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Abstract−Nanoporous Ti30Si70MCM-41 was applied as a photocatalyst for effective reduction of CO2 to CH4. A ru-
thenium dye (N719) was also introduced onto the surface of Ti30Si70MCM-41 as a photosensitizer to improve its photo-
absorption in the visible range. The catalytic performance of N719-photosensitized Ti30Si70MCM-41 was superior to that
of the non-photosensitized Ti30Si70MCM-41 and N719-photosensitized Ti30Si70O200 nanomaterials. The photoreduction of
CO2 to CH4 was remarkably improved on N719-(5 h)-photosensitized Ti30Si70MCM-41, with a production of 1,900µmol
gcat

−1 L−1 after an 8 h reaction. The results were attributed to the effective charge separation and the inhibited recombi-
nation of photogenerated electron-hole pairs on N719-photosensitized Ti30Si70MCM-41. Lastly, a model for the enhanced
photoactivity over N719-photosensitized Ti30Si70MCM-41 was proposed.
Keywords: Ruthenium Dye, N719-photosensitized-Ti30Si70MCM-41, CO2 Photoreduction, CH4 Production, Nanoporous,

Recombination of Electron-hole Pairs

INTRODUCTION

Carbon dioxide, which constitutes up to 70% of total emissions
of greenhouse gases, has been an important issue in global eco-
nomics and politics, as well as the environment. Various physical
or chemical processes for removing and utilizing carbon dioxide
have been introduced [1,2]. In particular, methane production via
the photocatalytic reduction of CO2 is a hot research topic in the
CO2 utilization field [3,4]. This method is environmentally friendly,
and the photocatalytic reduction of CO2 with H2O is essential for
the development of a solar-energy-based, carbon-neutral cycle. CO2

photoreduction research has focused on titanium dioxide (TiO2)-
based nanomaterials because of their nontoxicity, chemical stabil-
ity, and natural abundance [5-7]. However, the large band gap of
TiO2 of 3.2 eV limits its absorption in the ultraviolet (UV) region.
To improve its photocatalytic efficiency, intensive research on extend-
ing the absorption range of TiO2 to the visible regions has been con-
ducted, which has included combining it with other metal semi-
conductors [8-12] or functionalizing its surface with dye molecules
[13,14], such as ruthenium poly-pyridyl dyes, to achieve rapid photo-
induced electron injection into its conduction band. In particular,
dye-functionalized semiconductor materials can absorb light in
the visible region, resulting in effective photoreactions. Benko et al.
[15] reported electron injection from the transition metal com-
plex Ru(dcbpy)2(NCS)2 (dcbpy: 4,4'-dicarboxy-2,2'-bipyridine) to a
TiO2 nanocrystalline film, which suggests that dyes with a higher-
state redox potential are also capable of electron injection to below
the conduction band edge of a semiconductor when excited by suf-
ficiently energetic photons. Fuldner et al. [16] reported that nitro-

benzene can be reduced cleanly to aniline using Ru-sensitized TiO2

photocatalysts. Theil et al. [17] showed that Ru-dye-sensitized Au-
SiO2@TiO2 and Au/Pt-SiO2@TiO2 assemblies had first-order rate
constants up to 52% higher than those of the corresponding nano-
structures without further dye functionalization. On the other hand,
the use of mesoporous network structures, such as Ti-incorporated
MCM or the SBA series, has been reported to enhance the adsorp-
tion of the reactive species and the utilization of incident light, and
thereby increase the photocatalytic activity [18-20]. In our previ-
ous study [21], well-ordered nanoporous TiSiO2 exhibited a high
CH4 production efficiency via CO2 photoreduction. The remark-
able performance of nanoporous TiO2 in CO2 photoreduction proba-
bly benefits from the confined space effect of the ordered nano-
porous structure, particularly in cases using alkaline earth metals,
such as Ca, to increase the absorption of CO2. On the other hand,
TiO2 exhibited a CH4 conversion of lower than 2.0μmol gcat

−1 h−1.
Therefore, various approaches are necessary to develop new cata-
lytic systems to improve CH4 production.

In this study we examined whether dye molecules are well linked
to the regular surfaces of nanoporous TiO2 particles, exhibit good
absorption of visible light despite its lower photon energy, and are
capable of facilitating electron-hole charge separation in a semi-
conductor. The dye molecules act as a photosensitizer to inject photo-
excited electrons into the TiO2 nanoporous semiconductor. The
nanoporous TiO2 particles prolong the lifetime of the charge-sepa-
rated state by acting as electrons or hole traps, and thereby enhance
the carrier separation and photocatalytic activity [22,23]. Therefore,
this study evaluated the synergistic effects of nanoporous TiO2 and
a ruthenium dye molecule (N719). To maximize the CO2 absorp-
tion capacity, nanoporous Ti30Si70MCM-41, in which Ti ions par-
tially substituted for Si sites in the SiMCM-41 framework, was syn-
thesized using a conventional hydrothermal treatment. The result-
ing nanoporous N719-photosensitized Ti30Si70MCM-41 was applied
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to the photoreduction of CO2 to CH4, and the results were com-
pared with that on the N719-photosensitized Ti30Si70 nanomaterial.
Ti30Si70MCM-41 was examined using X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), Brunauer-Emmett-Teller (BET)
surface area, and cyclic voltammetry (CV) measurements. The N719-
photosensitized samples were then characterized using ultraviolet-
visible (UV-vis) spectroscopy.

MATERIALS AND METHODS

1. Synthesis and Characterization of Ti30Si70MCM-41 and N719-
(x h)-photosensitized Ti30Si70MCM-41

MCM-41 was synthesized hydrothermally according to our pre-
vious study [21] and as reported in the literature [24,25]. The com-
position of sol solution was 6.0SiO2 : 1.0CTABr : 0.15(NH4)2O :
350H2O. The final solution was prepared by heating at 100 oC for
24 h in an autoclave. After synthesis, the resulting powder was
thermal treated at 550 oC for 5 h in air and is termed SiMCM-41
herein. Then, silicon sites were replaced with titanium ions (tita-
nium tetraisopropoxide, Junsei Co.) in the nanoporous framework.
We previously determined the optimal Ti content to be 30% of the
silicon content (i.e., Ti : Si molar ratio=3 : 7) [21], and the resulting
solid, termed Ti30Si70MCM-41, was used in the present study. In
the final step, dye functionalization was conducted using a dip-
ping method. Ti30Si70MCM-41 powders were added to 30.0 mL of
an ethanol solution containing 0.5 mM dye (ruthenium dye, N719,
Solaronix Co.). The dye adsorption times were varied (0, 1, 3, 5, and
24 h), and afterwards, the powders were washed with deionized
water and dried at 60 oC for 24 h in an oven. The final samples are
termed N719-(x h)-photosensitized Ti30Si70MCM-41.

The synthesized Ti30Si70MCM-41 powder was examined using
XRD (MPD, PANalytical) using nickel-filtered CuKα radiation
(40 kV, 40 mA). The morphology of the particles was examined
using TEM (JEOL 2000EX) and the atomic composition of the film
was analyzed by energy-dispersive X-ray spectroscopy (EDAX, EX-
250, Horiba) at 120 kV. The BET surface areas of the catalysts were
tested using a Belsorp II instrument. The reflectance UV-vis spectra

of the N719-(x h)-photosensitized Ti30Si70MCM-41 powders were
attained using a Cary 500 spectrometer with a reflectance sphere
in the 200-800 nm range. The photocurrent densities were meas-
ured using an electrochemical station (CompactStat, Ivium Tech.)
in three-electrode mode in a 1.0 M NaOH aqueous solution using
an AM 1.5 solar simulator (ABE Tech.) as the light source. A plati-
num wire and Ag/AgCl electrode were, respectively, used as the
counter and reference electrode. The adsorption ability of the cata-
lysts for CO2 gas was measured from CO2-temperature programmed
desorption (TPD) experiments in the same manner using BELCAT
(Bel Japan Inc., Japan).
2. Photocatalytic Activity Test over the N719-(x h)-photosensi-
tized Ti30Si70MCM-41 Catalysts

Fig. 1 shows a schematic diagram of the batch-type photoreac-
tor designed in the laboratory. The reactor consists of a rectangu-
lar quartz cell with a total volume of 15.0 mL. The photocatalytic
activity was examined using 0.20 g of powdered N719-(x h)-photo-
sensitized Ti30Si70MCM-41 catalysts distributed uniformly at the
bottom of the reaction chamber. A 1.0 mm thick quartz glass win-
dow cover was settled on top of the reactor to enable the effective
transfer of radiation from a 6.0 W/cm2 mercury lamp with a wave-
length of 365 nm. The reactor was checked by purging with helium
carrier gas. The CO2 concentration was adjusted using helium
(99.99%) as the diluent gas. The reaction temperature and pres-
sure were kept at 30 oC and 1.0 atm. Before starting the experiment,
the reactor was purged for 1 h with a mixture of CO2 and helium.
The CO2 : H2O ratio was fixed at 1 : 2. During the photocatalysis
process, the product mixture was sampled off-line by using a gas-
tight syringe (Agilent, 250μm) with the same volume, and deter-
mined by a gas chromatograph (GC, iGC7200, Donam Co., Korea)
equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). First, the gaseous products produced by
the in-situ system were introduced into the TCD, which was con-
nected to a Carboxen 1000 (Young Lin Instrument Co., Korea) col-
umn, to measure the light gases (H2, O2, and CO), and the extracted
gases were then introduced into the FID to separate the C1 (meth-
ane)-C3 light hydrocarbons, as well as the oxygenated compounds,

Fig. 1. Schematic diagram of the laboratory-designed, batch-type reactor for CO2 photoreduction.
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such as methanol, acetaldehyde, and formic acid. The product selec-
tivity was calculated with the following equation: Ci(%)=Ci moles
in product/total moles of C produced 100.

RESULTS AND DISCUSSION

1. Physical Properties of the Synthesized Ti30Si70MCM-41 Pow-
ders

Fig. 2(a) and (b) show the XRD patterns and TEM images of
the prepared SiMCM-41 and Ti30Si70MCM-41 powders. In Fig. 2(a),
a shape reflection peak corresponding to the (100) plane is observed
at a low angle (2θ=2o-2.5o) in SiMCM-41, indicating the typical hex-
agonal SiMCM-41 structure [26]. In addition, three reflection peaks,
which were indexed to the (110), (200), and (210) planes, are clearly
visible at 2θ=3o-7o in the XRD patterns of the SiMCM-41 sam-
ple. The presence of well-defined XRD peaks indicated the highly
ordered structure of the nanoporous molecular sieves. In contrast,
the peak of the interplanar spacing, d100, decreases with increasing
Ti content, but the peak signal remains until 30 mol% Ti insertion.
The peak broadening in the Ti30Si70MCM-41 sample was attributed
to the smaller crystalline due to slow crystal growth by the inser-
tion of many titanium ions, which are larger than silicon ions, into
the SiMCM-41 framework. This could be related to the probable
incorporation of Ti atoms into the silica framework. The substitu-
tion of Si4+ with Ti4+ distorts the geometry around Ti from ideal tet-
rahedral coordination because the ionic radius of Ti4+ (0.068 nm)

is larger than that of Si4+ (0.041 nm). Fig. 2(b) shows TEM images
of the SiMCM-41 and Ti30Si70MCM-41 samples. The hexagonal
array of the nanoporous materials can be observed clearly with an
electronic beam passing through both the parallel and vertical axes
of the channels, which further evidences the highly ordered hex-
agonal structure [27]. This ordered structure was disturbed when
30 mol% Ti ions were introduced and the pores became slightly
larger. This confirms that the incorporation of Ti ions disrupts the
Si-O framework and weakens its integrity, although pore collapse
was generally not observed with Ti insertion. These observations
well match the XRD results. The EDX results identified the pres-
ence of metals on the surface of Ti30Si70MCM-41, as illustrated in
Fig. 3, and the table on the bottom right shows the atomic compo-
sition determined by EDX. The Ti/Si atomic molar ratio in the sam-
ple was 4.86 (ideal value=4.29), which did not appear to be perfectly
quantitative. Although it is a very good surface analytical method,
EDX is prone to error because the composition may vary accord-
ing to the location. In particular, the variation is large when the
sample is nonuniform. Alternatively, an elemental mapping image
shows the spatial distribution of elements in a sample, and the
EDX mapping images for the Ti30Si70MCM-41 sample in this
study revealed the presence and the distributions of O, Si, and Ti.
2. CO2 Photoreduction over N719-photosensitized Ti30Si70MCM-
41

Generally, CH4 production via CO2 reduction with H2O can be
divided into three sub-processes [28]: proton production through

Fig. 2. XRD patterns (a) and TEM images (b) of the prepared SiMCM-41 and Ti30Si70MCM-41 powders.
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H2O photodecomposition, CO radical production through CO2

photocleavage, and methane production through photosynthesis
between the CO radical and proton. The electrons photogenerated
on the photocatalysts by UV radiation induce CO2 reduction to
generate CO2

• radicals, whereas the holes react with the adsorbed
H2O molecules to induce oxidation. The intermediate photogene-

rated species undergo different reactions to generate CO and CH4.
The production of CH4 from methyl radicals (•CH3) has been
confirmed, and these radicals are directly dependent on the for-
mation of the intermediate product, CO. This reaction summary
confirmed that hydrocarbons could be produced by photocata-
lysts with good reduction potentials. Fig. 4(a) shows the photore-

Fig. 3. Energy-dispersive X-ray spectra of Ti30Si70MCM-41.

Fig. 4. Photoreduction of CO2 with H2O vapor to CH4 over the N719-x h (x=1, 3, 5, and 24)-photosensitized Ti30Si70MCM-41 catalysts (a) and
the recycling test for The N719-(5 h)-photosensitized Ti30Si70MCM-41 catalyst (b).
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duction of CO2 with H2O vapor to CH4 over the N719-(x h)-photo-
sensitized Ti30Si70MCM-41 catalysts (x=1, 3, 5, and 24). Almost no
methanol and formic acid was observed, but about one-third of
methane was found in CO. As the methane increased, carbon mon-
oxide also increased while maintaining the ratio of 3 : 1. Therefore,
we focused on the amount of methane. Higher N719 adsorption
onto the Ti30Si70MCM-41 surface led to higher photoactivity in CO2

photoreduction. Only 550μmol gcat
−1 L−1 CH4 was emitted over

non-dye-photosensitized Ti30Si70MCM-41, but the production in-
creased gradually with increasing N719 adsorption time. The maxi-
mum CH4 yield was 1,900μmol gcat

−1 L−1 over the N719-(5 h)-pho-
tosensitized Ti30Si70MCM-41 catalyst after 8h, compared to 840μmol
gcat

−1 L−1 obtained using the N719-(5 h)-photosensitized Ti30Si70O200

nanocatalyst (reference material, anatase structure, hydrothermal
synthesis, 20-30 nm particle size, 192.0 m2 g−1 specific surface area).
On the other hand, the yield was much lower with the more dye-
adsorbed N719-(24h)-photosensitized Ti30Si70MCM-41 catalyst, prob-
ably because of the poor electron transfer between the dyes and
the clogged pores due to the irregular arrangement between many
dye molecules. These results demonstrated the great effects of the
nanopores in the photoreaction and the importance of the opti-
mal amount of adsorbed dye. The N719-(5 h)-photosensitized Ti30-

Si70MCM-41 catalyst shows excellent performance stability in a
recycling test as shown in Fig. 4(b). For this purpose, the catalyst
was washed with methanol after the reaction for 10 h, then dried
under vacuum and reused for the next run. As results show, there
is no significant loss of photocatalytic activity even after four
cycles, which shows that the most of adsorbed species were only
adsorbed physicochemically.

According to the CO2 photoreduction mechanism, in the first
step, water and CO2 gases are adsorbed on the surface of the pho-
tocatalysts, which initiates the photoreduction reaction [29]. There-
fore, the photocatalytic performance depends on adsorption capacities
of these two gases, which are injected from outside the reactor. We
determined the CO2 adsorption ability for the two samples: nano-

porous Ti30Si70MCM-41 and non-porous Ti30Si70O200. The CO2 ad-
sorption profiles were obtained at high temperatures (>900 oC), cor-
responding to CO2 desorption on metal oxide species, as shown in
Fig. 5. The curve intensity increased significantly for the Ti30Si70MCM-
41 sample, indicating that considerably more CO2 molecules were
adsorbed on the surface of the exposed Si-O-Ti in the Ti30Si70MCM-
41 framework. In general, a rapid catalytic reaction happens when
many reactants are well adsorbed over the catalyst. The presence
of nanopores most likely caused a relative increase in the adsorp-
tion of CO2 molecules.

Fig. 5. CO2-TPD curves corresponding to CO2 desorption on the
Ti30Si70MCM-41 and Ti30Si70O200 samples.

Fig. 6. FT-IR spectra of Ti30Si70MCM-41 and Ti30Si70O200 samples after dye absorption.

Table 1. BET surface areas of Ti30Si70MCM-41 and Ti30Si70O200

BET multipoint
surface area (m2/g)

Total pore
volume (cm3/g)

Pore size
(nm)

Ti30Si70MCM-41 541.39 0.3571 01.1
Ti30Si70O200 191.88 0.3017 10.7
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Moreover, the result in Fig. 5 is in good agreement with the
measured BET surface areas of Ti30Si70MCM-41 and Ti30Si70O200,
which are 541 and 192 m2 g−1, respectively, as shown in Table 1.
3. Optical and Chemical Properties of the N719-photosensitized
Ti30Si70MCM-41 Catalyst

Fig. 6 shows the FT-IR spectra of Ti30Si70MCM-41 and Ti30Si70O200

powders after dye adsorption to observe the interfacial binding
energy between the dye molecules (N719) and the film surface.
The absorptions around 2,250 and 1,640-1,690 cm−1 belong to the
SCN and C=N stretching bonds in the pyridine ring. The IR spec-
tra show absorption at 1,000-1,300 and 1,700-1,725 cm−1, which
belong to the C-O and C=O stretching modes in the carboxyl
group. The C=C and C-H stretching modes in the aromatic rings
are at approximately 1,450-1,650 and 2,800-3,050 cm−1, respectively
[30]. The intensities of the IR modes are stronger in the Ti30Si70MCM-
41 than in the Ti30Si70O200. Furthermore, when a dye molecule is
linked with metal in a semiconductor, bi-dentate coordination
occurs between them [31]. The IR spectrum of the Ti30Si70MCM-
41 shows a strong band at 500 cm−1, which belongs to metal-O
group due to a new Ti-O bond between O of COO− and Ti or Si
atom, which is relatively weaker over the Ti30Si70O200. Therefore,
the connection between the Ti30Si70MCM-41 and dye molecule is
stable due to a bidentate linkage than Ti30Si70O200, which led to an
increase of the CO2 photoreduction due to the better transport of
electrons.

Fig. 7 shows the diffuse reflectance UV-vis absorption spectra
of the N719-(x h)-photosensitized Ti30Si70MCM-41 catalysts with dif-
ferent dye adsorption durations. All samples show two maximum
bands located in the 250-400 nm region, suggesting that the polym-
erized Ti-O-Ti species have higher coordination, such as with hexa-
hedral or tetrahedral coordinated Ti(IV) species (possibly the tetra-
hedral positions in the nanoporous framework), and the 450-650
nm region, which was assigned to N719 dye absorption. UV-vis spec-

troscopy shows that the Ti atoms entered the silica framework and
that no additional titanium framework was formed during the
microwave irradiation synthesis. In addition, the absorption inten-
sity increased depending on the dye adsorption times. On the
other hand, the absorption spectra show steeper absorption edges;
this is similar to the HOMO-LUMO gap results that were estimated
by using Tauc’s equation [32]. The estimated HOMO-LUMO gaps
of pure Ti30Si70MCM-41, and Ti30Si70MCM-41 and N719 in the N719-
(5 h)-photosensitized Ti30Si70MCM-41 catalyst were 3.1 (400 nm),
2.92 (425 nm), and 1.70 (730 nm) eV, respectively. The HOMO-

Fig. 8. Cyclic voltammogram of Ti30Si70MCM-41.

Fig. 7. Diffuse reflectance-UV-visible absorption spectra of the N719-
xh-photosensitized Ti30Si70MCM-41 catalysts according to the
dye adsorption times.
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LUMO gaps and band heights decreased with increasing N719

adsorption time. Although a lower HOMO-LUMO gap is gener-
ally better for enhancing the photocatalytic performance under
weak solar radiation, this improvement can be negated by the
smaller band gap that is available to facilitate recombination between
the electrons and holes [33]. On the other hand, as shown in the
right figure, the carbonate groups of the N719 dye are bidentate-
linked to Ti atoms in the porous Ti oxide framework [34]. In par-
ticular, the bond between COO− and the surface of the nanoporous
TiO2 is strong owing to the perfect bidentate linkage. On the other
hand, the bonding is not significant on nanosized TiO2. This sug-
gests that coordination of the N719 dye on nano-sized TiO2 is mainly
attributable to the contributions of a monodentate and bidentate
linkage. Therefore, the nanoporous TiO2 film has a better surface
morphology for a bidentate linkage than nanosized TiO2 has, which
enhances the photocatalytic performance owing to easier electron
transport.

Fig. 8 shows cyclic voltammograms of Ti30Si70MCM-41. A re-
versible wave for the absolute potentials between the reduction
(Epa) and oxidation peaks (Epc) is credible. The potential wave for
for Ti4+

↔Ti0 in the Ti30Si70MCM-41 sample was reversible, and
the midpoint potential is approximately Emid=−0.15 V vs. Ag/AgCl
(3 M KCl). In addition to the band gap, the potential locations of
the valence and conduction bands of Ti30Si70MCM-41 are import-
ant. The energy levels of the highest occupied molecular orbital
(HOMO) and LUMO can be determined using CV equations
(under V vs. normal hydrogen electrode or eV vs. vacuum) [35].
The HOMO (or valence band) potential of the samples can be
obtained easily from the LUMO and the band gap. The calculated
HOMO for Ti30Si70MCM-41 was +2.95 V. From the previously
reported band gap, HOMO, and LUMO energies for the N719 dye
[36], a potential energy diagram between the N719 dye and Ti30-
Si70MCM-41 can be drawn, as shown in the right figure. The supe-
rior photocatalytic conversion of N719-photosensitized Ti30Si70MCM-
41, compared to that of Ti30Si70MCM-41, is attributed to the in-
creased absorption of visible light induced by the N719 dye. The
figure shows that the first electronic transition occurs easily in the
N719 dye owing to radiation, and the electrons at a higher LUMO
in the N719 dye then move to the Ti30Si70MCM-41 conduction band,
whereas the hole in Ti30Si70MCM-41 moves to the HOMO of the
N719 dye, which is formed by the recycling of the current. There-
fore, their recombination of excited electrons and holes is sup-
pressed during photocatalysis, and the rate of CO2 photoreduction
is eventually enhanced.

The efficiencies of photogenerated electron-hole production in
Ti30Si70MCM-41, N719-(5 h)-photosensitized Ti30Si70MCM-41, and
N719-(5 h)-photosensitized Ti30Si70O200 films were measured through
the photocurrent response under solar light radiation. Fig. 9 pres-
ents the typical real-time photocurrent responses of the three films
when the light source is switched on and off; the rapid rise and
decay of the photocurrent is clearly shown. In semiconductor sys-
tems, when radiation provides more energy than the band gap of
a semiconductor does, the electrons are excited from the valence
band to the conduction band, leaving behind a hole in the valence
band, and this electron-hole pair is responsible for the photocur-
rent. When the light is turned on, a rapid increase in photoreduc-

tion current is observed, and the photocurrent then stabilizes to a
steady state after a few seconds. When the light is turned off, the
photocurrent decreases instantaneously to nearly zero [37]. In our
study, the maximum photocurrent of the N719-(5 h)-photosensi-
tized Ti30Si70MCM-41 film when the light was turned on was 100
μA cm−2, which was four and two times higher than those achieved
on the Ti30Si70MCM-41 (25μA cm−2) and N719-(5h)-photosensitized
Ti30Si70O200 (50μA cm−2) films, respectively. This increment reveals
a lower level of electron-hole recombination in N719-(5 h)-photo-
sensitized Ti30Si70MCM-41. On the other hand, the transient pho-
tocurrents were rapid, steady, prompt, and reproducible over several
on-off switching cycles of the visible light radiation for Ti30Si70MCM-
41 and N719-(5 h)-photosensitized Ti30Si70O200. No overshoots were
observed at the beginning and end of the flash. The rectangular
response reveals the absence of any grain boundaries in the direc-
tion of electron diffusion. Such grain boundaries create deep traps
that hinder electron transport and may exist at the particulate elec-
trode [38]. On the other hand, the currents in both the light-on
and light-off regions in N719-(5 h)-photosensitized Ti30Si70MCM-41
increased as time increased, which indicates the presence of grain
boundaries due to the nanopore framework and, further, implies
efficient flow of excited electrons in the external circuit. Therefore,
the nanopores and dye both have beneficial effects on the photo-
current; they facilitate the efficient separation of photogenerated
hole-electron pairs and the effective movement of excited electrons.

CONCLUSIONS

Based on the relationships between the optical properties of pho-
tocatalysts and their catalytic activities, we have proposed a model for
CO2 photoreduction over N719-(5 h)-photosensitized Ti30Si70MCM-
41, as shown in Scheme 1. Photon excitation in N719 over N719-
(5 h)-photosensitized Ti30Si70MCM-41 begins rapidly owing to its
very small band gap, and the electrons are partially released into
the conduction band of Ti30Si70MCM-41. However, some elec-
trons can also be transferred efficiently to CO2 molecules over the

Fig. 9. Photocurrent responses under solar light irradiation at an
applied potential of 0.7V vs. SCE for Ti30Si70MCM-41, N719-5h-
photosensitized Ti30Si70MCM-41, and N719-5h-photosensitized
Ti30Si70O200 films.
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dye. The positive holes on the Ti30Si70MCM-41 valence band can
be trapped by H2O and then transferred to OH radicals and pro-
tons. The obtained protons are transformed by electrons into H
radicals, which in turn react with C and CO radicals to afford CO2

•,
and hence generate CH4. These processes promote the separation
of photogenerated electron-hole pairs (e−/h+) in the photocatalyst to
accelerate the CO2 reduction process. Therefore, the synergistic effects
of the nanopores and dye in N719-photosensitized Ti30Si70MCM-41
enhance CO2 reduction.
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