5 0.34 16.9 0.0310 1.0333 0.0133
TNF-600-1 100% A 38 21.6 3.20 51.4 0.28 21.7 0.0346 1.1533 0.0224
TNF-700-1 99% A 1% R 52 26.2 3.18 36.9 0.21 22.6 0.0508 1.6933 0.0459
TNF-800-1 15% A 89 2.98 9.0 0.03 16.7 0.0019 0.0633 0.0070

85% R 189
TNF-700-1 99% A 1% R 52 26.2 3.18 36.9 0.21 22.6 0.0508 1.6933 0.0459
TNF-700-2 75% A 62 3.00 26.4 0.15 23.5 0.0355 1.1833 0.0448

25% R 132
TNF-700-3 64% A 71 3.00 21.8 0.13 24.8 0.0197 0.6567 0.0301

36% R 160
TNF-700-5 54% A 71 2.99 21.0 0.12 23.7 0.0032 0.1067 0.0051

47% R 178
anatase NR 100% A 48 3.17 40.5 0.30 31.1 0.0258 0.8600 0.0212
P25 TiO2 84% A 29 3.16 49.1 0.15 14.4 0.0221 0.7367 0.0150

16% R 55
aRate Constants are for Methylene Blue Photo-Oxidation Tests Conducted at pH 6 under UV Excitation (365 nm, 6.5 mW cm−2). Data for P25
TiO2 and an Anatase Nanorod Reference Photocatalyst Are Also Provided for Comparison. bA, anatase; R, rutile. *For the synthesis of the anatase
nanorod photocatalyst, see ref 20.

Figure 4. (a) Powder XRD patterns; and (b) FT-IR absorbance spectra of TNF-AP and the TNF-T-1 photocatalysts obtained by calcination of
TNF-AP at T = 400−800 °C for 1 h.
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symmetry about the Ti4+ centers imposed by the crystalline
anatase lattice were responsible for this degeneracy (the
splitting of the L2 feature is less obvious but also occurred with
TNF-400-1 formation). For anatase, the 3dz

2 feature is more
intense than the 3dx−y

22 feature, whereas for rutile, the relative
intensities of these features are reversed.63 For the TNF-800-
photocatalyst (85 wt % rutile), the relative intensities of 3dz

2

and 3dx−y
22 were similar. The O 1s XPS spectrum for TNF-AP

contained peaks at 530.0, 532.1, and 533.4 eV (Figure 5b). By
comparison with prior literature, these peaks can readily be
assigned to lattice oxygen in TiO2, adsorbed acetate/acetic
acid, and adsorbed water, respectively.61,64−68 After calcination
at 400 °C for 1 h, the intense feature at 532.1 lost much of its
intensity, which, based on the FT-IR analysis, can be attributed
to the removal of adsorbed acetate and acetic acid. The TNF-
T-1 photocatalysts all had very similar O 1s XPS spectra,

comprising a lattice oxygen peak at 530 eV, a hydroxyl peak at
532.3 eV, and an adsorbed water peak at 533.4 eV. Note that
the samples were not Ar+ sputter-cleaned before the XPS
analyses; thus, they naturally varied in the amounts of hydroxyl
groups and water on their surface. O K-edge spectra for the
TNF-T-1 photocatalysts were all similar and dominated by
signals due to the excitation of O 1s electrons into Ti 3d-O 2p
and Ti 4sp-O 2p hybrid orbitals of TiO2 (Figure 5d).69,70

Figure 6a,b shows the UV−vis absorbance spectra and
photoluminescence spectra, respectively, for TNF-AP and the
different TNF-1 photocatalysts. All samples absorbed strongly
below 400 nm due to the band-gap excitation in TiO2 (Figure
6a). Band gaps estimated for each sample from Tauc plots are
summarized in Table 1. For TNF-AP, the band-gap energy was
3.46 nm, while for the TNF-T-1 photocatalysts (T = 400−700
°C), the Eg values were all around 3.2 eV and typical for

Figure 5. (a) Ti 2p XPS spectra, (b) O 1s XPS spectra, (c) Ti L-edge NEXAFS data, and (d) O K-edge NEXAFS data for TNF-AP and the TNF-
T-1 photocatalysts obtained by calcination of TNF-AP at T = 400−800 °C for 1 h.
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anatase. On increasing the calcination temperature to 800 °C,
the band gap narrowed to 2.98 eV, due to the predominance of
rutile in the TNF-800-1 sample (the reported Eg of rutile was
∼3.0 eV).71 It should be noted for the TNF-400-1 photo-
catalyst that some absorption was seen at visible wavelengths,
which was likely due to traces of carbon in the sample from the
decomposition of the organic compounds (acetates) present
on the surface of TNF-AP. Photoluminescence (PL) spectra
for TNF-AP and the TNF-T-1 photocatalysts collected in air
under UV excitation (310 nm) are presented in Figure 6b.
TNF-AP gave an intense PL signal centered at ∼3.35 eV under
UV excitation, indicating that electron−hole pair emission via
radiative recombination was rapid in the sample (thus, the
photocatalytic activity of the sample was expected to be poor).
The PL signals for the TNF-T-1 photocatalysts (T = 400−700
°C) were all similar, centered around 3.15 eV and arising from
indirect band-gap transitions in anatase. The calcination
treatment used to prepare these photocatalysts was clearly
beneficial in suppressing electron−hole pair recombination.72

For the TNF-800-1 photocatalyst, the PL signal was weaker
and red-shifted by ∼0.2 eV relative to the PL signal for anatase.
This red shift is consistent with rutile (Eg = 3.0 eV, a direct
band-gap semiconductor) being the main component in TNF-
800-1.
3.2. Effect of Calcination Temperature on the

Performance of TNF-T-1 Photocatalysts for Aqueous
Methylene Blue Photo-Oxidation. The photo-oxidation of
aqueous methylene blue by UV-irradiated TiO2 generally
follows pseudo-first-order kinetics (Langmuir−Hinshelwood
kinetic model), as described by the following integrated rate
law expression
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where [MB]t and [MB]0 are the molar concentrations of
methylene blue at time = t and time = 0, respectively; (Abs)t

and (Abs)0 are the absorbances of the MB solution (i.e.,
Abs664 nm − Abs850 nm) at time = t and time = 0, respectively; k
is the rate constant; K is the equilibrium constant for MB
adsorption; and k′ is the pseudo-first-order rate constant
(typically expressed in min−1).23

Methylene blue photo-oxidation studies were performed on
the TNF-AP and TNF-T-1 photocatalysts at pH 6 under UV
irradiation (see the Experimental Section). Figure 7a show
plots of ln(A/A0) versus time for each photocatalyst, as well as
data for Evonik P25 TiO2 (a commercially available reference
photocatalyst). All plots show excellent linearity, confirming
that pseudo-first-order reaction kinetics was obeyed. Rate
constants (k′) for each photocatalyst were determined from
the slopes of the plots in Figure 7a and are plotted in Figure 7b
and summarized in Table 1. TNF-AP showed negligible
activity (k′ = 0.0001 min−1), which is explained by (1) the
presence of surface acetate groups; and (2) the excitation
source energy 3.39 eV (365 nm) being less than Eg for the
sample (3.46 eV, Table 1). The activity of the TNF-T-1
photocatalysts increased with calcination temperature up to
700 °C. The TNF-700-1 photocatalyst had a rate constant of
0.0508 min−1 at pH 6, representing one of the highest activities
yet reported for methylene blue photo-oxidation with a TiO2-
based photocatalyst.1,3,5,12,13,20,23,40 The activity of TNF-700-1
at pH 6 was vastly superior to that of the two reference
photocatalysts used in this study (Table 1), P25 TiO2 (k′ =
0.0221 min−1) and anatase nanorods (k′ = 0.0258 min−1). The
TNF-800-1 photocatalyst showed poor activity for aqueous
methylene blue photo-oxidation at pH 6, which can be
attributed to the samples’ low surface area and high weight
fraction of rutile (85 wt % rutile, 15 wt % anatase).
To explain the remarkable photocatalytic activity of TNF-

700-1 for aqueous methylene blue photo-oxidation at pH 6, we
first normalized the rate constants for methylene blue photo-
oxidation for the various photocatalysts against the photo-
catalyst mass and then against the BET specific surface area.

Figure 6. (a) UV−vis absorbance spectra and Tauc plots (inset); and (b) photoluminescence spectra collected in air under UV excitation for TNF-
AP and the different TNF-T-1 photocatalysts. The inset in (b) shows the normalized photoluminescence intensity for the TNF-T-1 photocatalysts
(normalized against the PL signal of TNF-AP).
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The results are summarized in the final two columns of Table
1. The analysis demonstrates that the methylene blue photo-
oxidation rate per unit area for the TNF-700-1 photocatalyst at
pH 6 was ∼3 times higher than that of P25 TiO2 and ∼2.5
times higher than that of the anatase nanorod reference
photocatalyst. Clearly, the performance of TNF-700-1 was very
special per unit area.
Since methylene blue is photo-oxidized by hydroxyl radicals

generated by TiO2 photocatalysts under UV excitation (eqs
1−9), we quantified OH• generation by P25 TiO2 and the
different TNF-T-1 photocatalysts under UV excitation using
terephthalic acid (TA). Aqueous TA reacts with OH• to form
2-hydroxyterephthalic acid (HTA), which is stable in solution
and fluoresces strongly at 426 nm under 310 nm excitation.
Aqueous suspensions of the different photocatalysts in pH 6
buffer containing TA were UV-irradiated for 30 min. At 10 min
intervals, an aliquot was withdrawn from the suspension,

centrifuged to remove any photocatalyst, and then subjected to
PL analysis under 310 nm excitation. PL spectra collected for
the different photocatalysts are shown in Figure S2. For all of
the photocatalysts, the PL intensity at 426 nm intensified
linearly with UV irradiation time, indicating that the
photocatalysts were very stable under the conditions of the
tests. However, the yield of HTA and PL intensity over the 30
min period varied considerably between the photocatalysts.
Since PL intensity is directly proportional to [OH•] in the
absence of PL quenching, the activities of the different
photocatalysts for OH• generation can be ranked as follows:
P25 TiO2 > TNF-500-1 > TNF-600-1 > TNF-700-1 ∼ TNF-
400-1 > TNF-800-1. A couple of important points emerge
from this analysis. First, TNF-800-1 was relatively ineffective in
generating hydroxyl radicals (hence its poor performance for
methylene blue photo-oxidation). Second, the order of OH•

radical generation was not the same as that observed in the
methylene blue photo-oxidation tests at pH 6, where k′
followed the order TNF-700-1 > TNF-600-1 > TNF-500-1 >
TNF-400-1 > P25 TiO2 > TNF-800-1 (Table 1). This hinted
that factors other than just the ability to generate OH• were
important to the very high methylene blue degradation activity
demonstrated by the TNF-700-1 photocatalyst at pH 6. We
explore this further below.
Figure 8a shows a plot of the normalized hydroxyl radical

concentration for each TNF-T-1 photocatalyst at pH 6
(normalized against the data for TNF-500-1). When
normalized against the BET specific surface area for each
photocatalyst (from Table 1), the [OH•] per unit area actually
increases with TNF-T-1 calcination temperature. This high-
lights the subtle interplay among crystallinity, TiO2 phase, and
surface area in controlling the activity of TiO2 photocatalysts.
In Figure 8b, rate constants for aqueous methylene blue photo-
oxidation at pH 6 for the different TNF-T-1 photocatalysts
have been divided by the normalized [OH•] from Figure 8a.
The analysis reveals the remarkable activity of the TNF-700-1
photocatalyst under these conditions. The same trend was seen
in Figure S3, when the rate constants were divided by the
surface area normalized [OH•] for each photocatalyst. If the
kinetics of methylene blue photo-oxidation were simply
dependent on the amount of OH• generated by a photocatalyst
or the amount of OH• generated per unit area, then the
normalized rate constant data for the TNF-T-1 photocatalysts
(T = 400−700 °C, where anatase was the dominant
polymorph) should all have been very similar. Clearly, another
parameter needed to be considered to explain the trends seen
in Figures 8b and S3.
Previous studies have shown that the isoelectric point (IEP)

of TiO2 photocatalysts can vary considerably with synthesis
conditions and also calcination temperature.23,29,41,73−76 Azeez
et al. used a hydrothermal method to prepare anatase TiO2
nanoparticles at different pH values.73 Nanoparticles prepared
at pH 1.3 had an IEP of 7.35, while those prepared at pH 7 and
10 had an IEP of 4.2−4.3 and enhanced activity for methylene
blue photo-oxidation at pH 7. Suttiponparnit et al. synthesized
anatase nanoparticles of different sizes (6, 16, 26, 38, 53, and
104 nm; BET surface areas 253.9, 102.1, 61.5, 41.2, 29.7, and
15.0 m2 g−1, respectively) using a flame aerosol reactor
system.76 The IEP for the anatase nanoparticles decreased
progressively with increasing anatase particle size (IEP = 6.0
for the 6 nm particle, IEP = 5.2 for the 26 nm particles, IEP =
5.0 nm for the 53 nm particles, and IEP = 3.8 nm for the 104
nm particles). P25 TiO2 has an IEP of 5.8−6.2 depending on

Figure 7. (a) Plots of ln(A/A0) versus time for the photo-oxidation of
aqueous methylene blue (C0 = 4 × 10−5 mol L−1) using TNF-AP and
the different TNF-T-1 photocatalysts; and (b) pseudo-first-order rate
constants for methylene blue photo-oxidation as a function of
calcination temperature (T). Photocatalytic tests were conducted at
pH 6 in phosphate buffer (I = 0.1264 mol L−1).
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the ionic strength of the solution.23,74 The rate of hydroxyl
radical generation on TiO2 surfaces is generally maximal at pH
values ∼ the IEP, where the surface Ti-OH concentration is
the highest.29 To gain deeper insights into the excellent
photocatalytic activity of TNF-700-1 for aqueous methylene
blue photo-oxidation at pH 6, we measured the IEP of the
photocatalyst, as well as those of TNF-600-1 and P25 TiO2. In
agreement with prior literature, the IEP of P25 TiO2 was
determined to be 5.9. For TNF-700-1 and TNF-600-1, the
IEPs were 4.3 and 4.4, respectively. Clearly, the ovoid-shaped
anatase crystallites in the petals of the TNF-700-1 and TNF-
600-1 photocatalysts had quite distinct surface properties
compared to the anatase and rutile nanoparticle aggregates
comprising P25 TiO2.
Since the IEPs of TNF-700-1 and TNF-600-1 were much

lower than that of P25 TiO2, additional methylene blue photo-
oxidation experiments were conducted at pH 2−6 (Figure 9
and Table 2). On lowering the pH from 6 to 2, the activity of
P25 TiO2 (IEP = 5.9) progressively decreased due to the

corresponding increase in the surface Ti-OH2
+/Ti-OH ratio

(i.e., less Ti-OH sites are available for OH• generation, while
surface Ti-OH2

+ will repel cationic methylene blue).
Conversely, the photocatalytic activities of TNF-700-1 (IEP
= 4.3) and TNF-600-1 (IEP = 4.5) for methylene blue
increased dramatically on going from pH 6 to pH 4 and then
dropped sharply on going to pH 2. At pH 4, the photocatalytic
activity of TNF-600-1 (k′ = 0.1214 min−1) was slightly better
than TNF-700-1 (k′ = 0.0994 min−1) although TNF-700-1 was
still the most active per unit area (Table 2). TNF-600-1 and
TNF-700-1 were much more active than P25 TiO2 (k′ =
0.0069 min−1) at pH 4, by 17.6 times and 14.4 times,
respectively. The data shows that as the pH approached the
IEP of the TNF-700-1 and TNF-800-1 photocatalysts (thus
maximizing the amount of surface Ti-OH sites and thus
potential for OH• generation), the activity of these nanoflower
photocatalysts was optimized. At pH 2, the surfaces of TNF-
700-1 and TNF-800-1 will be dominated by Ti-OH2

+ sites,
thus significantly lowering the photocatalytic activity. Due to
the insolubility of terephthalic acid in acidic media, we could
not quantify OH• yields for TNF-700-1, TNF-800-1, or P25
TiO2 at pH 2 or pH 4. However, the key role of surface IEPs in
controlling the relative photocatalytic activities of the nano-
flowers and P25 TiO2 over the pH range 2−6 is intuitive and
well-aligned with the experimental results presented herein. A
final point of note. At pH 6, the surface of the TNF-700-1 and
TNF-600-1 photocatalysts will have a net negative charge due
to deprotonation of surface hydroxyl groups (i.e., the surface
will be covered by both Ti-OH and Ti-O− groups). The Ti-
OH groups will create OH•, which will migrate into solution,
while the Ti-O− groups will electrostatically attract cationic
methylene blue. This synergy between OH• generation and
methylene blue attraction accounts for the superior perform-
ance of the TNF-700-1 and TNF-600-1 photocatalysts for
aqueous methylene blue photo-oxidation at pH 6 relative to
P25 TiO2 (even though pH 6 should be the optimum pH for
OH• generation for P25 TiO2). We also tested the recyclability
of the TNF-700-1 photocatalyst for aqueous methylene blue

Figure 8. Plots of (a) normalized [OH•] and surface area normalized
[OH•] for the different TNF-T-1 photocatalysts under UV excitation
in pH 6 phosphate buffer (the [OH•] data was obtained from
photoluminescence experiments in Figure S2) and then normalized
against [OH•] data collected for TNF-500-1; (b) rate constants for
methylene blue photo-oxidation at pH 6 weighted against the
normalized [OH•] for the various TNF-T-1 photocatalysts.

Figure 9. Pseudo-first-order rate constants for methylene blue photo-
oxidation at different pH values for TNF-600-1, TNF-700-1, and P25
TiO2.
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photo-oxidation at pH 4 and pH 6. Over 5 successive
methylene blue photo-oxidation tests at these different pH
values, negligible change in activity was observed (between
cycles, the TNF-700-1 photocatalyst was washed 3 times with
Milli-Q water and dried at 100 °C). The TNF-700-1
photocatalyst is thus very stable for aqueous methylene blue
photo-oxidation at pH 4−6.
3.3. Effect of Calcination Time on the Performance of

TNF-700-t Photocatalysts for Aqueous Methylene Blue
Photo-Oxidation. Previous studies have shown that the
photocatalysts containing anatase and rutile in specific ratios
frequently show enhanced photocatalytic performance for
aqueous dye degradation and many other photoreactions
relative to pure anatase or pure rutile photocata-
lysts.20,23,35,77,78 The valence band and conduction band levels
for anatase are +2.7 V and −0.5 V, respectively, vs SHE. In
systems where well-defined anatase−rutile heterojunctions
exist (such as P25 TiO2), photoelectrons excited in rutile
migrate across the heterojunctions into the conduction band of
anatase, while photogenerated holes in the valence band of
anatase migrate into the valence band of rutile.78−80 These
processes act to suppress electron−hole pair recombination
and increase the availability of electrons and holes for
photoreactions.
Since the TNF-700-1 photocatalyst (99 wt % anatase, 1 wt

% rutile) demonstrated such remarkable activity for aqueous
methylene blue photo-oxidation, we were curious whether the
activity of the photocatalyst could be further enhanced by
increasing the content of rutile. By calcining TNF-AP at 700
°C for 1−5 h, a series of TNF-700-t (t = 1−5 h) photocatalysts
with different anatase:rutile ratios were obtained. Detailed
characterization data for this series of TNF-700-t photo-
catalysts is provided in Table 1, Figures 10, and S4−S8. Results
show that by increasing the calcination time at 700 °C from 1
to 5 h, the rutile content in the TNF-T-t photocatalysts
increased from 1 wt % (TNF-700-1) to 47 wt % (TNF-700-5).
However, as the rutile fraction in the TNF-700-t photocatalysts
increased, the photocatalytic activity for aqueous methylene
blue photo-oxidation at pH 6 progressively deteriorated
(Figures 10, S8, and Table 1). Results indicate that any
possible synergies between the anatase and rutile components
of the TNF-700-t photocatalysts were realized at short
calcination times where the rutile weight fraction was very
low. For scientific rigor, we also studied the effect of
calcination treatments on the physicochemical and photo-
catalytic properties of P25 TiO2. On increasing the calcination
time at 700 °C, the rutile fraction in P25 TiO2 increased,
which proved highly detrimental to photocatalytic performance
(results not shown).
3.4. Schematic of Methylene Blue Photo-Oxidation

Using the TNF-600-1 and TNF-700-1 Photocatalysts. As
summarized in Tables 1 and 2, the TNF-600-1 and TNF-700-1

photocatalysts demonstrate remarkable activity for methylene
blue photo-oxidation at pH 4−6 relative to P25 TiO2 under
UV excitation. To our knowledge, the rate constants (k′)
reported here for methylene blue photo-oxidation using TNF-

Table 2. Summarized Methylene Blue Photo-Oxidation Data for TNF-600-1, TNF-700-1, and P25 TiO2 Photocatalysts at
Different pHa

pH 2 phosphate buffer solution pH 4 phosphate buffer solution pH 6 phosphate buffer solution

sample k′ (min−1) k′ (min−1 g−1) k′ (min−1 m−2) k′ (min−1) k′ (min−1 g−1) k′ (min−1 m−2) k′ (min−1) k′ (min−1 g−1) k′ (min−1 m−2)

TNF-600-1 0.0323 1.0767 0.0209 0.1214 4.0467 0.0787 0.0346 1.1533 0.0224
TNF-700-1 0.0258 0.8600 0.0233 0.0994 3.3133 0.0898 0.0508 1.6933 0.0459
P25 TiO2 0.0023 0.0778 0.0016 0.0069 0.2304 0.0047 0.0221 0.7367 0.0150

aThe methylene blue photo-oxidation data was collected in phosphate-buffered solutions of different pH ([MB]0 = 4 × 10−5 mol L−1, 150 mL, 30
mg of photocatalyst) under UV excitation (365 nm, 6.5 mW cm−2).

Figure 10. Plots of (a) pseudo-first-order rate constants for methylene
blue photo-oxidation as a function of TNF-T-t calcination time at 700
°C. Photocatalytic tests were conducted in pH 6 phosphate buffer (I =
0.1264 mol L−1); (b) surface area normalized rate constants for
methylene blue photo-oxidation at pH 6 versus the percentage of
rutile in various TNF-T-t photocatalysts.
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600-1 and TNF-700-1 are among the highest ever reported for
a TiO2-based photocatalyst. This activity owes much to the
hierarchical nanoflower structure of the photocatalysts and also
the surface properties of the large anatase nanoparticles
contained within the petals of the nanoflowers, which had a
low IEP (4.3 for TNF-700-1 and 4.5 for TNF-600-1). The
petals were also porous, thus allowing facile mass transport of
water molecules to active sites for efficient OH• gener-
ation.81,82

Figure 11 summarizes the main findings of the current study.
Under UV excitation in water, anatase is photoexcited, with
valence band holes and conduction band electrons generating
OH• radicals, which migrate out into the solution and react
with aqueous methylene blue, leading initially to decolorization
of the molecule and eventually to complete mineralization
(Figure 11, top scheme). The rate of methylene blue photo-
oxidation depends on the flux of OH• radicals emanating for
the TiO2 photocatalysts. For a given catalyst, the rate of OH•

radical generation depends on the efficiency of UV absorption
and charge separation, pH, and surface state of the photo-
catalyst, with a pH close to the IEP of the photocatalyst being
optimal for OH• production. The photocatalytic behaviors of
the TNF-600-1, TNF-700-1, and P25 TiO2 with pH (Figure 9
and Table 2) can readily be rationalized on this basis (Figure
11, lower scheme). All photocatalysts had good UV absorption
and charge separation properties. For P25 TiO2 (IEP = 5.9),
OH• generation and methylene blue photo-oxidation was
maximal at ∼pH 6, whereas pH 4 was closer to ideal for TNF-
700-1 (IEP = 4.3) and TNF-600-1 (IEP = 4.5). Even at pH 6,
the TNF-600-1 and TNF-700-1 photocatalysts still hand-
somely outperformed P25 TiO2, due to the partial negative
charge on nanoflower photocatalysts at this pH, which would
have electrostatically attracted aqueous methylene blue
molecules toward the photocatalysts for reaction with
emanating OH•, thereby benefitting the reaction kinetics.

4. CONCLUSIONS
Calcination of hydrothermally grown TiO2 nanoflowers at 600
or 700 °C for 1 h yielded anatase-based photocatalysts with

remarkable activity for aqueous methylene blue photo-
oxidation at pH 2−6. The TNF-600-1 and TNF-T-700-1
photocatalysts significantly outperformed Evonik P25 TiO2 for
aqueous methylene blue photo-oxidation in the pH range
investigated. The very high activities demonstrated by the
TNF-600-1 and TNF-T-700-1 photocatalysts for cationic dye
degradation relate to the large ovoid anatase nanocrystals
contained within the petals of the nanoflowers, which gave the
photocatalysts a low isoelectric point (IEP = 4.5 and 4.3,
respectively; cf. IEP = 5.9 for P25 TiO2). The lower IEPs of
TNF-600-1 and TNF-T-700-1 were highly beneficial for
aqueous methylene blue photo-oxidation at pH 6, as the
small negative charge on the surface of the photocatalysts at
this pH acted to electrostatically attract aqueous methylene
blue, shortening the distance OH• needed to travel in solution
before reacting with the dye. The dye degradation performance
of TNF-600-1 and TNF-T-700-1 was even higher at pH 4,
where presumably OH• radical formation was near maximal. At
pH 4, the methylene blue photo-oxidation activities of the
TNF-600-1 and TNF-T-700-1 photocatalysts were 17.6 and
14.4 times that of P25 TiO2. Prolonged calcination treatments
of the hydrothermally grown TiO2 nanoflowers at 700 °C (>1
h) or at higher temperatures (800 °C) proved highly
detrimental to photocatalyst performance, due to the trans-
formation of the anatase nanocrystals in the nanoflower petals
to rutile, resulting in a loss of photocatalyst surface area and a
reduced OH• yield. Results of this study should encourage the
wider use of hierarchical TiO2 photocatalysts, such as TiO2
nanoflowers, in advanced oxidation processes for wastewater
treatment.
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Figure 11. (Top) Schematic diagram showing OH• generation by UV irradiation of an anatase TiO2 photocatalyst in water at pH 6. The hydroxyl
radicals produced during excitation of photocatalysts are powerful oxidants, capable of readily oxidizing aqueous methylene blue. (Bottom)
Schematic showing the working state of the TNF-700-1 and P25 TiO2 photocatalysts at different pH. The gray arrows indicate electrostatic
attraction or repulsion of aqueous methylene blue, and the red broken arrows indicate OH• generation and migration into solution. Note: hydroxyl
radical generation for TNF-700-1 at pH 4 is expected to be much greater than hydroxyl radical generation for P25 TiO2 at pH 6.
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