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F–TiO2 with tuneable TiO2 crystal
phases: synthesis and application in photocatalytic
redox reactions†

Jeannie Z. Y. Tan,ab Natalita M. Nursam,‡ab Fang Xia,bc Yen Bach Truong,b

Ilias Louis Kyratzis,b Xingdong Wangb and Rachel A. Caruso*ab

Electrospinning and hydrothermal treatment were employed to fabricate polyvinylidene fluoride

(PVDF)–titanium dioxide composite photocatalytic membranes with different anatase, brookite and rutile

compositions. The crystal phases were manipulated by adjusting the urea : hydrochloric acid ratio and

the concentration of tetrabutyl titanate in the hydrothermal solution, forming either bicrystalline or

tricrystalline TiO2. The sample with the highest photoproduction of methane from CO2 (19.8 mmol per

gcatalyst per h) showed a low activity in the photooxidation of phenol in aqueous solution under UV

irradiation. Based on the results obtained, the crystal phase composition and microstructure of the

PVDF–TiO2 greatly influenced the photocatalytic reduction of CO2. Electron spin resonance and XRD

indicated a difference in Ti3+ content and this is believed to affect the rate of photodegradation of

phenol. This study revealed that small, controlled changes in TiO2 phase and morphology on the

electrospun PVDF produced photocatalytic membranes with distinctly different activities.
Introduction

Solar driven photocatalytic conversion of carbon dioxide in the
presence of water to hydrocarbon fuels is a sustainable route to
fuel production. This approach would help to alleviate the
increasing concentration of atmospheric CO2 and partly full
the growing demand for renewable generation of hydrocarbon
fuel.1 Developing efficient photocatalysts for solar-driven CO2

reduction is essential in achieving this goal. However, rapid
recombination of the photogenerated electron–hole pairs in
the photocatalyst is a major obstruction to achieve high pho-
tocatalytic activity.2 In order to increase the lifetime of the
photogenerated electron–hole pairs, different photocatalyst
synthesis approaches (e.g., impurity doping, metal deposition,
heterojunction construction, surface modication and carbon-
based material loading)3–13 have been widely applied. One
approach that is gaining attraction is the application of different
polymorphic phases of the same semiconductor.14–17 Titanium
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dioxide with mixed phases is oen reported to have higher
photocatalytic activity than that exhibited by the pure crystalline
phase of anatase, brookite or rutile.18–20 This is because the
interaction of two different crystalline phases encourages the
migration of the photogenerated electron or hole, thereby
leading to charge separation. Hence, the interface of the crys-
talline phases (e.g., rutile–anatase in Evonik P25) serves as the
photocatalytic ‘hot-spot’.18 Triphasic or biphasic TiO2 mixtures
have been reported to be highly photoactive for both solid–
liquid and solid–gas heterogeneous photocatalysis.21,22

The surface modication of TiO2 with anionic uorine
species is another means that can be used to suppress the
recombination of photogenerated electron–hole pairs.23 For
instance, surface uorinated TiO2 exhibited superior charge
separation due to the presence of surface^Ti–F groups that act
as electron-trapping sites. However, the rate of electron transfer
at the interface is decreased as the trapped electrons are tightly
held by the strong electronegativity of uorine.24 Polarity played
a similar role in the composite of TiO2 and b-phase poly-
vinylidene uoride (PVDF): a thin lm of TiO2 deposited on the
electroactive b-phase PVDF revealed an enhanced charge carrier
mobility, and led to enhanced photocatalytic activity.25 More-
over, the electrostatic surface adsorption of charged dyes on
a PVDF–TiO2 composite photocatalyst can be tuned by manip-
ulating the amount of PVDF in the sample.26 Optimisation of
the photocatalytic performance of the PVDF–TiO2 nanobres
(NFs) by manipulating the crystal phases of TiO2 has not yet
been reported. Therefore, the photocatalytic redox reactions of
crystalline, mixed TiO2 phases in a PVDF–TiO2 electrospun
J. Mater. Chem. A, 2017, 5, 641–648 | 641
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composite membrane have been studied here. In order to
fabricate highly distributed TiO2 nanoparticles (NPs) within
a PVDF matrix, electrospinning, which has been widely used to
fabricate polymer-based NFs, was employed. Mixtures of urea
and hydrochloric acid were used to manipulate the phases of
TiO2 in the PVDF NFs. The properties of the TiO2–PVDF NFs
were characterised and the photocatalytic redox reactions of
the TiO2–PVDF electrospun membranes were measured using
the photooxidative degradation of phenol and photoreduction
of CO2.

Experimental
Materials

PVDF (Kynar Flex® 2801) was purchased from Arkema. N,N-
Dimethylformamide (DMF, analytical grade), acetone (analytic
grade), copper(II) acetate (98%), hydrochloric acid (HCl, 32%
analytic grade), tetrabutyl titanate (TBT, 97% reagent grade),
phenol ($96%), tert-butyl alcohol ($99.5%) and benzoquinone
($98%) were purchased from Sigma Aldrich. Urea was
purchased from BDH Chemical Ltd. All chemicals were used
without further purication. A commercial TiO2, Evonik P25
(referred to as P25 throughout the text), was used as the refer-
ence photocatalyst. Water used throughout the experiment was
obtained from a Milli-Q purication system with resistivity
higher than 18 MU cm.

Synthetic procedures

Electrospinning. PVDF powder (4.0 g) was added to a 20 mL
mixture of solvents (DMF : acetone in the volume ratio of 7 : 3)
and stirred vigorously for 1 h. Then, 8 mL of TBT was added and
the solution was stirred for another 24 h.

Electrospinning of the PVDF–TBT solution was carried out
using a 3 mL syringe with a 21 gauge needle (0.8 mm). Elec-
trospinning parameters used were 120 mm distance between
needle and grounded collection plate, 18 kV (DC voltage supply
Spellman TFT 2056 mode) and a pumping rate of 2 mL min�1
Table 1 Reagent composition and pH value of the hydrothermal solutio
phase composition of the fabricated PVDF–TiO2 membrane

Sample no.

Hydrothermal
solution (mL)

TBT concentration
(M)Urea HCl

1 20 0 0.030
2 20 0 0.125
3 19 1 0.250
4 19 1 0.030
5 18 2 0.250
6 18 2 0.030
7 17 3 0.250
8 17 3 0.030
9 16 4 0.250
10 16 4 0.030
11 15 5 0.030
12 0 20 0.125

642 | J. Mater. Chem. A, 2017, 5, 641–648
(New Era Pump Systems, Inc) for 30 min. The electrospun
membranes were collected on uorinated tin oxide conductive
coated glass (10 U sq�1 purchased from Mei Jing Yuan Glass
Technology Ltd), which was subsequently placed into the Teon
reactor for hydrothermal treatment.

Hydrothermal reaction. Known amounts of TBT (refer to
Table 1) were added to solutions of different ratios of aqueous
urea (0.5 M) : aqueous HCl solution (5.0 M) to make a total
solution volume of 20 mL. The solutions were stirred vigorously
until they became clear and then transferred into a Teon lined
stainless steel autoclave (30 mL). The electrospun PVDF–TBT
membrane was then added to this solution and heated at 120 �C
for 24 h without stirring. Aer the hydrothermal reaction, the
membrane was thoroughly washed with deionized water and air
dried overnight.
Materials characterisation

Room temperature powder X-ray diffraction (PXRD) was con-
ducted on a Bruker D8 Advance X-ray diffractometer using CuKa
radiation. Data was analysed using a Bruker EVA™ with crys-
talline phases identied using the ICDD-JCPDS powder
diffraction le database. Rietveld renement using Bruker
TOPAS™ was carried out to calculate the weight fraction of the
phases present.

In situ PXRD experiments were conducted using the powder
diffraction beamline at the Australian Synchrotron. The setup is
described in detail elsewhere.27,28 The X-ray energy was 16 keV,
and the wavelength (0.7743 Å) was calibrated using a LaB6

standard (NIST SRM 660b). Prior to the experiment, an elec-
trospun PVDF–TBT membrane and aqueous HCl (5 M) were
loaded into a quartz glass capillary (1 mm in diameter, 0.1 mm
in wall thickness, and 40 mm in length), which was sealed in
a custom-made stainless steel holder designed by Norby.29 An
external N2 pressure (3 MPa) was applied to the capillary to
prevent vaporisation of the solvent. The capillary was xed at
the centre of the X-ray beam and then heated (10 �C min�1) to
120 �C by a hot air blower beneath the capillary. The
n used in the preparation of the PVDF–TiO2 membrane and the crystal

pH

Crystal phase composition (%)

Anatase Brookite Rutile

6.49 96 4 0
90 5 5

0.57 83 17 0
73 0 27

0.40 64 18 18
64 12 24

0.30 55 0 45
46 12 42

0.24 39 9 52
12 20 68

<0 0 22 78
<0 0 0 100

This journal is © The Royal Society of Chemistry 2017
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temperature was monitored by a K-type thermocouple 3.5 mm
beneath the capillary. In situ diffraction patterns were collected
continuously with a time resolution of 2 min.

The sample morphology was examined by scanning electron
microscopy (SEM) under high vacuum mode using a eld-
emission environmental SEM (Quanta 200F FEI) with a voltage
of 10 kV. The samples were not pre-coated. Transmission elec-
tron microscopy (TEM) and high resolution TEM (HRTEM)
images were obtained on a transmission electron microscope
(FEI Tecnai F20) operated at 200 kV. The samples were prepared
by placing the PVDF–TiO2 membranes in a 2 mL ethanol solu-
tion and sonicating for 20 min. A drop of this solution was
evaporated onto a holey carbon coated copper TEM grid.

Attenuated total reectance Fourier transform infrared
(ATR-FTIR) spectra were collected at room temperature using
a ThermoScientic model Nicolet 6700 FT-IR with 16
acquisitions.

Electron spin resonance (ESR) spectra were measured at
�196 �C using a Bruker Elexsys-II E560. Before the measure-
ment, the PVDF–TiO2 membrane (0.01 g) and 2 mL of copper
acetate solution (0.1 M) was put into a thin wall quartz ESR tube
(4 mm OD � 250 mm in length). The tube was either le in the
dark or irradiated with UV light (l ¼ 365 nm; XX-15A, Spectro-
line) for 15 min then immediately immersed into liquid
nitrogen until it froze. The ESR tube was carefully placed into
the sample holder, which was lled with liquid nitrogen. During
themeasurement themodulation amplitude and phase were set
at 4.00 and 0, respectively. The receiver gain was set at 10 dB
with a time constant of 20.48 ms and sweep time of 100.71 s.

Thermogravimetric analysis (TGA) conducted on a Mettler
Toledo TGA/SDTA-851e instrument was used to measure the
TiO2 content of the PVDF–TiO2 membranes. The measurement
was conducted from 25 �C to 900 �C under an air environment
(compressed air from Coregas, 30 mL min�1) with a ramp rate
of 10 �C min�1.
Photocatalytic redox reactions

The photocatalytic activities of the PVDF–TiO2 membranes were
evaluated using UV irradiation by the photodecomposition of
phenol and photoreduction of CO2. UV irradiation for these
experiments was supplied from two 15 W Hg UV-A black tube
lamps (XX-15A, Spectroline) with a single peak wavelength at
365 nm.

Phenol photodegradation. This was evaluated using a high
throughput photocatalytic screening set up. The amount of
fabricated membrane (in pieces) used was 1.0 g L�1, and the
phenol concentration was 10 ppm. Prior to the photocatalysis
experiment, samples were suspended in phenol solutions
with or without tert-butyl alcohol (0.1 mM) and benzoquinone
(0.1 mM) in a 24-well plate and shaken in the dark overnight
on a medium orbital shaker (Model: OM6 from Ratek
Instruments Pty. Ltd) until sorption equilibrium was ach-
ieved. During the photocatalytic reaction, the phenol
concentration was monitored at 270 nm using a UV-Vis plate
reader (FlexStation 3 Kinetic Plate Reader, Molecular Devices)
every 0.5 h for 2.5 h. The photocatalytic activity was expressed
This journal is © The Royal Society of Chemistry 2017
as an apparent reaction rate constant, k, which was obtained
as the mean from duplicate samples. The k value of the
PVDF–TiO2 membrane was determined from the slope of
a [ln(C0/C(t))]/t plot, where C(t) is the concentration measured
aer t min, and C0 is the initial concentration measured
immediately before irradiation. P25 (1.0 g L�1) was used as the
reference material for the photocatalytic reactions. The
experimental conditions and procedures were similar to those
above.

The quantum efficiency for the phenol photodecomposition
reaction (Q. E.phenol) was calculated using the following
equation:

Q: E:phenol ¼ rate of phenol decomposition

absorbed photon flux at 365 nm

CO2 photoreduction. All measurements were carried out at
room temperature (25–27 �C) in a quartz photoreactor
(internal diameter of 77 mm and 97 mm in depth), which was
placed in a dark cabinet that was tted with cooling fans. The
PVDF–TiO2 membrane (approx. 2 cm � 2 cm, exact mass
known) was placed into the quartz reactor and was tested with
a mixture of CO2 and water that was generated by bubbling
CO2 (99.9% BOC Australia) through water (Milli-Q) in a 25 mL
water bubbler. Prior to the test, the mixture of CO2 and water
was purged through the reactor at 100 mL min�1 for 1 h. The
ow rate of the CO2 was then decreased and maintained at
10 mL min�1 throughout the photoreduction test. P25 was
immobilised on a microscope glass slide by placing a drop of
concentrated P25 in ethanol on the slide. The coating was le
in the oven (60 �C) to allow ethanol to evaporate. The
concentration of the effluent gas was monitored by gas chro-
matography (Tracera GC-2010 Plus capillary equipped with
a barrier discharge ionization detector from Shimadzu) as
a function of irradiation time. The CO2 was initially moni-
tored in the dark to ensure no other organic substances were
present or generated from the PVDF–TiO2 samples that
interfered with the CO2 detection. Aer 1 h in the dark, the
rst gas sample was taken and analysed, and then the UV
lamp was turned on and gas samples were removed and
measured at 1 h intervals.

The quantum efficiency for the photomethanation reaction
(Q. E.CH4

) was calculated using the following equation:

Q: E:CH4
¼ rate of CH4 generation

absorbed photon flux at 365 nm

The photon ux was recorded using a quantum efficiency
test instrument (Keithley 2400 SourceMeter) under the same
irradiation (two 15 W Hg UV-A black tube lamps (XX-15A,
Spectroline) with a single peak wavelength at 365 nm) as used
for the photocatalytic reactions.

The isotope analysis of 13C was performed using the same
photocatalytic setup with known amount of membrane
(sample 2) and the CO2 source was 13CO2 (99 atom% 13C from
Sigma Aldrich). The analysis was conducted using gas chro-
matograph-mass spectroscopy (Thermo TSQ 8000 TRACE 1310).
J. Mater. Chem. A, 2017, 5, 641–648 | 643
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Results and discussion

The crystal phase and structure of the PVDF membranes prior
to and following hydrothermal treatment were examined and
are described below.
Fig. 1 Synchrotron in situ PXRD pattern of PVDF–TiO2 membrane
(sample 12) in 5 M HCl (a). Each peak in the PXRD pattern was labelled
with the corresponding hkl. Selected synchrotron PXRD patterns at 0,
20, 30 and 80 min (b).
Crystal phase composition

The XRD pattern of the PVDF–TBT membrane prior to hydro-
thermal treatment, as shown in Fig. S1a† reveals one intense
PVDF peak (20.4�) accompanied by a shoulder peak (18.4�) and
a weak peak at 36.2� (Fig. S1a†). No peak corresponding to
crystallised TiO2 was observed in the electrospun PVDF–TBT
composite that had a NF microstructure (Fig. S1b†).

The urea, HCl and TBT concentrations and the pH of the
different hydrothermal solutions used to treat the electrospun
PVDF–TBT membranes are shown in Table 1. The highest
concentration of TBT added into the urea or HCl solutions was
0.125 M, whereas in mixed solutions (i.e., different ratio of
urea : HCl) it was 0.250 M. This high concentration of TBT
(i.e., 0.250 M) in urea caused the growth of TiO2 in the solution
rather than stimulating the growth of TiO2 within the PVDF,
giving poorly crystalline TiO2 in the membrane. Contrastingly,
the HCl solution induced heavy growth of TiO2 on the PVDF
NFs, which tended to detach. However, when low TBT concen-
trations (i.e., 0.030 M) were used in urea or HCl solution, TiO2

NPs grew on the NFs during the hydrothermal treatment
(further discussion can be found in the microstructure section).

The pH of the hydrothermal solutions, as shown in Table 1,
decreased with increasing HCl content. The TiO2 phase
composition in the PVDF–TiO2 membrane could be nely tuned
even in such a highly acidic environment. To determine which
crystalline phases of TiO2 were present in the fabricated
PVDF–TiO2 membranes, room temperature PXRD patterns were
obtained (Fig. S2a†). Aer Rietveld renement, the weight
fractions of the crystalline phases were calculated, and are
summarised in Table 1 (a graphical form of this data is available
in Fig. S2b†). Except for sample 12, which was entirely rutile, all
other samples were biphasic or triphasic TiO2. Brookite, if
present, was always a minor fraction. The overall trend of the
TiO2 phases showed that the anatase fraction of the membranes
decreased with a decrease in the urea : HCl ratio. For samples
9 to 12, rutile became the predominant phase due to the high
acidity of the hydrothermal solutions favouring the growth of
rutile.30,31

Different morphologies and crystal phase compositions of
the TiO2 were obtained and strongly depended on the amount
of TBT used and the pH of the hydrothermal solution. In an
aqueous urea solution, anatase was the predominant phase
(96%) with the formation of 4% brookite in sample 1, and 5%
each of brookite and rutile in sample 2. For these two hydro-
thermal solutions, the solution pH was the same (pH 6.49) but
the TBT concentrations of the hydrothermal solutions were
different, 0.030 and 0.125 M. As a precipitate was formed on the
addition of TBT to the urea solution when pH > 1, the growth of
TiO2 via dissolution and crystallisation was expected to be
negligible.32 The formation of rutile in sample 2 is due to the
644 | J. Mater. Chem. A, 2017, 5, 641–648
increase in TBT concentration. A low TBT concentration in the
urea solution promotes the heterogeneous nucleation of
anatase and a trace amount of brookite, the high concentration
of TBT might have induced the crystallisation of rutile at the
interfaces between anatase crystals, which serve as potential
nucleation sites for rutile grain growth as proposed previously.33

When the urea : HCl ratio decreased, the anatase component
decreased and the rutile phase increased (Table 1) as the cor-
responding reduction in pH favoured the rutile formation. The
high acidity of the hydrothermal solutions, as for samples 9 to
11, resulted in rutile becoming the predominant phase;30,31 and
eventually only the rutile phase was obtained in sample 12. In
addition, the high HCl concentration caused anisotropic
growth of rutile as evidenced in the synchrotron in situ PXRD
(Fig. 1). At the beginning of the synthesis, a broad amorphous
peak (5–15�) was observed. This broad peak was due to the
simultaneous contribution of three components (i.e., quartz
glass capillary, hydrothermal solution and the Ti-precursor).
Since the amorphous nature of quartz glass capillary and the
hydrothermal solution would not change in the in situ experi-
ment, the loss in intensity at around 11� 2q with time is asso-
ciated with the dissolution of the amorphous Ti-precursor. The
rst 20 minutes is an induction period for nucleation since no
crystalline peaks are obvious. Once crystallisation commences,
the intensity of the rutile peaks rises gradually. The sharp peak
at approximately 27.3� 2q suggested the particles were elon-
gated along the [001] crystal direction.
This journal is © The Royal Society of Chemistry 2017
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Interaction between TiO2 and PVDF

The room temperature PXRD of the PVDF and TiO2–PVDF
samples indicated the presence of both the PVDF a and/or g and
b crystalline phases aer hydrothermal treatment (Fig. S2a†). A
broad peak at 18.5� and a much more intense peak at 20.7� can
be attributed to the a and/or g34 and b phases,35 respectively.
Due to the overlap of the a and g phases in the PXRD, further
analysis was conducted using IR spectroscopy as shown in
Fig. 2. The spectra of PVDF before and aer hydrothermal
treatment showed that a (763 and 970 cm�1) and b (839 and
1273 cm�1) phases were present, while the g phase (1234 cm�1)
was absent.34 A mixture of a and b phases were observed in all
the hydrothermally treated PVDF–TiO2 samples (Fig. 2).

The relative intensity of the b phase varied for the samples,
with samples 1 to 6 having higher relative intensity compared to
pristine PVDF, while from sample 7 onwards the intensity
decreased gradually. The increase in the relative intensity of the
b phase peaks from samples 1 to 6 is believed to be independent
of the hydrothermal treatment process (compare (i) and (ii) in
Fig. 2), but is instead affected by the NPs grown on the NFs, as
observed previously by Andrew et al.36 They found that the
increase in the b phase can be explained by the size of NPs that
are present on the electrospun NFs according to the expanded
Flory mixing theory developed by Mackay et al.37 Using this
theory, Mackay and co-workers demonstrated that dispersed
NPs could cause the polymer to swell when the radius of the NPs
Fig. 2 IR spectra of pure PVDF before (i) and after (ii) hydrothermal
treatment and the PVDF–TiO2 membranes, labelled by sample
number (1–12).

This journal is © The Royal Society of Chemistry 2017
was less than the radius of gyration, Rg, of the polymer.
According to Andrew et al., the Rg of PVDF based on the freely
jointed chain model,36 was 27.5 nm,37 which is much greater
than the mean diameter of the TiO2 NPs grown here on the
PVDF NFs. The NP size distribution was determined for samples
2, 3, 4, and 5, the majority being less than 27.5 nm (Fig. S3†).
The TiO2 NP size for sample 1 could not be measured due to
agglomeration of TiO2 NPs within the electrospun NFs, whereas
for sample 6, heavy growth as well as self-assembled nanorods
on the PVDF NFs prevented accurate determination of NP size.
The measured NP size was less than the Rg of PVDF, therefore
the increased intensity of the b phase in the IR result could be
due to the presence of TiO2 NPs. According to Andrew et al.,36 it
could be that when the TiO2 NPs nucleated and grew within the
PVDF NFs, the polymer swelled, thus increasing its Rg. The
increase of Rg was manifested by intensifying the crystalline
b phase of the PVDF membranes, samples 1 to 6, as shown in
Fig. 2. When the growth of TiO2 NPs was promoted further with
the reduction in the urea : HCl ratio of the hydrothermal solu-
tions, as for samples 7 to 12, the size of TiO2 NPs became larger
than the Rg of PVDF. Therefore, a reduced b phase intensity was
observed in the IR spectra (Fig. 2).

The urea : HCl volume ratio of the hydrothermal solutions
also affected the PVDF : TiO2 weight ratio (Table S1†) in the
nal membrane. The overall trend showing a decrease in PVDF
content with reducing urea : HCl ratio.
Microstructure

The microstructure of the electrospun PVDF–TiO2 membranes
was studied by SEM and TEM. Prior to the hydrothermal treat-
ment, TBT was trapped in the middle of the electrospun NFs
(Fig. S1b†), which is in agreement with a previous report.38 In
order to simplify the discussion of this work, the following
discussion will focus on four representative samples, namely
samples 1, 2 (a low and high concentration of TBT in alkaline
hydrothermal solutions), 7 and 9 (having intermediate
urea : HCl ratios with same concentration of TBT). SEM images
show that the NFs of samples 1 and 2 are relatively smooth
(Fig. 3a and b) and free of external TiO2 NPs, while TEM revealed
that crystallised TiO2 NPs were present within the NFs (Fig. 3e
and f). As mentioned earlier, precipitate was formed when the
hydrothermal solution has a pH > 1, thus, the TiO2 crystal-
lisation of sample 1 and 2 only occurred within the NFs. TiO2

NPs with lattice fringes of 3.53 Å, assigned to anatase, were
agglomerated at the centre of the electrospun NFs (Fig. 3i).

Sample 2 was hydrothermally treated in a higher TBT
concentration (0.125 M) solution than sample 1. Sample 2
shows agglomeration of TiO2 at the centre of the NFs as well as
discrete and dispersed TiO2 NPs near the edge of the NFs
(Fig. 3f). HRTEM of TiO2 NPs at the edge of the bre exhibited
lattice fringes that were assigned to rutile (3.25 Å) and anatase
(3.53 Å) (Fig. 3j). Such an observation could suggest that the
formation of rutile in this sample was through interfacial
nucleation.

When the pH of the hydrothermal solutions decreased to
below 1, TiO2 particles grew on the surfaces of the NFs without
J. Mater. Chem. A, 2017, 5, 641–648 | 645
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Fig. 3 SEM images of four representative electrospun PVDF–TiO2

membrane samples 1, 2, 7 and 9 (a–d). Corresponding TEM (e–h) and
HRTEM images (i–l) of the circled areas in (e–h) labelledwith the lattice
fringes of anatase (A), brookite (B) and rutile (R).

Fig. 4 The CO2 photomethanation yield over 11 h (with 1 h in the dark,
9 h under UV irradiation and another 1 h in the dark) of four repre-
sentative PVDF–TiO2 samples (sample 1, 2, 7 and 9).
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agglomeration at the core of the NFs (Fig. 3c, d and S4†). The
dissolution of TBT within the electrospun bre, which was
shown in the synchrotron in situ PXRD experiment (Fig. 1),
induces the TiO2 NP formation on the surface of the electro-
spun NFs (Fig. 3c, d and S4†). Interestingly, only anatase
(3.53 Å) and brookite (3.45 Å) crystals were observed on the NFs
of sample 7 (Fig. 3k). A few “sea urchin”-like particles were
found detached from the NFs in this sample. These large
particles were made up of agglomerated rutile nanorods,
similar to the spherical agglomerates obtained from sample 8,
9 and 12 (Fig. S4i, 3h and S4l, respectively†), as indicated by
the rutile lattice fringes (3.25 Å). The nanorods were elongated
along the [001] crystal direction (Fig. 3l), which was evidenced
in the sharp and narrow (001) peak at �27.3� 2q in the in situ
PXRD pattern (Fig. 1b).

Photocatalytic reduction of CO2

The photoreduction of CO2 to methane (or photomethanation),
was used to analyse the photocatalytic activities of the
PVDF–TiO2 membranes against the P25 control. The photore-
duction of CO2 under UV irradiation was conducted for 9 h (with
the samples kept in the dark for an initial and nal hour) and
the reaction was monitored by the production of methane
(Fig. 4 and S5†). When illuminated the photoproduction of
methane was observed for all samples except the P25 control,
which had no detectable methane yield. Methanation did not
occur in the dark (without illumination) for any sample. These
results agree with previously reported work, showing no activity
when the photocatalyst was not illuminated and limited or no
yield using P25 as the photocatalyst.7

Sample 1 had the lowest CO2 photomethanation activity
(rate ¼ 2.7 mmol per gcatalyst per h and Q. E.CH4

¼ 0.06%),
whereas sample 2 had the highest CO2 photomethanation rate
at 19.8 mmol per gcatalyst per h (Fig. 4) and Q. E.CH4

¼ 0.44%
under UV irradiation. The superior methane production in
sample 2 over sample 1 was probably due to the TiO2 NPs being
accessible on the surface of the NF that allowed the adsorption
646 | J. Mater. Chem. A, 2017, 5, 641–648
of CO2 directly on the TiO2 NPs for electron injection into CO2

molecules, subsequently reducing CO2 to methane (Fig. 3j).
When the size of TiO2 NPs increased with lower urea : HCl ratio,
the photomethanation rates decreased dramatically (Fig. 4 and
S5† for sample 3–6). Although the size of the NPs in sample 7
was larger than that in samples 3–6, the photomethanation
yield of sample 7 was much higher than that in samples 3–6 but
slightly lower than sample 2. In this case, it was believed that
the effect of crystal phase composition played a signicant role
in determining the photomethanation activity. Sample 7 con-
tained 55% anatase, which is reported to contain a potential site
for CO2 activation and 45% rutile, which has an effective
reduction site.39,40 Therefore, having anatase and rutile in about
the same ratio shows enhanced photomethanation activity.
Further increasing the rutile composition (samples 8–12)
induced a low photomethanation yield. In addition, a low
percentage (12%) or an absence of the anatase phase signi-
cantly delayed the methane production upon UV irradiation
(samples 10–12, Fig. S5†), as methane was only detected aer
the second (sample 10) and third hour (samples 11 and 12) of
irradiation. Based on these results, the photomethanation
activity of PVDF–TiO2 was signicantly affected by both the
crystal phase composition and microstructure of the photo-
catalyst. Correlation between the PVDF amount and the pho-
tocatalytic methanation activity of the PVDF–TiO2 membranes
was not observed.

The photoreduction of CO2 was further investigated using
isotope labelled 13CO2 (m/z ¼ 45.024) and 12CO2 (m/z ¼ 44.020),
which photoproduced 13CH4 (m/z ¼ 17.016) and 12CH4

(m/z ¼ 16.015), respectively (Fig. S6†). The intensity ratio of
13CH4 matches that of 12CH4. Hence, the main organic product
was veried to be generated from the reduction of 13CO2.

The PVDF–TiO2 samples that exhibited the highest (sample
2) and lowest (sample 1) CO2 photomethanation were tested for
aqueous phase phenol photodegradation (Fig. 5). The photo-
degradation activity of these two samples shows a reverse
performance to their photomethanation activities. Sample 1
(Q. E.phenol ¼ 0.50%) exhibited a higher photodegradation
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Phenol photodegradation of sample 1, 2 and P25 under UV
irradiation.
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activity than sample 2 (Q. E.phenol ¼ 0.18%). To understand the
underlying reaction mechanism involved in the photocatalytic
degradation of phenol, a series of control experiments was
conducted (Fig. 5). As shown in Fig. 5, when benzoquinone
(scavenger of O2c

�) was added, the phenol photodegradation
activity of sample 1 and 2 was signicantly inhibited. When tert-
butyl alcohol, which scavenges OHc, was added, the phenol
photodegradation activity was not affected signicantly. These
results indicated that O2c

� played a vital role in catalysing the
photodecomposition of phenol in aqueous solution under the
irradiation of UV. In this respect, a direct interaction is not
required to undergo the photodecomposition of phenol,
therefore, the PVDF layer did not inhibit the photocatalytic
activity of phenol decomposition in sample 1. This is similar to
a previous observation, where the radical species diffused
through a Naon layer and subsequently decomposed the
organic molecules.41

Comparing sample 1 and 2, the phenol photodegradation
of these samples possibly correlates to the amount of bulk Ti3+

(g z 1.99, Fig. S7a†),42 which provides two advantages to the
photodecomposition of phenol under UV irradiation.43 Firstly,
the bulk Ti3+ could effectively serve as an acceptor of the
photogenerated electrons to suppress the charge recombina-
tion of photogenerated electron–hole pairs.44 Secondly, the
bulk Ti3+ in the titania material increased the chemisorption
of the oxygen species, which is benecial for the oxidative
photodegradation activity.45 In the ESR results, Fig. S7a,†
similarly intense axial signals at g z 1.99 for samples 1 and 2
were detected. However, a narrower line width was observed in
sample 2 due to a lower concentration of Ti3+ centres.46,47 A
lower PXRD peak intensity centred at 42.8� was also indicative
of this difference in Ti3+ concentration (Fig. S7b†). Therefore,
the low phenol photodegradation activity in sample 2 was due
to the lower quantities of bulk Ti3+ being present compared
with sample 1. The intense ESR signal at g z 2.04, which was
assigned to the paramagnetic b-phase of PVDF,48 was present
in both samples 1 and 2 but absent in the blank Cu(CH3COO)2
(Fig. 5b).
This journal is © The Royal Society of Chemistry 2017
Conclusions

Free standing PVDF–TiO2 membranes with single, bi- or tri-
crystalline titania phases were fabricated using a combined
electrospinning and hydrothermal treatment method. The
phase composition of anatase, brookite and rutile was nely
tuned by manipulating the ratio of urea and HCl in the hydro-
thermal solutions. When the electrospun membrane was
hydrothermally treated in a urea solution, anatase was the
predominant phase and TiO2 NPs were agglomerated at the
centre of the electrospun NFs. When the acidity of the hydro-
thermal solutions increased, TiO2 NPs were formed on the
surface of the NFs and the anatase fraction of the membranes
decreased. Brookite, if present, was always a minor fraction.

CO2 photoreduction on the PVDF–TiO2 membranes was
inuenced by the crystal phase and microstructure of TiO2

within the electrospun PVDF NFs. The PVDF–TiO2 sample with
the highest photoreduction activity (sample 2) showed a rela-
tively low photooxidation activity towards phenol. This was due
to a lower concentration of photoinduced Ti3+ being present in
sample 2 compared to sample 1.
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