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Abstract

An optical-fiber reactor is employed to photocatalytically reduce CO2 with H2O to fuels under UVA artificial light and concentrated

natural sunlight. The optical fiber is coated with gel-derived TiO2–SiO2 mixed oxide-based photocatalysts. Fe atom is found to insert into

the TiO2–SiO2 lattice during sol–gel process, resulting in the full visible light absorption as well as the effect on product selectivity of the

derived catalyst. Under UVA, ethylene is mainly produced on Cu–Fe/TiO2 catalyst with the quantum yield of 0.0235%, whereas Cu–Fe/

TiO2–SiO2 catalyst is observed to favor methane production with the quantum yield of 0.05%. Meanwhile, the overall energy efficiency is

found to be much higher on Cu–Fe/TiO2–SiO2 (0.0182%) than on its Cu–Fe/TiO2 counterpart (0.0159%). There is only methane evolved

over both bare TiO2–SiO2 and Cu–Fe/TiO2–SiO2 catalysts under natural sunlight with the production rates of 0.177 and 0.279mmol/g-

cat h, respectively. For the former catalyst, the increase in light intensity is not found to compensate the inherent electron–hole

recombination in the TiO2–SiO2–acac catalyst, whereas the superior photoactivity of Cu–Fe/TiO2–SiO2 catalyst under natural sunlight

could be ascribed to its full absorption of visible light.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

When sunlight reaches the surface of the Earth, some of
it is absorbed and warms the Earth, whereas some sunlight
is utilized by green plants to produce hydrocarbons that
constitute the world’s fossil fuel reserves. Owing to strong
development of human activities, consumption of fossil
fuel for energy demand dramatically increases worldwide,
resulting in the shortage of energy sources for future use.
Meanwhile, release of carbon dioxide into the atmosphere
by burning of these fossil fuels is observed to substantially
increase from the last century, which causes global
warming along with related serious issues [1]. In order to
save the Earth as well as to maintain the sustainable
development of human being, CO2-free production of
energy is really desirable and is much paid attention by
e front matter r 2008 Elsevier B.V. All rights reserved.
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scientists in recent years [2–4]. Among the processes
intensively and extensively done in the last decades,
photocatalytic reduction of CO2 into fuels by using natural
sunlight is promising to sustainably produce energy.
Although there are a large number of studies on the CO2

reduction to fuels using photocatalysts [5–18], very few
researches are known about their activities under natural
sunlight. Recently, Guan et al. reported the reduction of
CO2 with H2O under concentrated sunlight using
K2Ti6O13-based photocatalysts [13,15]. The production
rates of main products reported by Guan et al. were very
high for H2 (32.8 mmol/g-cat h) and HCOOH (20.7 mmol/g-
cat h), but very low for CH4 (0.3 mmol/g-cat h) [13].
Our motivation is to seek photo-driven chemical

reactions using solar energy directly. The ideal is to use
highly focused sunlight to accelerate a photoreaction, so
that mass production of chemicals is viable. Sunlight can
be collected using a focus device, and transmitted to an
optical-fiber reactor, which provides an economical way to
deliver photons uniformly in a reaction zone. In this
present work, we employ gel-derived TiO2–SiO2 mixed
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oxide-based photocatalysts to reduce CO2 with H2O to
fuels under natural sunlight by using a solar concentrator.
Various kinds of metals loaded on TiO2–SiO2 mixed oxide
along with different catalyst carriers are also used to
improve photoactivities.
2. Experimental

2.1. Catalyst preparation

Commercial titanium dioxide powder (P25, Degussa)
was used as a TiO2 source. Cu(NO3)2 � 3H2O and
Fe(NO3)3 � 9H2O (Aldrich) were employed as precursors
of metal dopants on TiO2 support. Tetraisopropoxytita-
nium (TTIP, Merck) and tetraethyl orthosilicate (TEOS,
Merck) were used as precursors for TiO2–SiO2 mixed
oxides. Acetyl acetone (Merck) denoted as acac was
employed as a chelating agent during the sol–gel process.
The polymer cladding of optical fiber (ET tone Taiwan)
was removed by calcination at 500 1C for 3 h. This step was
followed by washing off the remained residue with 10M
NaOH aqueous solution and distilled water in ultrasonic
bath, 3 times for each.

For the preparation of metal supported TiO2 thin film,
TiO2 slurry with corresponding metal salts was prepared by
the incremental addition of 2ml of aqueous polyethylene
glycol (Merck, average MW of 20,000) solution with the
metal salts to 0.5 g of TiO2 powder in a mortar under
vigorous grinding with pestle [19]. Each 0.1ml of the
aqueous polyethylene glycol solution was added after the
previous mixture had formed a uniform and lump-free
paste. Thus prepared uniform slurry was coated on optical
fibers by dip coating method or on glass plates by a doctor-
blade technique. After natural drying at room temperature,
the thin film was calcined in static air at 450 1C for 30min.

Synthesis of TiO2–SiO2 mixed oxide was carried out in
two steps with the schematic diagram of preparation
procedures shown in Fig. 1 [20]. The details of the
procedures are as follows:
TEOS + Solvent 

Solvent + H2O

Prehydrolysis 

TTIP + Solvent 

Mixing

acac

Solvent + H2O

Hydrolysis & Condensation 

Aging Coating Drying CalcinationSol-gel

Metal salts 

Fig. 1. Schematic diagram of preparation procedures of TiO2–SiO2 mixed

oxides.
2.1.1. Chemical modification of TTIP

The two solutions were mixed and refluxed at 80 1C for
1 h under vigorous stirring (ca. 1500 rpm) as follows: the
first solution consisted of the corresponding volume of
chelating agent in 15ml solvent (50% v/v of ethanol and
isopropanol) and the second one was TTIP diluted in 35ml
solvent. The resulted deep yellow transparent liquid (when
the acac as a chelating agent was used) or a colorless
transparent liquid (without chelating agent) was cooled to
ambient temperature for 1 h.

2.1.2. Sol–gel preparation

The hydrolyzant (35% hydrochloric acid and the
amount of de-ionized water used to hydrolyze TEOS in
10ml solvent) was added to TEOS solution (TEOS
dissolved in 30 solvent) via a dropping funnel and
vigorously stirred at 50 1C for 45min, which called pre-
hydrolysis of TEOS. After that, the modified TTIP as
described above was added in the solution under vigorous
stirring. After 10min, the hydrolysis was completed by
addition of the residual amount of de-ionized water diluted
in 18ml solvent under vigorous stirring. Finally, 15ml
solvent was introduced after another 10min had elapsed.
The molar ratio of alkoxides:water:hydrochloric acid:-

solvents was 1:4:0.19:5 and the content of SiO2 in
TiO2–SiO2 mixed oxides was 5wt%. The sol–gel solution
was aged for 24 h at room temperature and then dried in
the oven at 80 1C for 24 h. The resulting xerogel was
calcined in static air at 500 1C for 2 h.
The molar ratio of acac/TTIP of 1 was employed to

prepare sample TiO2–SiO2–acac. The sample prepared
without using chelating agent was denoted as TiO2–SiO2.
For preparation of metal-doped TiO2–SiO2, the same
synthesis procedure of TiO2–SiO2 mixed oxide as described
above was employed, except that corresponding metal salts
were mixed with the derived TiO2–SiO2 sol–gels after the
sol–gel processes.

2.2. Characterization

TiO2 thin films were characterized with X-ray diffraction
(XRD, Phillips, Cu-Ka radiation) for crystallinity, scan-
ning electron microscopy with energy dispersive X-ray
spectrometer (SEM-EDX, Philips XL30, EDAX DX4) for
the film thickness and surface morphology, nitrogen
adsorption (Micromeritics ASAP 2000) for the BET
specific surface area, pore size and pore volume. The
band-gap energies of TiO2 films were determined by
UV–vis diffuse reflectance spectroscopy (UV–vis DRS,
Varian Cary 100). The light intensity was measured with
a Lumen meter (Exfo). XPS measurements were taken
on a VG Microtech MT500 spectrometer, operated with a
constant pass energy of 50 eV and with Mg Ka radiation as
the excitation source (hn ¼ 1253.6 eV). The catalyst was
pressed into a pellet, and then adhered on sample holder by
a carbon tape. All binding energies were referenced to
oxygen (1 s) at 530.7 eV or carbon (1 s) at 285.6 eV. Ti–O–Si
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linkage was determined by using FT-IR (Nexus 470,
Thermo Nicolet).

Quantum yield (F) of the reaction is approximately
calculated by using Eqs. (1) and (2). Eight or twelve
electrons are required to transform CO2 to methane or
ethylene, respectively. The energy efficiency (Z) is estimated
by Eq. (3), which represents the conversion of photo to
chemical energy:

FCH4
ð%Þ ¼

8mol of methane yield� 100%

moles of photon absorbed by catalyst
(1)

FC2H4
ð%Þ ¼

12mol of ethylene yield� 100%

moles of photon absorbed by catalyst
(2)
Light 

Optical fibers

Inlet flow

Outlet flow 

Quartz
window 

light 

TiO2

fiber 

Fig. 2. Schematic diagram (a) and images (b) of photoreactor with

catalyst coated optical fibers.

Z ð%Þ ¼
combustion heat of methane ðethyleneÞ �moles of methane ðethyleneÞ yield� 100%

hn�moles of photon absorbed by catalyst
(3)
where h is Planck constant, n is the frequency of photon,
and heat of combustions of methane and ethylene are 802
and 1411 kJ/mol, respectively.

The mole of photon absorbed by catalyst was assumed
to be equal to that absorbed by number of optical fibers
employed in the reactor. The latter value was estimated on
the basis of the outlet energy subtracted from the inlet
energy through the optical-fiber reactor [21]. In order to
avoid the scattering of light out of the aperture of Lumen
meter, the total number of catalyst-coated optical fibers
(typically 216) in the reactor were put in one narrow Pyrex
glass tube with the diameter of 5mm and the length same
to that of optical fibers (110mm). A blank measurement of
photon absorbed by the Pyrex glass tube without optical
fibers was also measured to get the net value of photon
absorbed by the number of catalyst-coated optical fibers.

The amount of catalyst coated on carriers including glass
plate and optical fiber is determined by the difference
between the weight of catalyst-coated carrier and that of
bare carrier. Owing to the too small amount of catalyst
coated on one optical fiber, the amount of catalyst coated
on this carrier is measured on the basis of the total number
of optical fibers in the photoreactor, which are 216 fibers.

2.3. Photocatalytic conversion of CO2 into fuels reaction

Photocatalytic reaction was carried out in a continuous
circular Pyrex glass reactor (216 cm3) with a quartz window
for conduction of light irradiation. Catalyst-coated optical
fibers were inserted in the reactor in a way such that the light
source (high-pressure Hg lamp, 150W or natural sunlight)
can enter along the fibers to conduct the photocatalytic
reaction on its surface as shown in Fig. 2(a) [18]. The
incident light is split to two beams when hitting the internal
surface of fiber, due to the difference of refraction index
between the TiO2 film and the fiber. Part of the light is
reflected and transmitted along the fiber, while the rest
penetrates and excites the titania layer at the interface.
The light gradually spreads and diminishes to the end of
the fiber.
The UVA (320–500 nm) light was obtained by using an

appropriate color filter (Exfo). In order to determine the
photoactivity of catalyst under real sun, natural sunlight
was collected by using a solar concentrator (Himawari,
Japan). The light intensity was measured on the quartz
window with unit of mW/cm2. The reactor was covered
with a heating tape connected to temperature controller
with a thermocouple placed at the top of the catalyst bed to
maintain the reaction at around 75 1C. The reactor was
purged by CO2 gas bubbling through distilled water for 1 h
at 75 1C before and during the reaction. The space velocity
of CO2 gas and H2O vapor was maintained at 0.72 h�1 for
every experiment. The outlet gases were analyzed at some
periods of time by using GC equipped with FID and
porapak Q column.
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Fig. 3. SEM images of TiO2–SiO2 film coated on optical fiber. (a) Surface

morphology, and (b) cross-section view.
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3. Results and discussion

3.1. Catalyst characterization

The specific surface area and band-gap energy of various
catalysts are shown in Table 1. The specific surface area of
TiO2–SiO2 is much higher than that of TiO2–SiO2–acac. As
TiO2–SiO2–acac is loaded with 0.5wt% of Cu and Fe, its
specific surface area is significantly decreased from 119.9 to
44.7m2/g. Band-gap energy of Cu (0.5wt%)–Fe (0.5wt%)/
TiO2–SiO2 (2.95 eV) is observed to be slightly decreased in
comparison with that of bare TiO2–SiO2 (3.30 eV), which is
consistent with our previous results [22]. Meanwhile, band-
gap energy of Cu (0.5wt%)–Fe (0.5wt%)/TiO2–SiO2–acac
is substantially decreased to 1.55 eV, which is promising to
absorb the full range of visible light.

Fig. 3 depicts SEM images of metal-loaded TiO2 films
coated on optical fiber. The thickness of TiO2–SiO2-based
thin film on optical fiber is around 53 nm. Cracks are
observed on the morphological surface of the thin film.
This result is probably ascribed to quick evaporation of
solvents in the TiO2–SiO2 sol–gel solution after dip coating.

The X-ray diffraction patterns of different catalysts as
thin films coated on glass plates are shown in Fig. 4.
TiO2–SiO2, TiO2–SiO2–acac and Cu–Fe/TiO2–SiO2 cata-
lysts show amorphous phases. Interestingly, as Cu and Fe
are doped on TiO2–SiO2–acac catalyst, anatase peak is
significantly observed. It has been suggested that during the
synthesis process Fe ions can be located in octahedral
positions of TTIP [23]. Then, after the calcination
treatment, when the lattice is already formed it remains
in such positions and consequently the anatase structure
remains stable [23]. Owing to the function of acac as a
chelating agent that depresses the hydrolysis and con-
densation rates of TTIP, Fe ions can be easily located in
octahedral positions of TTIP in comparison with the case
of without using chelating agent. Accordingly, the phe-
nomenon of anatase peak appearance on Cu–Fe/TiO2–
SiO2–acac catalyst is probably due to the inserting of Fe
ion into the TiO2–SiO2 lattice, which reinforces the
regularity of the derived material. As a consequence, the
crystallinity of Cu–Fe/TiO2–SiO2–acac catalyst is superior
as compared to those of bare TiO2–SiO2–acac and Cu–Fe/
TiO2–SiO2 counterparts.

The UV–vis diffuse reflectance spectroscopy of different
catalysts depicted in Fig. 5 is measured to elucidate their
UV and visible light absorption. TiO2–SiO2 obviously
Table 1

Specific surface area and band-gap energy of various catalysts

Photocatalyst SBET (m2/g) Eg (eV)

TiO2 (P25) 50.0 3.11

TiO2–SiO2 145.1 3.30

TiO2–SiO2–acac 119.9 3.26

Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2 39.4 2.95

Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2—acac 44.7 1.55

20

(b)

(a)

2-theta (degree)
30 40 50 60 70 80

Fig. 4. X-ray diffraction patterns of different catalysts. (a) TiO2–SiO2,

(b) TiO2–SiO2—acac, (c) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2, and

(d) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac.
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Fig. 5. UV–vis spectroscopy of different TiO2–SiO2 mixed oxide thin

films. (a) TiO2–SiO2, (b) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2, and

(c) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac.
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Fig. 6. XPS spectroscopy of Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac

catalyst. (a) XPS spectrum of Cu 2p and (b) XPS spectrum of Fe 2p.
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presents UV light absorption as shown in Fig. 5a.
Meanwhile, Cu–Fe/TiO2–SiO2 appears to extend its ab-
sorption spectrum to visible light of 550 nm wavelength
(Fig. 5b), which is consistent with our previous report of
Cu–Fe/TiO2 catalyst. This result could be due to the visible
light absorption of iron oxides with their band-gap energies
of 2.0–2.3 eV [24]. On the other hand, when Cu and Fe are
doped on TiO2–SiO2–acac, the derived catalyst becomes
gray and is observed to fully absorb visible light as shown
in Fig. 5c. This result could be ascribed to the effect of
partial substitution of Ti and Si by Fe ion in the catalyst
lattice. In Fig. 5a sharp decrease of absorption band near
320 nm is due to the background subtraction of glass
plate (SiO2).

Figs. 6a and b show the XPS spectra of Cu 2p and Fe 2p
on Cu–Fe/TiO2–SiO2 catalyst, respectively. Binding energy
of Cu 2p3/2 is measured at 931.9 eV, which could be
assigned to Cu(I) oxidation state [25]. Meanwhile, Fe 2p3/2
depicts the binding energy at around 710.8 eV, indicating
the main presence of Fe3+ oxidation state on catalyst [25].
Ti 2p XPS spectra on TiO2–SiO2–acac and Cu(0.5wt%)–
Fe(0.5 wt%)/TiO2–SiO2–acac catalysts are shown in Fig. 7.
Binding energy of Ti 2p3/2 on TiO2–SiO2–acac is ca.
459.3 eV. When Cu and Fe is added to TiO2–SiO2, the
binding energy of Ti 2p3/2 of resulting catalyst is measured
at 459.8 eV. A positive shift of 0.5 eV binding energy could
be ascribed to the substitution of Ti ions by Fe counter-
parts in the TiO2–SiO2 lattice.

3.2. Photocatalytic conversion of CO2 into fuels

In this study, Cu–Fe/TiO2–SiO2 catalysts are observed to
photoreduce CO2 with H2O to various kinds of products
that include significant amount of ethylene and methane as
well as trace amount of ethane and methanol. The reactor
is covered with a heating tape to maintain the reaction at
around 75 1C to assure that all of light hydrocarbons could
reach the GC detector. Consequently, there is no hydro-
carbon as a liquid-phase product observed by naked eyes in
the reactor after the photocatalytic reaction. Furthermore,
owing to high redox potentials of long-chain hydrocar-
bons, the photoreduction of CO2 with H2O over Cu–Fe/
TiO2–SiO2 catalysts to these products is impossible under
UVA light and natural sunlight in Taipei, Taiwan.
Table 2 presents production rate of methane and ethylene

over various kinds of catalysts under UVA. Methane is
observed to evolve over all of catalysts in which the
maximum production rate of methane, 1.860mmol/g-cat h
is measured on Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac
catalyst coated over optical fiber. Meanwhile ethylene is
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Fig. 7. XPS spectra of Ti 2p of (a) TiO2–SiO2–acac and (b) Cu(0.5wt%)–

Fe(0.5wt%)/TiO2–SiO2–acac catalyst.

Table 2

Production rate of methane and ethylene over various catalysts under

UVA

Photocatalysta Ethylene

production rate

(mmol/g h)b

Methane

production rate

(mmol/g h)b

TiO2/glass plate 0 Trace

TiO2–SiO2/glass plate 0 0.043

TiO2–SiO2–acac/optical fiber 0 0.185

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2/glass plate

0.486 0.060

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2/optical fiber

0.575 0.914

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2–SiO2/glass plate

0.415 0.153

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2–SiO2–acac/glass plate

0.540 0.103

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2–SiO2–acac/optical fiber

0.211 1.860

aTiO2–SiO2 was synthesized by sol–gel process with 5wt% of SiO2; acac

stands for the acetyl acetone as a promoter during the preparation process

of TiO2–SiO2.
bMethane and ethylene production rate was determined on the basis of

average production rate after the reaction time of 4 h. The irradiation

source was in UVA range (320–500nm) with the intensity of 225mW/cm2.

Table 3

Production rate of methane over TiO2–SiO2 mixed oxide-based catalysts

under natural sunlighta

Photocatalystb Methane production rate

(mmol/g.h)c

TiO2–SiO2–acac/optical fiber 0.177d

Cu(0.5wt%)–Fe(0.5wt%)/

TiO2–SiO2–acac/optical fiber

0.279e

aNatural sunlight was obtained by using the solar concentrator as

illustrated in the experimental section.
bTiO2–SiO2 was synthesized by sol–gel process with 5wt% of SiO2; acac

stands for the acetyl acetone as a promoter during the preparation process

of TiO2–SiO2.
cMethane production rate was determined on the basis of average

production rate after the reaction time of 4 h.
dExperiment for TiO2–SiO2–acac catalyst was carried out on May 11,

2007 from 9.30 am to 3.00 pm in Taipei, Taiwan under average solar light

intensity of 6.35mW/cm2.
eThe experiment for Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac was

carried out on May 12, 2007, from 10.30 am to 4.00 pm under average

solar light intensity of 2.05mW/cm2.
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only produced on catalysts doped with Cu and Fe metals.
The largest production rate of ethylene, 0.575mmol/g-cat h is
observed on Cu(0.5wt%)–Fe(0.5wt%)/TiO2 coated over
optical fiber.

In order to efficiently utilize real sunlight for photo-
reduction of CO2 to fuels, solar concentrator is employed
to conduct sunlight into the reactor. The production rate
of methane over TiO2–SiO2 mixed oxide-based catalysts
under natural sunlight on some specific days are depicted
in Table 3. When optical fiber is used as a catalyst
carrier, methane evolution is higher on Cu(0.5wt%)–
Fe(0.5 wt%)/TiO2–SiO2–acac catalyst (0.279 mmol/g-cat h)
than that on bare TiO2–SiO2–acac counterpart
(0.177 mmol/g-cat h). Because natural sunlight is dependent
on the weather of the day when the experiment is carried
out, photoactivities of catalysts towards hydrocarbon
production could be compared one another provided that
the intensity of sunlight were same for everyday. Never-
theless, the average intensity of natural sunlight used to
photocatalytically reduce CO2 on TiO2–SiO2–acac catalyst
was 6.35mW/cm2 on May 11, 2007 from 9.30 am to 3.00
pm in Taipei, Taiwan. Meanwhile, photoreduction of CO2

on Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac catalyst was
carried out on May 12, 2007, from 10.30 am to 4.00 pm
under average sunlight intensity of 2.05mW/cm2. These
results imply that the addition of Cu and Fe metals on
TiO2–SiO2–acac catalyst significantly improve the photo-
activity of resulting catalyst towards methane production
under solar light.
Table 4 presents the quantum yield (F) and energy

efficiency (Z) of ethylene and methane production over
different catalysts under UVA. The quantum yield and
energy efficiency of ethylene and methane production are
observed comparable on Cu(0.5wt%)–Fe(0.5wt%)/TiO2.
Meanwhile, Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac is
found to improve the quantum yield and energy efficiency
of methane production as compared to those of ethylene
production. TiO2–SiO2–acac is observed to enhance the
total energy efficiency of methane and ethylene production
up to ca. 15% in comparison with using of bare TiO2

counterpart.
The production rate of methane according to reaction

time over bare TiO2–SiO2–acac and Cu(0.5wt%)–
Fe(0.5 wt%)/TiO2–SiO2–acac catalysts under UVA is



ARTICLE IN PRESS

Table 4

Quantum yield (F) and energy efficiency (Z) of ethylene and methane production over different catalysts under UVA

Photocatalyst C2H4 evolution CH4 evolution Ztotal (%)

F (%)a Z (%)a F (%)a Z (%)a

Cu(0.5wt%)–Fe(0.5wt%)/TiO2/optical fiber 0.0235 0.0084 0.0245 0.0075 0.0159

Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac/optical fiber 0.0085 0.0030 0.0500 0.0152 0.0182

aOne photon energy at 365 nm is 5.45� 10�19 J. Photon energy absorbed by fibers is 17.4mW (17.4� 10�3 J/s). The total number of absorbed photons

per second is 3.19� 1016.

0

0.0

0.5

1.0

1.5

2.0

(a)

(b)

P
ro

du
ct

io
n 

ra
te

 (µ
m

ol
/g

-c
at

.h
)

Reaction time (h)
1 2 3 4 5 6

Fig. 8. Production rate of methane according to reaction time over

(a) bare TiO2–SiO2–acac and (b) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–

acac. The reaction was carried out under UVA (320–500nm) with the

intensity of 225mW/cm2. Photocatalysts were coated on 216 optical fibers.

9.50 am

0.0

0.1

0.2

0.3

0.4

(a)

(b)

P
ro

du
ct

io
n 

ra
te

 o
f m

et
ha

ne
 (µ

m
ol

/g
-c

at
.h

)

Reaction time
10.50 am

11.50 am

12.50 pm
1.50 pm

2.50 pm

Fig. 9. Production rate of methane according to reaction time over

(a) bare TiO2–SiO2–acac and (b) Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–
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light intensity of 6.35mW/cm2. The experiment for Cu(0.5wt%)–

Fe(0.5wt%)/TiO2–SiO2–acac was carried out on May 12, 2007, from

10.30 am to 4.00 pm under average solar light intensity of 2.05mW/cm2.

Photocatalysts were coated on 216 optical fibers.

T.-V. Nguyen, J.C.S. Wu / Solar Energy Materials & Solar Cells 92 (2008) 864–872870
shown in Fig. 8. The production rate of methane on
Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac catalyst sub-
stantially increases from the beginning until 2 h after
turning on the light. Cu and Fe as dopants are found to
some extent to stably maintain the production rate of
methane at ca. 1.8 mmol/g-cat h up to 6 h after turning the
light on.

Fig. 9 presents the photoactivities of bare TiO2–SiO2–
acac and Cu(0.5wt%)–Fe(0.5wt%)/TiO2–SiO2–acac cata-
lysts under concentrated sunlight versus daylight hours. In
contrast to the reaction under UVA, production rate of
methane under natural sunlight is significantly changed
according to daylight hours, which results from the
apparently unstable weather during the experimental day.
Nevertheless, the superior photoactivity of Cu(0.5wt%)–
Fe(0.5 wt%)/TiO2–SiO2–acac as compared to that of bare
TiO2–SiO2–acac catalyst under natural sunlight is consis-
tent with the data under UVA as presented in Fig. 8.

3.3. Discussion

The specific surface areas of both TiO2–SiO2 and
TiO2–SiO2–acac catalysts are found to be much higher
than that of bare TiO2 (P25). It was well known that the
presence of SiO2 in TiO2 lattice results in the increase in
specific surface area of derived TiO2–SiO2 [20,26,27]. This
phenomenon could be ascribed to the amorphous phase of
SiO2 in the TiO2–SiO2 mixed oxide [20,26,27]. Further-
more, SiO2 is also a material that is well agreed to increase
the band-gap energy of derived TiO2–SiO2 mixed oxide,
which is resulted from the formation of Ti–O–Si linkage
[20,26,27]. Meanwhile, the addition of metals into TiO2–
SiO2 lattice brings about the decrease in the specific surface
area of resulting metal-doped TiO2–SiO2 catalyst. How-
ever, Cu and Fe metals doped on TiO2–SiO2 catalyst is
found to shift the light absorption of the derived catalysts
to visible range as shown in Fig. 5. Acetyl acetone (acac) as
a chelating agent was deliberately employed in sol–gel
process to reduce the hydrolysis as well as the condensation
rates of TTIP and TEOS [28], resulting in the inherent
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inserting of Fe metal into the TiO2–SiO2 lattice. As a
consequence, metal-doped TiO2–SiO2–acac shows strong
visible light absorption as compared to TiO2–SiO2 counter-
part as presented in Fig. 5.

It is interestingly observed in Table 2 that under UVA
bare TiO2, TiO2–SiO2 and TiO2–SiO2–acac catalysts are
not photoactive towards ethylene production. Meanwhile,
they are found to produce methane under UVA, though
TiO2 only presents negligible photoactivity towards
methane production. These results could be ascribed to
the much low redox potential of methane as compared to
that of ethylene [29]. Furthermore, the reduction potential
of TiO2–SiO2 catalyst is also higher than that of TiO2

counterpart [20,26,27]. When TiO2 and TiO2–SiO2 are
doped with Cu and Fe metals, the resulting catalysts show
substantial difference in hydrocarbon production as well as
product selectivity. TiO2 as a support favors the produc-
tion of ethylene, whereas methane evolution is significantly
observed on TiO2–SiO2–based catalysts. It was well known
that the electrochemical reduction of CO2 on single-crystal
copper electrodes formed various kinds of hydrocarbon
products depending on its index planes [30–32]. In our
previous report, Cu/TiO2 catalyst was found to favorably
reduce CO2 with H2O to methane rather than ethylene [22].
Meanwhile, although Fe as a co-dopant on Cu/TiO2

catalyst was observed to give rise to the synergistic
performance of CO2 reduction to ethylene, it substantially
decreased the photoactivity towards methane production
[22]. Accordingly, the inherent inserting of Fe metal into
the TiO2–SiO2 lattice in this present study would depress
the effect of Fe on methane production, which gives rise to
the significant production of methane on TiO2–SiO2-based
catalysts.

On the other hand, only methane is produced on
TiO2–SiO2–based catalysts under natural sunlight as
depicted in Table 3. Although Cu and Fe as dopants are
observed to improve the photoactivities of resulting
catalysts including the presence of significant amount of
ethylene in the products under UVA, they produce only
methane under natural sunlight with the improved
productivity. This result could be explained by negligible
intensity of UVA in the sunlight, which is filtered out in the
solar concentrator. According to the manufacturer, UVA is
filtered out in order to protect the plastic optical fiber in the
light-transmission cable. It is found in Tables 2 and 3 that
bare TiO2–SiO2 catalyst supported on optical fiber only
produces comparable amount of methane either under
UVA with the intensity of 225mW/cm2 or under natural
sunlight with the average intensity of 6.35mW/cm2.
This phenomenon could infer that the increase in light
intensity might not compensate the inherent electron-hole
recombination in the TiO2–SiO2–acac catalyst. On the
other hand, Cu–Fe/TiO2–SiO2–acac in Table 3 shows
strong photo-productivity of methane as compared to that
of bare TiO2–SiO2–acac, which could be resulted from the
full absorption of visible light of this catalyst as shown
in Fig. 5c.
4. Conclusions

The advantage of photo-driven reaction is clearly
benefited from the un-limited solar energy. An optical-
fiber reactor provides an efficient way to perform photo-
driven reactions. Compared with a traditional packed-bed
reactor, an optical fiber provides a medium to transmit
light uniformly throughout a reactor. TiO2–SiO2 mixed
oxide-based photocatalysts are synthesized and coated on
the optical fibers in this present work to reduce CO2 with
H2O to methane and ethylene under UVA as well as
concentrated natural sunlight. The inserting of Fe metal
into TiO2–SiO2 lattice is found to substantially promote
the full visible light absorption of the resulting catalyst.
This result also brings about the change of product
selectivity of Cu–Fe/TiO2–SiO2 catalyst. Cu–Fe/TiO2

catalyst is observed to enhance ethylene production,
whereas methane is significantly evolved over Cu–Fe/
TiO2–SiO2 counterpart. Full visible light absorption of
Cu–Fe/TiO2–SiO2–acac catalyst is found to bring about
the superior photo-productivity of methane as compared to
that of bare TiO2–SiO2–acac counterpart under natural
sunlight. An efficient photoreactor with high-photoactivity
catalyst is essential step toward a commercial-scale
application to produce renewable fuels.
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