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Abstract—This study attempted to obtain various products from carbon dioxide photoreduction using TiO, catalysts
doped with different transition metals of Mn, Fe, Co, Ni, Cu, and Zn (MTiO,). The band-gaps of MTiO, catalysts
decreased compared to pure TiO,, except for ZnTiO,. The intensities in photoluminescence curves, which can predict
the recombination of excited electrons and holes, were weaker in MTiO, catalysts than that of pure TiO,. The products
obtained from carbon dioxide photoreduction were strongly related to the redox potential of carbon dioxide and the
locations of band-gaps of MTiO, catalysts. Methane was predominantly obtained in pure TiO,, FeTiO,, and NiTiO, cat-
alysts, and methanol and carbon monoxide were selectively produced in the CuTiO, and ZnTiO, catalysts, respectively.
This result suggests that the desired product from carbon dioxide photoreduction can be selectively synthesized by

doping certain metals.
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INTRODUCTION

National efforts to reduce carbon dioxide (CO,) emissions, which
are recognized as the main cause of global warming, have been
made by the United Nations Framework Convention on Climate
Change (UNFCCC) in 1992 and have been formulated through
the implementation of the Kyoto Protocol. Carbon capture and
storage (CCS) [1], which captures and stores CO,, and carbon cap-
ture and utilization (CCU) [2], which converts CO, into high value-
added materials, are among the technologies being studied world-
wide for reducing CO,. The Global Agenda Councils (GAC) at the
2013 World Economic Forum in Davos, Switzerland, selected one
of the ten technologies that will convert CO, into fuels that will
have an important impact on human beings. In particular, the photo-
chemical reduction of CO, in CCU technology is the most ideal
and environmentally friendly technology, and has attracted many
researchers in recent years.

For the photochemical reduction of CO,, many scientists have
been using semiconductor materials such as titanium dioxide (TIO,),
which have a good redox potential between CO, and the reduced
product [3,4]. Possible reactions involved in the photocatalytic reduc-
tion of CO, with water (H,0) on TiO, and thermodynamic redox
potentials of various compounds are listed as follows [5,6].

TiO,+hv—e +h" ey)
2H,0+4h* >4 H'+0,, E’=H,0/0,=+0.82 V @)
CO,+8 ¢ +8 H'->CH,+H,0, E’=CO,/CH,=—0.24 V 3)
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CO,+6 ¢ +6 H'—CH,0H+H,0, E’=C0O,/CH;0H=-0.38 V @)

2H'+4 ¢ ->H, E’=H'/H,=—041V 5)
CO,+4 ¢ +4 H'-HCHO+H,0, E’=CO,/HCHO=-048 V ©)
CO,+2 ¢ +2 H'—-CO+H,0, E’=C0O,/CO=-0.53 V (7)
CO,+2 ¢ +2 H'—-HCOOH, E’=0,/HCOOH=-0.61 V 8)
CO,+e -CO;, E’=C0,/CO,=—19V ©)

CO, photoreduction with H,0O can be separated to two reactions,
CO, reduction and H,O oxidation. The mechanism can be sim-
ply described in the following sub-steps: (Eq. (1)) photo-illumina-
tion on the surface of photocatalyst induces the generation of charge
carriers, ie., electron-hole (e /h") pairs, (Egs. (3), (4), (6), (7), (8),
and (9)) the excited electrons in the conduction band (CB) of pho-
tocatalyst migrate to the surface and reduce CO, into fuels [e.g,
carbon monoxide (CO), methane (CH,), methanol (CH;OH), form-
aldehyde (HCHO), and formic acid (HCOOH)], and (Eq. (5)) the
holes left in the valence band (VB) of the photocatalyst oxidize H,O
into oxygen.

However, pure TiO, has a serious limitation for CO, photore-
duction: the fast charge recombination rate in TiO, causes poor pho-
tocatalytic performance [7,8]. To solve the problem, various attempts
in synthesis and surface modifications of TiO, catalysts have been
considered as follows. First, the surface defects of TiO, can change
its surface properties, resulting in different adsorption and desorp-
tion capabilities of reactants, intermediates, and products [9,10]. Sec-
ond, light adsorption ability of TiO, is closely related to the band
gap structure: with a reduced band gap or addition of sub-bands,
TiO, can respond to visible light, increasing light adsorption effi-
ciency [11,12]. Third, disorders at the surface or subsurface of TiO,
could become traps for electrons or holes, suppressing the recom-
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bination of electrons and holes and thus facilitating their separa-
tion [13,14]. For these attempts, in particular, doping is one of the
frequently used methods to narrow down or introducing impu-
rity levels inside the band gap of TiO,, and possibly to improve the
separation of charge carriers. Various metal [15-17] or nonmetal
[18-20] elements are used as dopants. As for TiO,, dopants could
substitute the original Ti or O atom, or be placed at the interstitial
position depending on the valence, radius, and electronic proper-
ties of the dopants.

So far, many studies have been carried out to increase the activ-
ity of catalysts by using dopants. However, there have been few
studies to control the products produced during photoreaction
using dopants. We investigated the product distributions in the CO,
photoreduction reaction and the selectivity of the products accord-
ing to the dopant species. Many papers have attempted to find a
dopant with excellent photoactivity by limiting the reduction tar-
get to CH, [21,22]. However, we tried to determine which of the
various reduction products are advantageously produced by using
a metal as a dopant. For this purpose, we used 3d-transition met-
als (Mn, Fe, Co, Ni, Cu, and Zn) with five or more electrons as
dopants, and the amount of 5.0 mol-% was inserted into the TiO,
framework to control the band-gap of TiO, to improve the photo-
activity by lowering the recombination rate between electrons and
holes. The synthesized 5.0 mol-% 3d-Metal-TiO, catalysts were iden-
tified by X-ray diffraction, X-ray photoelectron spectroscopy, and
transmission electron microscopy and their optical properties were
characterized by UV-visible absorbance and photoluminescence
measurements.

EXPERIMENTAL

1. Preparation and Characterization of 5.0 mol-% 3d-Metal-
TiO, Particles

The pure TiO, and MTiO, particles (5.0 mol-% 3d-Metal-TiO,)
which inserted by 3d-transition metals of 5.0 mol-% (3d-transi-
tion metals=Mn, Fe, Co, Ni, Cu, and Zn) were prepared by a con-
ventional sol-gel treatment as follows [23]. The amount of doped
metal was limited to 5.0 mol-%, which is the optimal condition for
the best catalytic performance in the previously published paper.
[14]. Each metal (II) chloride (MnCl,-nH,O, FeCl,-nH,O, CoCl,-
nH,O, NiCL-nH,O, CuCl,-nH,0, and ZnCl,-nH,0; 99.99%, Jun-
sei Chem. Co., Japan) having oxidation state divalent and tita-
nium tetraisopropoxide (TTIB, 99.95%, Junsei Chem. Co., Japan)
were added into the absolute ethanol solvent of 1.0 L as the metal
and Ti precursors, respectively. Here, the number of moles of in-
serting metals corresponds to 0.05 M against to TTIP of 1.0 M. Dis-
tilled water of 6.0 M was slowly dropped into the solution so that it
was six-times the number of 1.0 M of TTIP to induce Ti(OH), in
the hydrolysis stage. Acetic acid, as a homogeneous acidic catalyst to
promote the condensation reaction between intermolecular Ti(OH),,
was added to adjust pH=3, and the solutions were then homoge-
neously stirred for 2h at room temperature. The powders of amor-
phous TiO, or MTIO, were obtained after passing through the
(-Ti-O-Ti-), or (-Ti-O-M-), oligomers by a step-wise reaction fol-
lowing by evaporation at 70 °C over 4h, and then the resulting
powders were thermally treated at 500 °C for 5 in an electric furnace
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under the air condition for crystal formation, and finally afforded
to crystalline TiO, or MTiO,. Eventually, seven catalysts--5.0 mol-%
MnTiO,, 5.0 mol-% FeTiO,, 5.0 mol-% CoTiO,, 5.0 mol-% NiTiO,,
5.0mol-% CuTiO,, and 5.0 mol-% ZnTiO,--were synthesized in this
study. These are simplified and named as TiO,, MnTiO,, FeTiO,,
CoTiO,, NiTiO,, CuTiO,, and ZnTiO,.

The structures and morphologies synthesized TiO, and MTiO,
particles were identified by X-ray diffraction (XRD, MPD, PANa-
lytical) with nickel-filtered Cu-Ker radiation (30kV, 30 mA) and
transmission electron microscopy (TEM, H-7600, Hitachi), and
the amount of atoms present on the particle surface and the oxi-
dation states of the inserted metals were characterized by energy-
dispersive spectrometry with element mapping (EDS/mapping,
EX-250, Horiba) and X-ray photoelectron spectroscopy (XPS, AXIS
Nova, Kratos Inc.). Optical properties of the synthesized particles
were confirmed by diffuse-reflectance ultraviolet-visible spectra
(UV-vis, Cary 500 spectrometer, range of 200-800 nm) and photo-
luminescence spectroscopy (PL, Perkin Elmer, He-Cd laser source,
wavelength of 300 nm).

2. Evaluation of Catalytic Performance for Carbon Dioxide
Photoreduction over 5.0 mol-% 3d-Metal-TiO, Particles

The CO, photoreduction activities on the synthesized TiO, and
MTIO, particles with H,O were carried out in a closed quartz ves-
sel (length of 7.50 cm, width of 1.04 cm, and total volume of 7.00
cm’). A schematic diagram of the photoreactor was already well
documented in the previous paper [24]. 0.2 g of catalyst and 11.30
mg of distilled water were taken in the photoreactor. Supercritical
fluid-grade CO, gas was used as reactant, and the CO, gas flowed
into the chamber for a while to pull air out before irradiation. Then,
the reactor chamber was closed and the lamp was switched on. A
UV-lamp (6 Wem ™, 20 cm lengthx2.0 diameter, Shinan, Korea)
with a 365 nm emitting light was used as the irradiation source.
The photoreduction temperature and pressure were maintained at
303K and 1.0atm, respectively. The emitted gas products were
analyzed by gas chromatography (iGC7200, DS Science, Korea)
equipped with thermal conductivity (TCD) and flame ionized
detectors (FID) to separate the C,-C; light hydrocarbons and oxy-
genated compounds, such as CH,, CH;OH, HCOOH, and CO. The
selectivity of the product was calculated using the following equation:
C; (%)=C; moles in product/total moles of C produced x100%.

RESULTS AND DISCUSSION

1. Physicochemical Properties of the Synthesized 5.0 mol-%
3d-Metal-TiO, Particles

Fig. 1 shows the XRD patterns of the TiO, and MTiO, parti-
cles. The XRD spectrum of pure TiO, and MTiO, showed peaks at
20 values=25.3°(101), 38.0°(004), 48.2°(200), 54.0°(105), 63°(211),
and 68.0°(204), assigned to the tetragonal-phase anatase structure
[25]. The broad peaks indicate that the crystallite size is small. As
compared with the peak of pure TiO,, the peak width of the MTiO,
was widened by the metal insertion, with reference to the main
peak 101 plane. This result implies that the size of the MTiO, par-
ticles inserted with 3d-metal is smaller: The sizes of the crystallites
calculated by the Scherrer equation [26] were 24.28, 21.27, 14.92,
19.34, 13.95, 18.09 and 16.68 nm in the TiO,, MnTiO,, FeTiO,,
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Fig. 1. XRD patterns of TiO, and 5.0 mol-% 3d-MTiO, particles.
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Fig. 2. TEM images of TiO, and 5.0 mol-% 3d-MTiO, particles.

CoTiO,, NiTiO,, CuTiO,, and ZnTiO, samples, respectively. Also,
the positions of the peaks were slightly shifted to higher angles.
This result is probably due to the fact that the lattice distance is
somewhat distorted by metal insertion. However, no metal oxide
peak for the inserted 3d-metal was observed in any sample, sug-
gesting that 5.0 mol-% of the metals were stably inserted into the
TiO, framework.

The TEM images of for the TiO, and MTiO, samples, in Fig. 2,
show spherical and angled typed-nanoparticles with a size of less
than 30 nm except for pure TiO,. The particle sizes of the pure
TiO, samples were 44.9 nm, and followed by CuTiO, (27.5nm),
CoTiO, (274 nm) and MnTiO, (24.0 nm), respectively. In NiTiO,
and FeTiO, samples, the smallest particles of sizes of 17.2 and 9.13
nm were identified, respectively. These observations are in good
agreement with the XRD data.

The oxidation states of the doped metal components, Mn2p,
Fe2p, Co2p, Ni2p, Cu2p, and Zn2p, into TiO, and MTiO, parti-
cles were quantitatively analyzed by XPS, as shown in the typical
survey and high-resolution spectra in Fig. 3. First, the 2p,, (low-
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Fig. 3. High-resolution XPS spectra for Mn2p, Fe2p, Co2p, Ni2p, Cu2p, and Zn2p in 5.0 mol-% 3d-MTiO, particles.

est occupied molecular orbital) and 2ps, (highest occupied molec-
ular orbital) binding energies of the Mn element in MnTiO, were
clearly separated at 654.1 and 642.5 eV, assigned to MnO, rather
than MnO [27]. The Fe2p,, and Co2p;, peaks in FeTiO, and

(A) For Ti

CoTiO, samples were located at 710.9 and 780.0 eV, correspond-
ing to Fe,O; and CoO [28,29]. In the case of NiTiO, and CoTiO,
samples, the Ni2p,, and Cu2p;,, peaks were exhibited at 854.9 and
932.5eV binding energies, predicted as NiO and CuO [30,31].
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Fig. 4. XPS curves of Ti2p and Ols in TiO, and 5.0 mol-% 3d-MTiO, particles.
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Finally, the Znp,;, and Znps,, peaks at binding energies of 1,044.8
and 1,021.8 eV were assigned to ZnO in ZnTiO, sample [32]. From
these results, we are convinced that all the inserted metals were
stably present as metal oxides, and that the inserted amount was
quite reliable.

XPS results of Ti and O in each sample are shown in Fig. 4 to
investigate the oxidation state and the environmental change of
TiO,, the main catalyst when 3d-metals were added. The binding
energy of the two elements, Ti2p;, and Ols were present at 458.2
and 529.5 eV in pure TiO,, and these peak locations were assigned
to a classical Ti*" and O*" of TiO, [33]. This means that the oxida-
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tion state of titanium changed to a more oxidized state by the dop-
ing Mn, Fe, Ni, and Zn metals. However, the Ti oxidation state in
the CoTiO, and CuTiO, samples could be predicted to shift to a
lower oxidation state than Ti** of pure TiO,, since the peak posi-
tion shifts toward lower binding energy. On the other hand, in all
samples, peaks that suggested to Ols of OH are seen near about
531 eV, which is further increased in samples with 3d-metals added
compared to it of pure TiO,. In particular, the peak area of the
FeTiO, sample was the largest: in general, Ols of OH is a peak for
evaluating the hydrophilicity [34]. It is known that the better the
surface hydrophilicity of the catalyst, the easier the formation of
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Fig. 5. EDS spectra of TiO, and 5.0 mol-% 3d-MTiO, particles and the metal atomic compositions.
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-OH radicals during the reaction, thereby increasing the catalyst
performance. Although this fact is favorable for the photooxidation
reaction, the photodecomposition reaction is not yet conclusive.
Energy dispersive X-ray spectroscopy (EDS) was used to semi-
quantitatively analyze the elemental composition of the surfaces
on TiO, and MTIO, particles, and the results are shown in Fig.
5(A). The EDS analysis revealed the presence of inserted 3d-met-
als in MTiO,, and it was confirmed that all of the elements, Mn,
Fe, Co, Ni, Cu, and Zn, were inserted stably and uniformly to TiO,
framework. The ratio of Ti: O in pure TiO, was about 1:4, which
shows a higher oxygen content than the theoretical value of Ti: O=
1:2. This result is probably due to the fact that EDS is a device
favorable for surface element analysis rather than whole element
analysis. Nevertheless, the TiO, particles synthesized in this study
are expected to have a large amount of oxygen exposed on the
surface. Meanwhile, the M/Ti atomic ratios (%) were 10.43, 3.75,
5.90, 4.79, 10.55, and 5.70% in MnTiO,, FeTiO,, CoTiO,, NiTiO,,
CuTiO,, and ZnTiO,, respectively. These values are close to the
stoichiometric mole fractions of M/Ti=5.0 mol-% except of those
in MnTiO, and CuTiO,, having a mole fractions of M/Ti=10.0
mol-%. This result was also consistent with the EDS element map-
ping image results of Ti and O in Fig. 5(B). In general, the image
means that the spots are the constituent atoms and the color inten-
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Fig. 6. UV-visible absorption (a) and PL spectra (b) of TiO, and 5.0
mol-% 3d-MTiO, powders.
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sity is proportional to their concentration. No aggregations between
particles were observed in all catalysts. All of elements were well
dispersed on the surface of catalyst particles. Furthermore, the
images show the 3d-metal elements homogeneous distribution
with many spaces. The mapping results for 3d-metals clearly show
images with a large number of voids in comparison to that of Ti
and O, maybe due to the small amount 3d-metals loaded on the
surface of TIO,. Moreover, the spots show the element percent-
ages of 3d-metals nearly match well with the stoichiometric pro-
portion of MTiO,. From this result, we could expect that perhaps
the doped metals are atomically dispersed.

Fig. 6 shows the UV-visible absorption spectra (a) and PL spec-
tra (b) of the prepared TiO, and MTIO, powders. Generally, the
band-gaps of semiconductor materials are closely related to the
range of wavelengths absorbed: the higher the absorption wave-
length, the shorter the band-gap [35]. In Fig. 6(a), an absorption
band of anatase structured pure TiO, (402.9 nm) is clearly observed
near 400 nm after extrapolation, which is similar to the absorp-
tion wavelength reported elsewhere [36]. The absorption curve of
ZnTiO, (386.3 nm) was exhibited at the similar position with TiO,.
But, the broad absorptions were observed in another MTiO, sam-
ples; the absorptions were split into two curves: the first peak is
the curve corresponding to the TiO, absorption and the second
curve corresponds to the specific absorption of the added metals.
In particular, the curves corresponding to the TiO, absorption
shifted to larger wavelengths by the addition of metals; however,
the degree of movement varied depending on the species of metal.
The maximum in first curves was observed at 384, 466, 456, 590,
and 594nm in MnTiO,, FeTiO,, CoTiO,, NiTiO,, and CuTiO,,
respectively, and the optical band-gaps of the samples were
obtained from these values as follows: 2.93, 2.47, 2.77, 1.96, 2.38,
2.04, and 3.06 €V for TiO,, MnTiO,, FeTiO,, CoTiO,, NiTiO,, CuTiO,,
and ZnTiO,, respectively. On the other hand, the characteristic
curves for the added metals were observed at 580, 550, 670, 800
and 720 nm corresponding to the Mn™", Fe**, Co™, Ni**, and Cu’*
oxides, respectively. From this result, we recognized that most of
the added metal was inserted into the TiO, framework but remained
on the surface to some extent. PL. measurements as shown in Fig.
6(b) are typically employed to investigate the separation efficiency
of the photo-generated electron-hole pairs and charge carrier life-
time of semiconductor particles. Therefore, there is a good rela-
tionship between the PL intensity and the photo-activity. Generally,
the PL intensity increases with an increase in the number of emit-
ted electrons as a result of recombination between the excited elec-
trons and holes and the consequent decrease in the photo-activity
[37]. In this study, the samples were excited at the same wave-
length of 350-550 nm corresponding to photon-energy of same
ranges, and the most preferred position, around 460 nm, corre-
sponds to blue emission. The PL spectrums of MTiO, were given
and exhibited two UV emission peaks at 3.20 and 3.11eV: two
blue emission peaks at 2.82 and 2.64 eV. The strength of PL curves
was strongly observed in pure TiO,, and decreased in the order of
ZnTi0,, MnTiO,, FeTiO,, NiTiO,, CoTiO,, and CuTiO,.

The valence band (VB) spectra were performed from XPS study
of the TiO, and MTiO, powders to further understand the rela-
tion between electron transfer energy and CO, photo-reduction,
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Fig. 7. Valence band spectra performed from XPS of TiO, and 5.0
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as shown in Fig. 7. The broad peak is identified as the valence
band of the particles, and the locations of VBs of TiO,, MnTiO,,
FeTiO,, CoTiO,, NiTiO,, CuTiO,, and ZnTiO, were observed at
2.20, 2.43, 2.36, 1.75, 1.61, 0.80, and 2.15 €V, respectively. These val-
ues are quite reliable, and resemble results reported in other studies
[38,39]. Here, we could obtain the conduction band (CB) location
energies of each catalyst by subtracting the values of band-gaps
obtained in Fig. 6 with the energy positions of VB. The calculated
values were —0.55, —0.04, —0.41, —0.21, —0.77, —1.24, and —0.91
eV in TiO,, MnTiO,, FeTiO,, CoTiO,, NiTiO,, CuTiO,, and ZnTiO,
catalyst, respectively.
2. Catalytic Performance for Photoreduction of CO, over the
Synthesized 5.0 mol-% 3d-Metal-TiO, Particles

The produced amounts for CH, (A), CH;OH (B), and CO (C)
gases generated during CO, photoreduction over TiO, and MTiO,
catalysts are shown in Fig. 8. First, in Fig. 8(a), when comparing
the catalytic activities for CH, production of a completely reduc-
ing substance of CO,, a large amount of CH, evolved in the order
of pure TiO,<NiTiO,<FeTiO, catalysts, although largely less in
CuTiO, and ZnTiO, catalysts. But the CH, was not observed over
the MnTiO, and CoTiO, catalysts; it is believed that CO, reduc-
tion does not occur in both catalysts. On the other hand, the
amount of CH;OH produced in the reduction products of CO, is
shown in Fig. 8(b). As a result, it was confirmed that the greatest
amount of CH;OH is generated in the CuTiO, catalyst. In addi-
tion, the CH;OH was also observed in FeTiO,, NiTiO,, TiO,, and
ZnTi0, although the amount was small, but the evolved CH,OH
amount was much smaller than the amount generated in the
CuTiO, catalyst. Therefore, it was confirmed that the reduction
from CO, to CH;OH was advantageously performed in CuTiO,
catalyst. Similar to the results of CH, production, CH;OH was not
observed in MnTiO, and CoTiO,. Finally, the amount of CO pro-
duced as a result of the initial reduction of CO, is compared in Fig
8(c). The production of CO was the most abundant in CuTiO,,
and its amount was twice that of CH,;OH. Next, the ZnTiO, cata-
lyst also produced a large amount of CO, which is much higher
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than CH, and CH,OH, suggesting that the conversion from CO,
to CO is selectively taking place on ZnTiO,. In the next order, the
amounts decreased in order to pure TiO,, FeTiO,, and NiTiO, cat-
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alysts, and their amounts were three-times smaller than the amount
of CH, produced. No generation of CO was also observed in
MnTiO, and CoTiO, catalysts. Eventually; the Fig. 8 results are indi-
cating that the distribution of the reduction products of CO, var-
ies depending on the doped metals, which is related to the band-
gap position of the catalysts and the CO, redox potential.

Based on the band-gaps obtained from UV-visible absorption
analysis and the VB location energies determined from XPS spec-
troscopic measurement, the energy potential diagrams on TiO, and
MTIO, were predicted, and exhibited in Fig. 9(A). The CB energy
location is obtained from the VB energy location minus the band

J.Y. Do et al.

gap. The most important point here is the redox potential posi-
tion between carbon dioxide and the product. As shown in the
figure, CO,/CO=-0.53V, CO,/CH,;0H=-0.38 V, CO,/HCOOH=
—0.61V, and CO,/CH,=—0.24V are possible redox potentials in
the CO, reduction reaction [40]. To obtain the desired reduction
products, the energy positions of VB and CB in the catalyst should
suitably contain these potentials. From this energy diagram, it is
expected that the most reduction products, like CO, CH,OH, and
CH, except of HCOOH, will be produced in pure TiO,. In MnTiO,
and CoTiO, catalysts, the oxidation reaction will be advantageous
rather than the reduction reaction, so that the reduction product

EleV) E(V)
Vacuum NHE CuTiO,
-3.0T-15 -1.24
NITIO,
) TiO,
-3.57-1.0 g Ferio, ___ -0.77
o TR . 1L o e CO,/HCOOH (-0.61 V]
-401-05 =T % €0,/CO (-0.53 V)
-4 5100 T % R ¥ H‘Z“/Hﬁd »
(=]
50705 3 | B
@ (7
o 3| 2 .
i o
-5.5T 1.0 i 2 ~ b 0.80
ol B 2 : 0,/H,0 (123 V)
-6.0T 15 o _
i 1.61
65720 | ks
220 _| ——
70+ 25 34 236
(A)

(a) On FeTiO,, NiTiO,, and TiO,

(. €O, + H*
o ._\.. CH,

(b) On CuTiO, (“ €O, & He

.\- CH,0H

(B)

Fig. 9. Energy potential diagram (A) and expected CO, photoreduction mechanism (B) over TiO, and 5.0 mol-% 3d-MTiO, catalysts.
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will not be obtained, because they do not contain a reduction
potential corresponding to any reduction product. It is expected
that CH, and CH,;OH are mainly produced in FeTiO,, and all
products such as HCOOH, CO, CH;OH and CH, are expected in
NiTiO,, CuTiO,, and ZnTiO,. However, as expected, it was not
exactly matched; in particular, there is one more thing to remem-
ber, the redox potential of water oxidation. Fortunately, most cata-
lysts include the redox potential of water oxidation. However,
CuTiO, did not include this region, but there was the CO, pho-
toreduction and CH;OH was produced. The UV-visible spectra in
Fig. 6 showed the isolated CuO absorption curve in the visible
region with the absorption peak of CuTiO,, spontaneously. This
result implies that Cu was inserted into the TiO, framework, but
was also exposed as CuO on the surface of TiO,. Thus, the state of
the CuTiO, catalyst in this study maybe is rather closer to the mix-
ture of CuTiO, and TiO,/CuO. Therefore, the band energy posi-
tion of the CuTiO, catalyst seems reasonable to be widely recognized
from 2.20 eV of VB of TiO, to —1.24 €V of CB of CuTiO,. For this
reason, it can be deduced that a CO, reduction reaction occurs
over CuTiO,. Even though there is no guarantee, the possibilities
are reasonable. On the basis of the results, we can describe the
expected CO, photoreduction mechanisms by dividing the cata-
lysts into four classes according to product preference as shown in
Fig. 9(B). As shown, the CH, was selectively produced in FeTiO,,
NiTiO,, and pure TiO, catalysts, and the CH;OH was predomi-
nantly produced in CuTiO,. In ZnTiO, catalyst, the CO was mainly
produced, but the reduction reaction did not proceed any more. It
was also found that the CO, reduction reactions over MnTiO, and
CoTiO, catalysts were difficult to occur. This is relevant that the
location energies of band-gaps for two catalysts do not include any
possible redox potentials in the CO, reduction reactions. Their
CBs are located at a higher energy level than the redox potentials
for the CO, reduction reactions. It is therefore expected that ther-
modynamically reducing carbon dioxide will not occur on these
catalysts. Furthermore, we could describe the CO, photoreduction
mechanism over MTiO, catalysts as the following steps. First, by
light irradiation, the surface of MTiO, photocatalyst induces the
generation of charge carriers, ie., electron-hole pairs. Then, the
excited electrons on the conduction band of photocatalyst migrate
to the surface and meet CO,. Here, two possible pathways are pro-
posed for reduction of CO,, in particular to obtain CH, [41]. The one
is converted to CH, via formaldehyde through CO,—»HCOOH
—HCHO—CH;O0H and finally CH,. The other is carbon pathway;
which is converted to CH, via CO,—»CO—C.—CH,—CH,OH.
Since HCOOH and HCHO products were not observed in this
study, thus we were confident that the CO, reduction reaction
would proceed to the carbon pathway. On the other hand, there
are also two proposals for the conversion of CO, to CO in the ini-
tial step [42]: one is the CO,—~CO, —>CO pathway in which one
electron participates and the other is the CO,—~CO pathway in
which two electrons participate. By the CO, redox potential value
which already was commented on in the introduction section, the
first and second pathways correspond to —1.90 and —0.53V,
respectively. Matching this fact with the MTiO, band-gap energy
diagram results in Fig. 9(A), perhaps the second pathway in this
study is more plausible. Meanwhile, the holes left in the valence

band of the photocatalyst could oxidize H,O into oxygen in final
step of CO, photoreduction reaction.

CONCLUSIONS

A typical sol-gel method was used to prepare MTiO, nanoparti-
cles containing 5.0 mol-% of various 3d-transition metals in the
TiO, framework and to apply for as a catalyst for photo-reduction
of CO,. The synthesized nanoparticles were identified as an ana-
tase structure by XRD and TEM. Their optical properties were
confirmed by UV-visible absorbance and PL measurements: visi-
ble light absorptions were observed in most of the catalysts except
for pure TiO, and ZnTiO,, and the PL curves of smaller intensi-
ties were confirmed compared to TiO,. In the CO, photoreduc-
tion reaction, we could predict the reduction products of CO,
from the correlation between the redox potential of CO, and the
position of the band-gap of the catalyst. Various reduction prod-
ucts were obtained depending on the contained metal components:
the FeTiO, and NiTiO, catalysts including pure TiO, produced
mainly CH, and about 15-30% CO, and CH,OH was produced in
a small amount compared with other products. In CuTiO, cata-
lyst, the CO and CH;OH (in particular it is much) were obtained
as main products, and CH, was produced in relatively small
amounts. CO gas was observed as the main product in ZnTiO,.
On the other hand, almost no reduction products were observed
in MnTiO, and CoTiO,, so that it is considered that the CO,
reduction reaction hardly occurs. Based on CH, production, which
is the final target of the reduction reaction, the dopants that effec-
tively reduced CO, were Fe and Ni. From these results, we are
convinced that changing the kind of dopant can increase the selec-
tivity of the desired product.
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