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A B S T R A C T

The photocatalytic reduction of CO2 into light hydrocarbons using sunlight and water is a challenging reaction
involving eight electron transfer steps; nevertheless, it has great potential to address the problem of rising
anthropogenic carbon emissions and enable the use of fossil fuels in a sustainable way. Several decades after its
first use, TiO2 remains one of the best performing and most durable photocatalysts for CO2 reduction albeit with
a poor visible light absorption capacity. We have used flame annealing to improve the response of TiO2 to visible
photons and engineered a nanotubular morphology with square-shaped cross-sections in flame-annealed na-
notubes. An enhanced CH4 yield was achieved in the photoreduction of CO2 using flame annealed TiO2 nano-
tubes, and isotope labeled experiments confirmed the reaction products to originate from the CO2 reactant.
Flame-annealed TiO2 nanotubes formed in aqueous electrolyte (FANT-aq) yielded 156.5 μmol gcatalyst–1.hr–1 of
CH4, which is in the top tier of reported performance values achieved using TiO2 as a stand-alone photocatalyst.
This performance resulted because appreciable amounts of CH4 were generated under visible light illumination
as well. TiO2 nanotubes exhibited CO2 photoreduction activity up to a wavelength of 620 nm with visible light
driven photocatalytic activity peaking at 450 nm for flame annealed TiO2 nanotubes. Isotope labelling studies,
using GC–MS and gas-phase FTIR, indicated photoreduction of 13CO2 to 13CH4. The detection of 13CO in the
product mixture, and the absence of HCHO and HCOOH provides strong support for the photoreduction pro-
ceeding along a carbene pathway. The enhanced CO2 photoreduction performance of FANT-aq is attributed to
increased visible light absorption, square morphology, and the presence of rutile as the only crystalline phase
with (110) as the dominant plane.

1. Introduction

The alarming rise of CO2 concentrations in the atmosphere due to
ever-increasing reliance of mankind on fossil fuels has intensified re-
search to develop clean and carbon-neutral energy systems [1]. Nu-
merous approaches such as CO2 capture and storage [2], conversion of
CO2 into valuable products (e.g. cyclic carbonates and polycarbonate-
polyols) [3], and microbial binding of CO2 [4] have been proposed for
fixation of CO2 in extended time scales. The geological storage of CO2 is
an energy intensive approach, which is less promising due to the in-
herent risk of sudden leakages, huge energy requirements and acid-
ification of sea water. The photocatalytic conversion of CO2 into light
hydrocarbons using sunlight as a source of energy and water as a source
of electrons and protons is an enticing approach to control carbon
emissions. Since the discovery of photoelectrochemical CO2 reduction
on GaP by Halmann in 1978 [5] and subsequent work on the photo-
catalytic reduction of CO2 in aqueous suspensions of WO3, TiO2, CdS

and ZnO [6], several semiconductor photocatalysts have been explored
for CO2 activation. However, none of these semiconductors meet the
requirements for efficient and durable CO2 reduction. Among various
semiconductor materials TiO2 has gained wide consideration due to its
non-toxic nature, wide abundance, durability under extreme condi-
tions, and appropriate band-edge positions for CO2 reduction. The
dominance of TiO2 in the field of semiconductor-mediated artificial
photosynthesis is such that H. Garcia and colleagues authored a review
article in 2013 titled Photocatalytic CO2 Reduction using Non-Titanium
Metal Oxides and Sulfides and still found non-TiO2 materials to be “no-
toriously inefficient” [7]. However, TiO2 possesses a wide bandgap of
3.0–3.2 eV that restricts optical absorption to photons in the ultraviolet
(UV) spectral range, where only a tiny fraction (∼ 5%) of solar energy
resides. Moreover, recombination losses are particularly pernicious for
the reduction of CO2 to fuels which involves 6–8 electron transfer steps
[8].

Bandgap engineering using different schemes, e.g. doping with
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metals and non-metals, photosensitization with low band gap semi-
conductors as well as metal complexes, and composite formation with
other semiconductors and carbonaceous materials, have been explored
to improve visible light absorption in TiO2. However, the yield of hy-
drocarbon reaction products has not exceeded a few micromoles per
unit mass of catalyst. Flame annealed titania received significant at-
tention in the early 2000s as a method to improve the visible light re-
sponsivity of TiO2 through the introduction of defects and dopants
[9–13]. In a highly cited but contentious study, S.U.M. Khan and col-
leagues reported on highly efficient water-splitting using flame an-
nealed TiO2 thin films in the journal Science in 2002 [9]. The results of
these studies were challenged on the basis of spectral mismatch be-
tween the unfiltered Xe arc lamp used as the illumination source and
the spectrum of terrestrial sunlight, potentially unphysical mechanisms
used to explain the observed enhancement, and problems with the re-
producibility of the reported results [14]. Consequently, this line of
research was not widely pursued. Recently, there has been a resurgence
of interest in “black TiO2”, which is a defect-rich form of reduced titania
exhibiting visible light absorption over a broad spectral range, parti-
cularly for photoelectrochemical water-splitting [15–20].

The TiO2 nanotube array structure affords the tremendous ad-
vantage of orthogonalization of the light absorption and charge se-
paration processes [21–24]. The nature of anodic synthesis is such that
the length of the nanotubes can be made as large as millimeters while
the nanotube wall-thickness remains in the 5–30 nm range [25]. Thus,
the nanotubes can be longer than the penetration depth of absorbed
radiation while the wall-thickness of the nanotubes can be of the order
of the carrier retrieval length (diffusion length+ drift length due to
surface band-bending [26–29]) such that a majority of the photo-
generated carriers are able to reach the nanotube surface before re-
combination and/or trapping, and react with adsorbed reactants or
electrolyte ions [30]. For this reason, one-dimensional TiO2 nanos-
tructures constitute some of the highest performing nanomaterial ar-
chitectures for CO2 reduction with reported CH4 generation rates as
high as 3.7ml g-1 hr−1 [31,32]. Typically, the TiO2 nanotubes are de-
corated with monometallic or bimetallic co-catalyst nanoparticles (NPs)
containing at least one noble metal such as Pt, Pd, Rh, Ru, Au, Cu, CuPt,
ZnPd, AuCu, etc [33–38]. The presence of the noble metal assists in
electron-hole pair separation and reduced recombination through the
introduction of surface band-bending, produces favorable shifts in the
flatband potential of the photocatalyst for CO2 reduction, introduces
new adsorption modes for CO2 adsorption, generates plasmonic en-
hancement (for Ag and Au containing systems), and promotes phonon-
driven catalysis through a coupling of the vibrational modes of the
metal to those of organic adsorbates. Yet, the presence of noble metals
increases costs dramatically and reduces the possibilities of scale up and
commercial deployment. Many metal co-catalysts are also vulnerable to
poisoning by reaction products or intermediates [39,40].

In 2015, we reported on an unusual morphological transition from
cylindrical nanotubes with circular or ellipsoidal cross-sections to jar-
shaped nanotubes with square cross-sections that resulted from flame
annealing of anodically formed TiO2 nanotubes [23]. This morpholo-
gical transition was accompanied by other unusual features such as the
reduction in carrier density in the nanotubes by over an order of
magnitude and a significant negative shift in the flat band voltage. In
photoelectrochemical measurements in 1M KOH, the flame annealed
TiO2 nanotubes (FANTs) outperformed low temperature annealed
anatase-phase nanotubes (LANTs) and high temperature furnace-an-
nealed dominant rutile-phase nanotubes (HANTs) by a factor of three to
five [23]. Herein, we report on the CO2 reduction performance of
FANTs as a stand-alone photocatalyst without any noble metal co-cat-
alysts.

Phase pure rutile and mixed phase (rutile and anatase) square
shaped TiO2 nanotube arrays are formed by flame annealing, and an
enhanced photoreduction performance is demonstrated for the photo-
reduction of CO2 to CH4 in simulated solar light and visible light alone

(without any ultraviolet component) conditions. Flame annealed TiO2

nanotubes with square-shaped pore morphologies were synthesized by
electrochemical anodization in ethylene glycol based electrolyte
(FANT-eg) and water based electrolyte (FANT-aq) followed by elevated
temperature (750 °C) flame annealing. The CO2 photoreduction per-
formance of flame annealed TiO2 nanotubes was compared to low
temperature annealed nanotubes as synthesized in ethylene glycol
based electrolyte (LANT-eg) and water based electrolyte (LANT-aq).
While our isotope labelling experiments using gas chromatography with
a mass spectrometric detector (GC–MS) and gas-phase Fourier trans-
form infrared spectroscopy (FTIR) confirmed photoreduction of CO2 to
CH4, we also performed systematic control experiments to verify the
same. The importance of this work originates from the demonstration of
bare TiO2 nanotubes (i.e. without functionalization, intentional doping,
etc.) formed using a simple solution-processing method, as efficient
catalysts for the photoreduction of CO2 to CH4.

2. Materials and methods

2.1. Materials

Ammonium fluoride (> 98%), aqueous hydrofluoric acid (49%),
ethylene glycol, EG (> 99%) and acetic acid (> 99%) were obtained
from Fisher Chemical and used in their as-received form without any
further purification. De-ionized water was used throughout this study,
and all other solvents were of HPLC grade. Titanium Foil (99%,
0.89mm thickness) was procured from Alfa Aesar. Ti foil was cut into
1 cm x 2.5 cm pieces and washed by sonication in water, methanol and
acetone each for 10min to remove any organic/inorganic contaminant.
12CO2 was of 99% purity and was obtained from Praxair (Canada).
13CO2 of 99% purity was obtained from Cambridge Isotope
Laboratories, Inc. (USA).

2.2. Synthesis of TiO2 nanotube arrays

Ethylene glycol (EG)-based organic electrolyte and water-based
electrolyte were the two different recipes used to anodically form two
different types of TiO2 nanotubes. The EG-based electrolyte contained
0.3 wt% NH4F and 4% v/v of deionized water. The water-based elec-
trolyte contained 4% v/v of HF and 8% v/v of acetic acid. The anodi-
zation process using water-based electrolyte was performed at room
temperature in a two-electrode electrochemical cell using a graphite
cathode at an applied voltage of 15 V. Anodization using EG-based
electrolyte was also performed under identical conditions except that
the applied voltage between the Ti anode and graphite cathode was
maintained at 30 V. The obtained TiO2 nanotube arrays using aqueous
and EG based electrolyte were annealed in air at 450 °C for three hours
and denoted as LANT-aq (low temperature annealed nanotubes pre-
pared in aqueous medium) and LANT-eg (low temperature annealed
nanotubes in ethylene glycol), respectively. Flame annealing was per-
formed at high temperature (∼ 750 °C) using a propane torch for about
2min, and the resulting flame annealed nanotubes are called FANT-aq
(flame annealed nanotubes prepared in water-based electrolyte) and
FANT-eg (flame annealed nanotubes prepared in EG-based electrolyte).

2.3. Characterization

The nanoscale morphologies of the TiO2 nanotubes were imaged
using a field emission scanning electron microscope (FESEM, Hitachi-
NB5000). X-ray diffraction (XRD) was performed using a glancing angle
configuration in a Bruker D8 Discover instrument with a sealed Cu Kα
X-ray source (40 kV, λ=0.15418 nm). Raman spectroscopic data was
collected using a Nicolet Almega XR Raman Spectrometer with an in-
cident laser wavelength of 532 nm and at an incident power of 24mW.
High-resolution transmission electron microscopy (HR-TEM) imaging to
investigate fine morphological features was performed using a JEOL
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2200 FS TEM at an acceleration voltage of 200 kV. Optical character-
ization was performed using a Perkin Elmer Lambda-1050 UV–vis-NIR
spectrophotometer equipped with an integrating sphere accessory. X-
ray photoelectron spectra (XPS) for determining oxidation state and
surface chemical composition of materials was acquired using an Axis-
Ultra (Kratos Analytical) instrument equipped with monochromatic Al-
Kα source (15 kV, 50W) and photon energy of 1486.7 eV under ultra-
high vacuum (∼10−8 Torr). The binding energy of C1 s core level (BE
≈ 284.8 eV) of adventitious hydrocarbon was used as a standard to
assign the binding energies of other elements. The raw data was de-
convolved into various peak components using CasaXPS and later
plotted in Origin 8.5. Brunauer–Emmett–Teller (BET) specific surface
area measurement of the nanotubes, after being scraped off from the Ti
foil, was performed using an Autosorb iQ device. For BET measurement,
nitrogen gas was used, degassing was performed at 350 °C and surface
area was measured at −193 °C. To determine the presence of Ti3+ and
O2− species, X-band continuous wave electron paramagnetic resonance
(EPR) spectra of materials were recorded using a Bruker model E-580
(EMXnano) spectrometer (Germany) equipped with an Oxford CF935
helium flow cryostat. For the measurement, sample was scratched from
Ti foil, charged in quartz tubes covered with air tight lids and EPR
spectra were collected at 100 K using liquid nitrogen. Time-resolved
photoluminescence (PL) data, was obtained using 2-photon fluores-
cence lifetime imaging microscopy (FLIM). The excitation was by a
femtosecond Ti:sapphire laser at a wavelength of 750 nm. Imaging was
performed using a Zeiss LSM 510 NLO multi-photon microscope
equipped with a FLIM module, which comprised a Hamamatsu RS-39
multichannel plate detector, a filter wheel, and a Becker Hickl Q5
SPC730 photon-counting board.

2.4. Photocatalytic CO2 reduction experiments

CO2 photoreduction experiments were performed in a cylindrical
reactor with a transparent quartz window, and an internal volume of
32mL as described in our earlier reports [32,36,41]. Single pieces of
TiO2 nanotube array photocatalyst with an active area of 1 cm x 2 cm
were placed inside the reactor, and a few droplets of water were placed
in the reactor beside the catalyst without direct contact with the cata-
lyst. Then the reactor was closed, and purged with CO2 to remove any
other gases using a two valve system, followed by pressurizing the re-
actor (housing the photocatalyst and water droplets) with 50 psi of CO2.
The photoreactor was heated to∼ 80 °C using a hot plate to convert the
water droplets in the reactor into water vapor, and the photocatalyst
was irradiated using the collimated AM 1.5 G output of a Newport Class
A solar simulator having an intensity of 100mW cm−2 on the photo-
catalyst surface at a distance of 32 cm from the light source. In order to
investigate visible light induced photocatalysis, experiments were also
performed wherein the catalysts were respectively illuminated using a
50W LED lamp (maximum intensity around 510 nm) with filtered out
UV light, and the same with a 650 nm high pass filter. In order to un-
derstand the wavelength dependence of photocatalytic activity,
monochromatic LEDs of different wavelengths (400 nm, 450 nm,
500 nm and 620 nm), each with an output power intensity of 10mW
cm–2 were used for irradiating the samples. After 2 h of irradiation the
reactor gas samples were analyzed using gas chromatography (GC
model: SRI 8610C Gas Chromatograph) by injecting samples into the
sample loop (1mL) of the GC using simple Swagelok piping. The GC
was equipped with a 10′ HayeSep D 1/8″ packed column, a thermal-
conductivity detector (TCD), and a flame ionization detector (FID).
Gases were eluted from the column isothermally at 85 °C for 10min.
Helium was used as the carrier gas and its flow rate through the column
was maintained at 25mL min–1. Isotopic labelling experiments were
performed using 13CO2 to verify the origination of methane from pho-
tocatalytic reduction of CO2. The obtained reaction product containing
13CH4 was analyzed with gas chromatography-mass spectrometry
(GC–MS) using an Agilent 7890 A GC/MS instrument. Gas phase FTIR

analysis (for detection of 13CH4) was performed using a Magna System
750 FTIR, equipped with an IR source and detector (MCT/B). The FTIR
system had a 4.8m multiple bounce gas cell (Infrared Analysis Inc.
Anaheim USA, Model G-2-4.8-PA-BA-AG), and was evacuated to 100
mTorr and backfilled with dry argon (UHP 5.0 Praxair). This procedure
was repeated three times, then the gas cell was evacuated to 100 mTorr
and a background acquired. The background spectrum was saved and
used for subsequent data collection. Gas from the photoreactor was
sampled directly from the reactor outlet port into a 0.25 L Tedlar bag.
The sample was introduced directly into the gas cell by connecting the
Tedlar bag valve to the gas cell valve. The sample spectrum was ac-
quired with 400 Torr gas pressure inside the gas cell.

2.5. Optical simulations of nanotube arrays

Optical properties of the LANT and FANT-eg structures were in-
vestigated using Lumerical FDTD simulation software. LANT structures
were simulated as nanotubes with circular cross-sections with inner and
outer radii of 40 and 70 nm respectively, and height of 300 nm.
Similarly, FANT-eg structures were simulated as nanotubes also of
height 300 nm but with square cross-sections. The simulations were
performed for both combinations of individual nanotubes in vacuum.
Near-field, and far-field profile and frequency monitors were utilized to
capture scattering and absorption cross sections, electric field intensity
profiles, Poynting vector distributions as well as reflection and trans-
mission spectra. Material-specific optical properties of anatase in LANT-
eg, and mixed rutile (42%) - anatase (58%) in FANT-eg structures were
simulated using the appropriate refractive index data, as obtained via
ellipsometry. Refractive index data corresponding to the anatase TiO2

were obtained from Siefke et al. [42] The effective medium approx-
imation for the mixed-phase materials was determined via Bruggeman’s
model, labelled as Eq. (1)

∑ −
+ −

=δ σ σ
σ n σ( 1)

0
i

i
i e

i e (1)

where δi and σi are respectively the fraction and refractive index of each
component, and σe is the effective conductivity of the medium. Lume-
rical’s refractive index monitor was utilized to confirm the structures
were appropriately configured and identified by the software
throughout the course of the simulation. The structures were illumi-
nated by a light source incident at a normal angle from above with a
bandwidth range of 350− 800 nm. Snapshots of the electric field in-
tensity profiles, and Poynting vector distributions were taken at specific
wavelengths between 350− 500 nm in 50 nm increments, and as
viewed along different planes including the xy-, xz-, and yz-planes. The
symmetry of the structures were considered by setting appropriate
symmetric and anti-symmetric boundaries allowing for shorter simu-
lation times, and accurate data aggregation.

3. Results and discussion

3.1. Morphology, structure and chemical composition of regular- and flame
annealed nanotubes

Fig. 1 is a schematic illustration of the flame annealing process.
High-temperature annealing stimulates phase transformation from
anatase to rutile which proceeds via a square-shape morphological
change (SEM image in inset of Fig. 1).

The cross-section and top-view FESEM images of the TiO2 nano-
tubes are shown in Fig. 2, from where their dimensions and distin-
guishing morphologies are evident. The average length of FANT-eg was
found to be ∼ 2 μm, while the same for FANT-aq was found to be
200 nm. The length of the nanotubes does not change significantly after
flame annealing for both types of nanotubes. However, the pores of
FANT-eg nanotubes are transformed from circular to square shaped.
The average inner width of square pores of FANT-eg is 50 nm, while the
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same for FANT-aq is 80 nm. The average wall thickness values for
FANT-eg and FANT-aq are 40 nm and 20 nm respectively. The average
pore diameter is 80 nm for both LANT-eg and LANT-aq while the
average wall thickness values for LANT-eg and LANT-aq are 20 nm and
15 nm respectively. To estimate the mass of the nanotubes, the fill
fraction (fsl) of TiO2 was determined as a fraction of the free space the
nanotubes occupy.

The fill fractions for LANT-eg and LANT-aq were calculated using
Eq. (2) [43–45] and the fill fractions for FANT-eg and FANT-aq was
calculated using Eq. (3)

=
−

⎡
⎣

⎤
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f
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R
t

R

π
s
R

s1
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2 3
2

2
0 0
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Fig. 1. Schematic of synthesis of square shaped flame annealed TiO2 nanotubes.

Fig. 2. Cross-section FESEM images of LANT-eg (a), FANT-eg (b), LANT-aq (c) and FANT-aq (d). Insets are top-view FESEM images of the same.
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In Eq. (2), t is the average wall thickness and R0 is the average radius of
nanotubes, and s is the distance between adjacent nanotubes. In Eq. (3),
To and Ti are the widths of the outer and inner edges of the square-
section of the nanotubes. Using the relevant dimensions of the nano-
tubes, fill fractions calculated using Eqs. (2) and (3), and are displayed
in Table 1. Using these fill fraction values, the mass of the nanotubes
per unit area was also calculated, and is also shown in Table 1. While
mass of the nanotubes were reliably calculated, our measured specific
area of the EG anodized TiO2 nanotubes was 583m2 g−1, which is
consistent with values reported in literature [46,47]. Due to require-
ment of a large quantity of TiO2 nanotube powder, we only performed
BET surface area analysis on the longer EG anodized TiO2 nanotubes.
The specific areas of LANT-eg and FANT-eg were similar.

The fine structural features of the nanotube photocatalysts were
determined with HR-TEM (Fig. 3). High temperature annealing pro-
moted the formation of the thermodynamically stable rutile phase of
TiO2. Images of FANT-eg at 5 nm scale bar (Fig. 3a) show various do-
mains of lattice fringes, having 0.33 nm and 0.21 nm inter-planar d-
spacings associated with the rutile (110) and anatase (004) planes of
TiO2. The appearance of these planes reveals the presence of both
anatase and rutile phase TiO2 domains in FANT-eg (Fig. 3a). The TEM
image of TiO2 nanotubes prepared using the aqueous recipe after flame
annealing (FANT-aq) exhibits rutile phase alone; the 0.27 nm and
0.18 nm d-spacings in Fig. 3b respectively correspond to the (101) and
(211) planes of rutile TiO2. These phase transformations together with
thermal stresses during flame annealing are likely responsible for the
change in cross-section of TiO2 nanotubes from circles to square shapes
[23,48]. LANT-eg and LANT-aq samples, annealed at 450 °C, show only
the (101) and (004) planes of anatase phase TiO2 with 0.35 nm and
0.25 nm d-spacing respectively (Fig. 3e and f). The presence of sharp
diffraction rings in the selected area diffraction pattern of FANT-eg
shows polycrystalline nature (Fig. 3c). Diffraction rings corresponding
to (101), (004), (200), (220) planes of anatase and (110), (211), (220),
(002), (310) planes of rutile were observed in the SAED pattern of
FANT-eg in Fig. 3c, which further confirmed the presence of both
anatase and rutile phases of TiO2 in the nanotubes. The SAED pattern of
FANT-aq showed diffraction rings related to rutile phase TiO2 alone
(Fig. 3d). LANT-eg and FANT-aq displayed only anatase phase diffrac-
tion rings (Fig. 3g and h). The obtained results were fully consistent
with XRD and Raman findings shown in Figs. 4 and 5 respectively.

A question that arises is what reason exists for the FANT-aq samples
to be completely transformed from anatase into rutile by flame an-
nealing while the FANT-eg samples are composed of a mixture of 52%
anatase and 48% rutile. To answer this question, we must understand
two aspects – one related to nanotube length and the other related to
the anodization electrolyte. A higher annealing temperature promotes
the anatase-to-rutile phase transition. The nanotubes grown in aqueous
electrolyte (LANT-aq) are relatively short (0.2 μm nanotube length as
indicated in Table 1) and the flame annealing process, which directly
provides heat to the top surface of the nanotubes, is easily able to
generate similarly high temperatures at the bottom of the nanotubes as
it does at the top surface (small temperature gradient). On the other
hand, the nanotubes grown in EG electrolyte are 2 μm long (Table 1)

and there is a much higher chance of a temperature gradient persisting
that would prevent the bottom parts of the nanotubes from reaching the
temperatures generated by flame annealing at the top surface. Sec-
ondly, it is well known that nanotubes formed by anodization in EG-
based electrolytes possess a higher amount of embedded fluoride ions
[49]. Further, it is well-established that the incorporation of fluoride
ions retards the anatase-to-rutile phase transformation due to which the
FANT-eg samples retain a significant anatase fraction [49].

For further confirmation of these phases, we analyzed the samples
using XRD. For FANT-aq, the XRD pattern (red curve in Fig. 4) showed
phase pure rutile, indicated by a dominant (110) peak at 27.4° (JCPDS
No. 21-1276) while FANT-eg (blue curve in Fig. 4) showed the rutile
(110) peak at 27.4° (JCPDS No. 21-1276) in addition to anatase (101)
peak at 25.2° (JCPDS No. 21-1272), which demonstrates the presence of
both anatase and rutile phase TiO2. The same XRD curve of FANT-eg is
shown again in Fig. 4b, to highlight the presence of both anatase and
rutile phases. The percentage of rutile phase in the anatase and rutile
mixture in FANT-eg was calculated using Eq. (4) [50] by measuring
intensities of the most intense anatase (101) and rutile (110) peaks, and
was found to be 42.72%.

=
+

R I
I I0.884

R

R A (4)

In Eq. (4), R is the rutile percentage while IR and IA are the in-
tensities of rutile and anatase peaks respectively. The optimum rutile
percentage for obtaining the best photocatalytic performance has been
previously reported to be between 20 and 40% [[51] [52],]. Therefore,
XRD data suggests close to optimum rutile phase content in FANT-eg
samples. XRD patterns of LANT-eg (green curve in Fig. 4) and LANT-aq
(blue curve in Fig. 4) exhibit regular anatase peaks, which conform to
the relatively low temperature annealing condition (i.e. 450 ⁰C) that
promotes the formation of phase pure anatase. Grain sizes of the na-
notubes varied with annealing temperature as well, and were calculated
using the Scherrer equation, shown as Eq. (5) below:

=S Kλ
β θcos (5)

In Eq. (5), S is the mean size of crystalline domains, K is a di-
mensionless shape factor (assumed as 1), λ is the X-ray wavelength
which is 0.154 nm (Cu Kα source), β is the peak width at half of the
maximum intensity in radians, and θ is the Bragg angle. β was obtained
using Lorentzian fits of the anatase (101) and rutile (110) peaks, as
shown in Figs. S2 (a, b, c and d). The obtained crystallite grain sizes are
listed in Table 2. FANT-eg nanotubes show the largest crystallite size for
both anatase (36.17 nm) and rutile phase (41.66 nm).

The Raman spectra (Fig. 5a) of FANT-eg and LANT-eg are char-
acterized by peaks at 141 cm−1 [43], with a higher peak intensity in
FANT-eg due to contributions from both the anatase Eg and rutile B1g
Raman active modes [53,54]. Other Raman active modes of lower in-
tensity are assigned to anatase. The Raman spectrum (Fig. 5b) of FANT-
aq is characterized by an intense peak at 141.1 cm−1, which we attri-
bute to rutile B1g by correlating with XRD and TEM data for the na-
notubes. A similar peak, although slightly blue-shifted, appears in the
Raman spectrum (Fig. 5b) of LANT-aq, which we attribute to the ana-
tase Eg mode. Distinct Raman active modes, corresponding to rutile Eg
and A1g, as well as a band corresponding to a multi-phonon processes,

Table 1
Measured dimensions, fill fraction, and mass per unit area of TiO2 nanotubes used in this study.

Nanotube type Average nanotube length
(μm)

Average nanotube pore diameter
(nm)

Average nanotube wall thickness
(nm)

Nanotube fill fraction Nanotube mass per unit area
(g cm−2)

FANT-aq 0.2 80 20 0.106 8.97× 10–6

LANT-aq 0.2 80 15 0.104 8.09× 10–6

FANT-eg 2 50 40 0.497 4.01× 10–4

LANT-eg 2 80 20 0.367 2.86× 10–4
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Fig. 3. HR-TEM images showing fringe patterns and 2d spacing of FANT-eg (a), FANT-aq (b), LANT-eg (e) and LANT-aq (f); SAED patterns of FANT-eg (c), FANT-aq
(d), LANT-eg and (g) LANT-aq (h).
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are also observed in the Raman spectra of FANT-aq [55]. Lower in-
tensity anatase peaks B1g and Eg, appear in the Raman spectra of
LANT-aq. Phonon lifetimes (τ) were calculated using the time-energy
uncertainty relation (Eq. 6) [56] for the Eg mode in the Raman spectra
of the nanotubes.

=
τ

ΔE1
ℏ (6)

In Eq. (6), ΔE is the FWHM, which was obtained from Lorentz fits of
Eg peaks of the nanotubes, as shown in Fig. S3 (a, b, c and d);
ħ=5.3×10−12 cm−1.s, and τ is the phonon lifetime. Values of
phonon lifetimes of the nanotubes are listed in Table 2.

The optical properties of regular and flame annealed nanotubes
were examined with diffuse reflectance UV–vis spectroscopy (Fig. 6).
The UV–vis absorption spectrum of LANT-aq (black curve in Fig. 6)
showed a sharp band edge at 386 nm characteristic of the anatase
bandgap (3.2 eV) which was redshifted to 410 nm in FANT-aq (red
curve in Fig. 6). This is characteristic of the bandgap of rutile (3.0 eV),
and occurs due to the anatase to rutile phase transition previously ex-
plained. On the other hand, the band-edge for both LANT-eg and FANT-
eg samples is at ca. 400 nm. Additionally, a broad hump around 450 nm
was also observed for LANT-aq which is known to originate from de-
fects and midgap trap states in anatase TiO2 [57–59]. Another broad

absorption band extending from 550 to 750 nm is likely due to metallic
d-orbital transition of the Ti foil substrate [60]. Both the FANT-eg and
FANT-aq samples exhibited a monotonically increasing longer wave-
length absorption which is attributed to the Drude absorption of con-
duction band electrons in TiO2 [61]. The non-monotonic extended
visible absorption of FANT-eg (cyan curve in Fig. 6) and LANT-eg (blue
curve in Fig. 6) are due to the localized excitation of Ti3+ states vis 3d
→ 3d transitions [62]. The Ti3+ states are created due to relatively
more reducing conditions during anodic synthesis in organic electro-
lytes [63] which are not completely oxidized even after thermal an-
nealing. FANT-aq showed a band tail around 410 nm. PL lifetime decay
data (Fig. S3) for FANT-eg and LANT-eg were fitted to single ex-
ponential decay curves while the data for FANT-aq was fitted to bi-
exponential decay curve, and the data for LANT-aq was fitted to a single
exponential decay. FLIM data indicated an increase in PL lifetime be-
cause of flame annealing of the nanotubes. 2-photon fluorescence
images are shown in Fig. S4, where it can be observed that the flame
annealed nanotubes (FANT-eg and FANT-aq) are more fluorescent than
the non-flame annealed nanotubes (LANT-eg and LANT-aq). The higher
fluorescence intensity and longer lifetimes are due to suppressed non-
radiative recombination processes [64,65].

The surface chemical composition and presence of defects were
validated using X-ray photoelectron microscopy. Elemental survey
scans (Fig. S5) of all nanotubes samples exhibit peaks corresponding to
Ti2p and O1s (Fig. 7). High resolution XPS spectra of all TiO2 nanotubes
in Ti2p region can be de-convolved into four peak components. The

Fig. 4. (a) Glancing angle XRD patterns of FANT-eg, LANT-eg, FANT-aq, and
LANT-aq (b) Glancing angle XRD pattern of FANT-eg specifically, highlighting
the mixed phase nature by separating the signal from each phase.

Fig. 5. Raman spectra of: (a) FANT-eg, and LANT-eg; and (b) FANT-aq, and
LANT-aq.
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major peak components at binding energies of 458.6 eV and 464.4 eV
were assigned to Ti2p3/2 and Ti2p1/2 core level transitions of Ti4+

[35,66,67]. Two minor peaks at lower binding energies, 457.88 and
463.3 eV, were attributed to Ti2p3/2 and Ti2p1/2 peak components of
Ti3+ present in the form of lattice defects [68–70]. As anticipated, for
FANT-eg nanotubes the ratio of Ti4+ to Ti3+ was found to be lowest
(8.91, shown in Table 2) which suggests that flame annealing and phase
transformation at higher temperatures facilitate the abstraction of some
lattice oxygen that created oxygen vacancies and Ti3+ states. The
presence of Ti3+ and oxygen defects creates defect levels below the
conduction band which facilitate sub-bandgap electronic transitions
[71–73]. The de-convolved HR-XPS spectra of all nanotubes in O1s
display two peak components at binding energyies of 528.8 and
531.6 eV (Fig. 7). The strong peak at 528.8 eV originated due to oxygen
atoms bonded to Ti atoms (Ti-O-Ti) in TiO2 lattice while the peak
shoulder component at ca. 531.6 eV appeared due to the presence of
non-lattice adventitious oxygen and surface −OH groups [74]. The
peak intensity of the non-lattice bonded oxygen peak component was
substantially larger for TiO2 nanotubes prepared in aqueous medium in
comparison to TiO2 nanotubes prepared in EG solvent which indicate
that even after annealing some residual oxygen was present on the
surface of aqueous nanotubes.

Since XPS provides only surface chemical information limited to
10 nm and ejected photoelectrons may contribute to Ti3+ XPS signal
due to reduction of Ti4+ species via high energy photoelectrons.
Further, Ti3+ states are vulnerable to oxidation under O2 and can only
be sustained for a short time. Hence, to validate the presence of Ti3+

species and surface defects in bulk material, X-band EPR spectra of
highly performing flame annealed EG based nanotubes (FANT-eg) was
collected at 100 K under dark conditions. The low temperature EPR
spectra of FANT-eg exhibits an intense Lorentzian signal at g value of
2.001. The EPR signal at g ≈ 2.001 corresponded to O2

− was observed

due to reduction of surface adsorbed O2 via surface Ti3+ species, and
indicates presence of plenty of Ti3+ species in the sample [67,75–77].
In addition, a weak broad signal at g value of 1.973 confirms existence
of Ti3+ species in the samples which originated due to oxygen-centered
surface hole trapping sites during the flame annealing process. The Ti3+

peak was broad which suggests distribution of coordination environ-
ment of surface centered radicals [17,76,78]. We have included this
information in Figure S6 in ESI.1 The EPR signal at g=4.266 is said to
derive from dopant species i.e. Fe3+, V4+, etc but might also originate
from Ti self doping [79,80].

3.2. CO2 photoreduction performance of regular and flame annealed TiO2

nanotubes

The performance of the four types of titania nanotube samples was
investigated for heterogeneous photocatalysis. Vapor phase CO2 pho-
toreduction experiments were performed using the solid phase TiO2

nanotubes as the photocatalyst in the presence of CO2 and water vapor
as reactants under exposure to light from different sources for two
hours. The photocatalytic CH4 production per hour of reaction time, per
unit mass (μmol gcatalyst–1 hr–1) of catalyst is shown in Table 3. Fig. S7 in
the supporting information shows the photoreduction performance for
specific narrow spectral bands of FANT-eg and LANT-eg samples at an
illumination intensity of 10mW cm−2. It is evident from Table 3 that
under simulated solar light condition, flame annealed nanotubes ex-
hibited extremely high CH4 production rate (156 μmol gcatalyst.–1 hr.–1

for FANT-aq and 9.5 μmol gcatalyst.–1 hr–1 for FANT-eg). Under identical
conditions the yields of CH4 from CO2 photoreduction were found to be
92 μmol gcatalyst–1 hr–1 and 2 μmol gcatalyst–1 hr–1 for LANT-aq and LANT-
eg, respectively. Under illumination with a 50W LED lamp light
(maximum intensity at λmax= 510 nm) with a filtered out UV compo-
nent, CH4 yield with the flame annealed TiO2 nanotubes dropped sig-
nificantly for FANT-aq (68 μmol gcatalyst–1 hr–1) while it remained al-
most the same for FANT-eg (9 μmol gcatalyst–1 hr–1). The decrease in CH4

yield for FANT-aq during illumination using the broadband visible LED
lamp is in agreement with the UV–vis spectrum of FANT-aq, which
exhibited an absorption edge at 410 nm. Upon illumination with LED
lamp light (with filtered out UV light) with a 650 nm long pass filter,
the yield of CH4 further decreased for all nanotube samples, as ex-
pected. Markedly higher photocatalytic CH4 yields were observed with
flame annealed TiO2 nanotubes (FANT-eg and FANT-aq) than those
with furnace annealed TiO2 nanotubes (LANT-eg and LANT-aq). The
observed CH4 yields with the flame annealed TiO2 nanotubes in this
work exceed most reports with stand-alone TiO2 catalysts, and are ei-
ther comparable to or exceed CH4 yields obtained with TiO2-based
functionalized catalysts and nanocomposites [36,81–90].

As mentioned earlier in this report, mass of the nanotubes is cal-
culated by considering the nanotubes under a given irradiated geome-
trical area (or projected area to incident light), the fill fraction of na-
notubes and length of the nanotubes. Therefore, in addition to
measuring CH4 yield in μmol gcatalyst–1 hr–1, the yield can be measured
in μmol cm−2

illuminated area, where the projected area is considered. The

Table 2
Crystallite grain sizes of nanotubes, phase percentage, positions and widths of the Raman Eg modes, phonon lifetimes of the nanotubes, and Ti4+/Ti3+ ratio.

Nanotube type Crystallite size, anatase (101) (nm) Crystallite
size, rutile (110) (nm)

Crystalline
Phase

Raman Peak position
(cm−1)

Raman FWHM
(cm−1)

Phonon lifetime (ps) Ti4+/Ti3+

FANT-aq – 36.18 100 % Rutile 141.23 11.09 0.48 12.67
LANT-aq 31.45 – 100 % Anatase 141.14 11.24 0.47 9.72
FANT-eg 36.17 41.66 100 % Anatase 141.11 11.24 0.47 8.91
LANT-eg 29.36 – 42 % Rutile

58 % Anatase
141.85 14.36 0.37 9.46

Fig. 6. UV–vis spectra of the nanotubes.

1 Electronic supplementary information available.
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projected surface area of a photocatalyst determines the amount of non-
concentrated solar energy that it is incident on it for potential trans-
formation into chemical energy. CH4 yields (Fig. S8) obtained using
FANT-aq, LANT-aq, FANT-eg, and LANT-eg, were found to be 0.0014,
0.0007, 0.00383, and 0.0006 μmol cm-2

illuminated.area, respectively,
under illumination by simulated sunlight (AM 1.5 G one sun, 100mW
cm−2). Although our reported CH4 yield appeared in nM cm−2, there
are literature reports [91], which mention CH4 yield per unit area,

wherein the yields are similar or smaller than that reported by us. Upon
initial inspection, it would seem that FANT-eg samples are now out-
performing FANT-aq under this different metric; the reason for this
disparity is due to the length of the nanotubes used (reported in
Table 1). Generally, longer EG anodized nanotubes (LANT-eg and
FANT-eg) absorb a larger fraction of incident light than aqueous na-
notubes, and as a result, produce larger amounts of CH4 per unit illu-
mination area than the shorter nanotubes formed in aqueous electrolyte

Fig. 7. High resolution XPS spectra of FANT-eg, LANT-eg, FANT-aq and LANT-aq in (a–d) Ti 2p region and (e–h) in O 1s region respectively.

Table 3
CH4 yield by CO2 photoreduction using FANT-eg, LANT-eg, FANT-aq, and LANT-aq, as well as some comparisons to previous literature.

Sample Illumination Condition CH4 yield per unit mass (μmol. g−1.hr−1) Reference

FANT-aq AM 1.5 G, 100mW cm−2 156.5 –
50W LED lamp* 67.9 –

LANT-aq AM 1.5 G, 100mW cm−2 92.0 –
50W LED lamp* 43.2 –

FANT-eg AM 1.5 G, 100mW cm−2 9.5 –
50W LED lamp* 8.8 –

LANT-eg AM 1.5 G, 100mW cm−2 2.0 –
50W LED lamp* 1.1 –

TiO2 Microspheres with 0.6 wt.% Pt Loading Hg UV Lamp 2.0 [81]
Pd-TiO2 Particles Light > 310 nm wavelength 0.4 [83]
CuO-TiO2 Hollow Spheres Hg UV Lamp 2.0 [84]
TiO2 Nanoparticles UV Light 0.6 [85]
Carbon Nanotube-Supported TiO2 15W 365 nm UV Lamp 14.7 [95]
Graphene Supported TiO2 300W Xe arc Lamp 27.4 [88]
TiO2 Nanoparticles 8 W Hg Lamp 9.5 [96]

*50W LED lamp with maximum intensity at 510 nm, and with an inbuilt UV filter.
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(LANT-aq and FANT-aq). Although the yield of CH4 per unit mass was
higher for FANT-aq, the CH4 yield in terms of yield per unit area was
higher for FANT-eg. While LANT-eg did not quite outperform LANT-aq
in terms of the yield per unit area metric, the disparity between the two
became much smaller.

While CH4 is a major product of CO2 reduction, we also observed CO
and trace amounts of C2H4 and C2H6 in our GC–MS and GC-FID based
gas analysis (Fig. S10 and S11). In addition to gas phase experiments,
our liquid phase CO2 reduction experiments (described in the
Supporting Information, and Fig. S12), proved the absence of reaction
intermediates such as CO3

−, HCO3
−, HCOO−, etc. We also assessed re-

usability/stability of catalysts, in which we found that FANT-aq and
FANT-eg exhibited good stability, in that product yield (Fig S13, below)
went down slightly and thereafter remained constant.

In order to confirm CH4 formation from the photoreduction of CO2

and to rule out any possibility of carbon contamination, we performed
isotope labelling experiments using 13CO2 instead of 12CO2 under
identical reaction conditions. GCeMS (Fig. 8b) and gas phase FTIR
analysis (Fig. 8a) of the gas evolved in the photoreactor after exposure
of FANT-eg to the LED source in the presence of 13CO2 and water vapor,

confirmed the presence of 13CH4. The GCeMS spectra (Fig. 8b) of re-
action products showed an ion-chromatogram peak at m/e value of 17
for 13CH4, confirming that CH4 was formed by photoreduction of CO2.
FTIR spectra (Fig. 8a) showed an isotope effect-induced shift in the
CeH stretching mode from 3017 cm–1 in 12CH4 to 3010 cm–1 indicative
of the presence of 13CH4 in the produced gas [92–94]. Similar peak
shifts were observed for other IR active modes for 13CH4, as shown in
Fig. 8a. In addition to the isotope labelling study, we also performed a
series of control experiments by: (i) exposing TiO2 nanotubes in the
reactor to light in presence of water droplets and CO2 (without heat and
therefore no water vapor); (ii) placing TiO2 nanotubes in the reactor
filled with CO2 and water vapor only, without illumination (to verify
the action of light); (iii) not using TiO2 (or any catalyst), but exposing
the reactor to light, with water vapor and CO2 in it (to detect any
methane impurities in the reactor); (iv) not using TiO2 (or any catalyst)
and water vapor, but by exposing the reactor with CO2 to light and heat
(to detect any methanation of carbon impurities in reactor); and (v) by
exposing TiO2 nanotubes in the reactor to light, with the reactor having
water vapor but no CO2 (to verify that CO2 is an essential reactant for
methane generation). In each of these control experiments, the CH4

yield was negligibly low, implying that CH4 was produced by CO2

photoreduction in the presence of catalyst, water vapor (produced by
heating), light and CO2. In experiments with only heat and no light,
with FANT-eg, CH4 produced was explicitly low and the obtained CH4

yield was subtracted from the total CH4 yield, to calculate the total
quantity of CH4 produced in experiments with heat and light.

3.3. Interaction of incident light with regular- and flame annealed TiO2

nanotubes

A key question that arises is what effects relevant to photocatalytic
action result from the differences in the structures and morphologies of
the flame annealed titania nanotubes vs the regular furnace annealed
nanotubes. One critical effect that is morphology and phase-dependent
is the propagation of light and the concomitant spatial distribution of
the electric field intensity in the photocatalysts. In order to investigate
the effect of nanotube shape and phase content, we used Lumerical® to
simulate the optical properties of the nanotubes, and the results are
shown in Fig. 9 and in Fig. S8 in Supporting Information.

Fig. 9 indicates that the propagation of light is different in the LANT
and FANT-eg samples. Areas with high local electric fields (hot spots)
are particularly beneficial in photocatalysis. Since the nanotubes ex-
hibited a peak visible light response at a wavelength of 450 nm as seen
in Fig. S7, the Poynting vector plots of LANT and FANT-eg were ex-
amined at this wavelength in the substrate plane. In Fig. 9a (LANT), hot
spots are found on the outer surface of the nanotubes alone while in
Fig. 9b (FANT-eg), hot spots are found on both the inner and outer
surfaces of the nanotubes. The electric field intensities were examined
at the optical band edge (400 nm) in the plane orthogonal to both the
substrate and the optical polarization (Figs. 9c and d). In Fig. 9c, the
extinction of the electric field due to absorption of incident 450 nm
light in the nanotubes with circular cross-section is not complete as is
evident from the higher field intensities observed close to the bottom of
the nanotubes. On the other hand, more complete absorption of in-
cident light is observed in the square nanotubes (Fig. 9d). The utiliza-
tion of photons at the semiconductor band-edge is a loss mechanism in
all solar energy harvesting devices, and our simulations demonstrate
that square-shaped, mixed phase nanotubes (FANT-eg) absorb 400 nm
band-edge photons more effectively than anatase phase nanotubes with
a circular cross-section (LANT), and also result in a larger number of hot
spots when irradiated with visible light.

Fig. S9 (Supporting Information) shows the simulated absorption
and scattering efficiency spectra for single nanotubes of the three dif-
ferent types investigated in this study. LANT-type nanotubes exhibit a
strong scattering peak at a wavelength slightly lower than 400 nm
(Fig. 98a) which manifests itself in the experimentally observed UV–vis

Fig. 8. (a) FTIR spectra of gas sample generated by photoreduction of 13CO2

using FANT-eg. Shifts to lower wavenumbers (between 7 and 10 cm−1) of peaks
in v3 bands of the gas sample, from 12CH4 standard, confirms presence of 13CH4

as a product. (b) GSeMS ion-chromatogram at m/z=17, confirming presence
of 13CH4 by photoreduction of 13CO2.
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spectrum of the LANT sample (black curve in Fig. 6) as a strong dip in
absorption at a wavelength slightly lower than 400 nm. Similarly, the
strong scattering peak of FANT-eg type nanotubes seen in Fig. S9b at a
wavelength slightly higher than 400 nm manifests itself in the experi-
mentally observed UV–vis spectrum of the FANT-eg sample (cyan curve
in Fig. 6) as a strong dip in absorption at a wavelength slightly higher
than 400 nm. Our simulations indicate that FANT-aq type nanotubes
exhibit a broad, multi-peaked scattering feature in the 400–700 nm
spectral range (Fig. S9c), which corresponds well with the large trough
in the 400–700 nm spectral range in the experimentally observed
UV–vis spectrum of the FANT-aq sample (red curve in Fig. 6). It must be
noted though, that the effects of Ti3+ states and free electrons on the
absorption of the samples were not incorporated into the model used to
simulate the optical properties of the nanotubes.

3.4. Mechanism of CO2 reduction

In general, the photoreduction of CO2 by one electron—which forms
a bent CO2

•− anion radical—is highly unfavorable due to repulsion
between p orbitals, which necessitates a high reduction potential
(–1.90 V). However, proton assisted reduction of CO2 by multiple
electrons and protons proceeds at lower applied reduction potentials.
CH4 formation from CO2 by 8 electrons and 8 protons needs only
–0.24 V (vs NHE at pH-7). For the sustainable supply of electrons and
protons, water must be oxidized to oxygen along with generation of
electrons and protons needed for the photoreduction of CO2. Therefore,
for efficient CO2 photoreduction to methane, the position of the con-
duction band of the photocatalyst must be more negative than reduc-
tion potential of CO2/CH4 (−0.24 V vs NHE at pH-7) whilst the position
of the valence band should be more positive than the oxidation po-
tential of water (H2O/O2 +0.82 V vs NHE at pH-7 or +1.23 V vs NHE at
pH 0). Therefore, the bandgap of the semiconductor should be higher

Fig. 9. Poynting vector plots for (a) LANT and (b) FANT-eg for λ=450 nm. Electric field intensity plots for (c) LANT and (d) FANT-eg for λ=400 nm.
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than 1.23 eV in order to achieve CO2 reduction and water splitting.
Anatase phase of TiO2 possesses a wide band gap of 3.2 eV with a
conduction band position of −0.99 V vs NHE at pH-7 and valence band
position of +2.10 V vs NHE at pH 7 [97,98]. The position of the con-
duction band of rutile TiO2 is 0.2 V lower than of anatase form with a
bandgap value of 3.0 eV. Annealing of TiO2 in oxygen deficient condi-
tions can induce oxygen vacancies and Ti3+ states, which create sub-
energy levels below the conduction band [99]. These subenergy levels
decrease the energy required for the excitation of electrons which is
evident from the UV–vis spectra in Fig. 6. For FANT-aq, flame annealing
transforms anatase phase to pure rutile with a slightly lower band gap
value (3.0 eV). The effective band gap is further reduced due to defects
and subenergy levels, and therefore better light absorption character-
istics and photocatalytic performance were observed with FANT-aq.
However, for single phase rutile TiO2, the carrier recombination is
faster than for TiO2 containing a mixture of anatase and rutile phases
[52]. Loss of carriers to recombination is somewhat mitigated by the
thin walls of the water anodized FANT-aq resulting in their enhanced
CO2 photoreduction performance. In addition to the above phenom-
enon, the preferentially oriented rutile (110) in FANT-aq is a likely
facilitator of enhanced CH4 yield because, in such crystalline planes,
fast hydrogenation of activated CO2 occurs via the carbene pathway
[100]. In FANT-eg, both anatase and rutile phases are present and ex-
pected to enhance CH4 yield due to reduced recombination of photo-
generated carriers. Fig. 10 illustrates the mechanism with FANT-eg,
where both rutile and anatase phase co-exist. The synergetic enhance-
ment of photocatalytic activity due to the presence of both anatase and
rutile is well documented [52,101,102]; the energy difference between
conduction bands of anatase and rutile TiO2 causes photogenerated
electrons in the conduction band of anatase TiO2 to be transferred to
the conduction band of rutile in mixed phase TiO2. There are, however,
other literature reports that, on the basis of XPS, EPR and theoretical
calculations, claim that anatase TiO2 possesses low energy shallow traps
(0.8 eV below the conduction band of rutile) that cause electrons to

move from rutile to anatase as well [102–104]. Holes can remains in the
valence band of the same semiconductor or can move to valence band
of rutile or anatase TiO2 depending on the type of transition and energy
state. Either due to transfer of electrons from anatase to rutile or vice
versa, efficient separation of charge carriers in mixed phase TiO2 was
achieved. Furthermore, the presence of sub-gap energy levels just below
the conduction bands made lower energy transitions feasible under
visible light irradiation.

→ ++ −TiO TiO h e( )2 2 (7)

+ → ++ +H O h H OH*2 (8)

+ →+ −H e H* (9)

→ → + → → + → → →

→

− − − − − −
−

CO CO CO OH •CO C OH CH CH

CH CH

• * * • * *
• *

e H e H e H H

H
2 2

* * *
2

*

3
*

4 (10)

The photoreduction in the presence of water vapor and CO2 likely
initiates by adsorption of the reactants (CO2 and H2O) on the TiO2

surface followed by photo-induced activation by electron and hole
transfer, respectively [90,105]. Illumination creates charge carriers, the
carriers are separated owing to the nanotube morphology (wall-thick-
ness ∼ carrier diffusion length), the holes in the valence band of TiO2

dissociate water to protons and OH- (which get converted into oxygen)
(Eqs. (7)–(10)). The protons, after accepting one electron from the
conduction band, get transformed to atomic hydrogen (H*), while the
adsorbed CO2 gets activated to CO2

•− through electron transfer from
TiO2. The high majority carrier concentration in TiO2 nanotubes (par-
ticularly those formed in EG electrolyte) indicated by the monotonically
increasing Drude electron absorption in Fig. 6 is known to facilitate
electron transfer and improve photocatalytic performance [106].
Through subsequent steps involving activated CO2•− and multiple H*,
CH4 was formed as the final product. The transformation of CO2 into
CH4 follows three pathways i.e. carbene pathway, formaldehyde
pathway and carboxylate pathway [107,108]. Based on previous EPR

Fig. 10. Plausible mechanism of photoreduction of CO2 by mixed phase FANT-eg nanotubes. The mechanism is arrived at by closely considering pertinent reactions
and material properties reported in the literature [98,103,113].
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studies [109,110], the methanation of CO2 by the carbene pathway in
the presence of H* atoms and Ti3+ defects proceeds by formation of
active surface carbon (i.e. C*), which is converted into CH4 as depicted
in the reaction given in Eq. (10). As evident from Eq. (10), by-products
such as formaldehyde, methanol and carboxylates (CO3

−, HCO3
−,

HCOO−, etc.) are absent [98,108–112] leading to the more selective
formation of CH4. This was confirmed by HPLC (Fig. S12) which failed
to detect formaldehyde or formic acid in the reaction products. On the
other hand, isotope labeled gas chromatography-mass spectrometry
(GCeMS) confirmed the presence of 13CO following the photoreduction
of 13CO2. Since CO is a key reaction intermediate in Eq. (10), the de-
tection of CO (Fig. S10) strongly supports the carbene pathway as the
mechanistic route for CO2 photoreduction in our samples. The absence
of any detectable H2 can be explained from the less negative reduction
potential of CO2/CH4 (–0.24 V vs NHE at pH 7) in comparison to H+/H2

(–0.42 V vs NHE at pH 7), which promotes formation of the more
thermodynamically stable CH4 as the product. Furthermore, the excess
of CO2 in reaction mixture ruled out possible recombination of H* to
form H2.

4. Conclusion

Carbon dioxide was photocatalytically transformed into light hy-
drocarbons using flame annealed TiO2 nanotubes with methane as the
dominant hydrocarbon product and ethane and ethylene as minor
products. The CH4 yields for CO2 photoreduction using high tempera-
ture flame annealed TiO2 nanotubes are amongst the highest reported
for bare TiO2 nanotubes, and are either comparable to or exceed CH4

yields obtained with TiO2-based functionalized catalysts and nano-
composites. Isotope labelling experiments performed using GCeMS and
gas phase FTIR provided confirmation that the CH4 is produced by CO2

photoreduction, and not due to either adventitious carbon or carbon
introduced into the nanotubes during the anodic synthesis or the flame
annealing treatment. The flame annealed nanotubes exhibited sig-
nificant photoactivity for CO2 reduction under visible light irradiation
with a peak response at 450 nm and a photocatalytic activity edge that
extended to photon energies as low as 2 eV. The visible light activity
was attributed to defect-mediated absorption from localized Ti3+

states. Given the composition and band-edges of the TiO2 nanomaterials
employed in this study, the carbene pathway is the most likely reaction
mechanism for the sunlight driven transformation of CO2 into methane.
In this work, we also generated experimental support for the carbene
pathway through the detection of the presence of CO and the absence of
HCHO and HCOOH in the product mixture. Square shaped flame an-
nealed nanotubes were found to interact with light in a slightly dif-
ferent manner from regular nanotubes with circular cross-sections, ex-
hibiting a higher density of electromagnetic hot spots for visible light
and stronger absorption of ultraviolet photons. Flame annealing par-
tially transformed anatase phase into the more thermodynamically
stable rutile phase in ethylene glycol based TiO2 nanotubes, which in
turn, created a favorable band alignment inside the nanotubes enabling
charge carrier separation and promoting photocatalytic activity, which
resulted in enhanced CO2 photoreduction to CH4.
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