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a b s t r a c t

CoPc-loading titania (CoPc/TiO2) was synthesized by an improved sol–gel method using a homogeneous
hydrolysis technique. In order to increase C1 products in the photo-reduction of CO2, preparation con-
ditions of photo-catalysts were optimized using a four-level OAD16 (45) matrix in which molar ratio
of reacting species, solvent, pH, mass ratio of CoPc to TiO2, and calcining temperature were chosen as
main parameters. The results obtained by orthogonal array design (OAD) method indicate that calcining
temperature was the most important parameter influencing the photo-reduction of CO2. Under opti-
mal experimental conditions the total yield of reduction products of CO2 in NaOH aqueous solutions
was 406.65 �mol/g-catal. The grain size of CoPc/TiO2 was uniform with an average diameter of approxi-
Optimization
CoPc/TiO2

mately 11 nm. In addition, the catalyst was characterized by X-ray powder diffraction, scanning electron
microscopy, UV–vis DRS, BET and FT-IR spectroscopy. CoPc/TiO2 catalyst synthesized by sol–gel exhibited
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. Introduction

Photo-reduction of CO2 with H2O is of significance not only in
tilizing artificial photosynthesis but also in using carbon sources
or the synthesis of hydrocarbons such as CH4, HCOOH, HCHO,
H3OH, etc. At the same time, this technology can efficiently con-
ert solar energy into chemical energy [1]. There are a large number
f studies on the CO2 reduction to fuels using photo-catalysts [2–7],
ut previous work on the photo-catalytic reduction of CO2 focused
n TiO2 and UV light irradiation. For example, Kočí et al. [7] have
tudied the photo-catalytic properties of TiO2 nanoparticles on
hoto-reduction of CO2. The results showed that the crystallite
ize plays an important role in nano-crystalline TiO2-based photo-
atalysts. As the particle size decreased, higher yields of methanol
nd methane over the TiO2 nanoparticles under the illumination of
V light were obtained. However, the efficiency of this method was

elatively low and an increase of yield is necessary. Tseng et al. [2]
ave gained methanol 4.7 �mol/g-catal. in system of TiO2 powder
nd aqueous solution illuminating at 254 nm for 6 h. The quantum
fficiency was 0.42%.
Apart from doping TiO2 with a single metal or nonmetal, it is
ighly anticipated that doping TiO2 with an appropriate combina-
ion of metals and/or nonmetals would, of course, result in more
isible light sensitive photo-catalysts for a desired application. Li

∗ Corresponding author. Tel.: +86 351 8350665; fax: +86 351 6018701.
E-mail address: zzh1972129@163.com (Z. Zhao).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.02.005
activity for the reduction of CO2 compared with TiO2 prepared by sol–gel
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et al. [8] synthesized N–F-codoped TiO2 photo-catalysts by spray
pyrolysis (SP) using TiCl3 and NH4F precursors and observed an
enhanced photo-reactivity of the materials in visible light. Luo et
al. [9] prepared a Br- and Cl-codoped TiO2 system and demonstrated
the efficiency of the material for photo-catalytic splitting of water
into H2 and O2 in the presence of Pt co-catalyst and UV light irradia-
tion. These recent efforts and strategies have revealed that codoping
TiO2 with a metal and a nonmetal can result in the development
of visible active photo-catalysts. It is well known that noble met-
als such as Ag, Au, and Pt possess unique electronic and catalytic
properties. For example, Kim et al. [10] prepared Pt-ion-doped TiO2,
and examined its visible light activity for the photo-degradation of
chlorinated organic compounds. But from an economic viewpoint,
gold and platinum are very expensive and unaffordable metals for
extensive use in photo-catalysis. Compared to gold and platinum,
silver is a more affordable metal and deserves further investiga-
tion.

More recently, an optical-fiber reactor is employed to photo-
catalytically reduce CO2 with H2O to fuels under UVA artificial light
and concentrated natural sunlight [11,12]. The optical fiber is coated
with gel-derived TiO2–SiO2 mixed oxide-based photo-catalysts. Fe
atom is found to be inserted 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%. There is only methane evolved over both bare TiO2–SiO2 and

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zzh1972129@163.com
dx.doi.org/10.1016/j.cej.2009.02.005
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u–Fe/TiO2–SiO2 catalysts under natural sunlight with the produc-
ion rates of 0.177 and 0.279 mmol/g-catal. h, respectively.

Consequently, higher performance in visible photo-catalysis is
trongly required for future wide applications. Key technology will
e surface modification for a higher sensitivity. Many types of
upported photo-catalytic TiO2 continue to be the subject of exten-
ive development worldwide [13]. Besides industrial production
nd practical use of the new photo-catalytic materials, there is an
ncreasing need for a simple and reliable procedure to produce
isible light photo-catalyst. So in this paper we will produce the
fficient photo-catalyst in the heuristic of Siviero et al. [14] hybrid
as sensing devices based on ZnPc and nano-structured titania.
he enlargement of the organic–inorganic interface region using
three-layer architecture gives rise to a strong enhancement of the
erformances of the hybrid sensors. It prompts us to hybrid MPc
nd titania together.

In this work, a simple method for preparing highly active titania
nd titania-supported CoPc (cobalt phthalocyanine) nanoparticles
CoPc/TiO2) for photo-catalysis was developed, which includes a

odified sol–gel procedure based on esterification reaction. More-
ver, a preferable production was obtained when they were used
or photo-reduction of CO2 in NaOH aqueous solution. Hydrolysis
f titanium compounds, such as titanium alkoxide and halide, has
een widely adopted to prepare TiO2 nanoparticles [15–19]. How-
ver, the high hydrolytic reactivity of titanium alkoxide and halide
ay cause some uncontrolled precipitation, thus resulting in the

osses of material [15].
To improve the efficiency of photo-reduction of CO2, photo-

atalysts should be optimized. However, various parameters in
reparation, such as molar ratio of raw material, solvent, pH,
ass ratio of CoPc to TiO2 and calcining temperature, potentially

ffect the characteristics of photo-catalysts and consequently their
hoto-catalytic activity. The optimization of preparation conditions
epresents a critical step in the development of a novel sol–gel
ethod. Orthogonal array design (OAD) is a very useful type of

actorial design [20–22]. The results of OAD experiments can be
reated by analysis of variance and/or direct observation analysis
also called range analysis) [23].

The objectives of this work are: (1) to suggest a method for the
ynthesis of anatase TiO2 and CoPc/TiO2 nanoparticles by using
ol–gel method, (2) to apply orthogonal array design method for
he optimization of catalyst performance and to obtain the TiO2
nd CoPc/TiO2 nanoparticles with narrow particle size distribution
nder optimal synthesis conditions, and (3) to evaluate the effect
f several principal parameters influencing the photo-reduction of
O2 with H2O.

. Experimental procedure

.1. Preparation and characterization of catalysts

Degussa P-25 TiO2 was commercially available, which was a
ixture of 75% anatase and 25% rutile. Its BET surface area was

bout 50 m2 g−1. Other chemicals titanium(IV) butoxide, anhy-
rous ethanol, acetic acid and hydrochloric acid were reagent grade
uality and were used without further purification. CoPc was com-
erced from Tokyo Chemical Industry Co., Ltd., w(CoPc) = 98%. All

queous solutions were made up in deionized and doubly distilled
ater.

Catalysts were prepared at ambient temperature by sol–gel

ethod, as illustrated in Fig. 1. The precursor was titanium(IV)

utoxide (Ti(OC4H9)4, 97%). Ti(OC4H9)4 was dissolved in anhydrous
thanol, and then mixed with acetic acid, hydrochloric acid and
eionized water under stirring. To avoid rapid precipitation dur-

ng polycondensation and formation of unstable colloidal sols, the
Fig. 1. Procedure of catalyst preparation.

hydrolyzing water was homogeneously released by the esterifica-
tion of ethanol and acetic acid [24].

The clear solution was stabilized by stirring at ambient tem-
perature for 8 h, then placed and aged for 24 h. Subsequently the
transparent sol was dried at 150 ◦C, and then calcined to burn off
hydrocarbons. The sample was crushed into powder in a mortar at
last.

The amorphous state of the photo-catalysts was confirmed by
X-ray diffraction (XRD) recorded on a Rigaku 2304 diffractome-
ter with Ni-filtered Cu K� radiation. A diffusive reflective UV–vis
spectrophotometer (DRS) was employed to measure the UV–vis
absorption and estimate the bandgap of the catalysts. Scanning
electron microscopy (SEM) was used to characterize the morphol-
ogy of catalysts. The specific surface area and pore size distribution
of catalysts were measured by N2 adsorption in a Thermo Electron
Corporation Sorptomatic 1990. FT-IR spectra of the solid catalysts
are recorded on a Perkin-Elmer FT-IR1760 spectrometer and use the
potassium bromide (KBr) pellet technique.

2.2. Photo-catalytic reaction

Photo-catalytic reaction was carried out in a Pyrex cell with
an optical window (volume of solution was 100 ml). Catalyst con-
centration was 100 g/l in 100 ml of 0.1N NaOH aqueous solution.
Illumination was performed with a 500 W tungsten-halogen lamp.
The reactor was tightly closed during reaction and stirred con-
tinuously by a magnetic stirring bar to prevent sedimentation of
catalyst, then CO2 was bubbled through the reactor for at least
30 min to purge air and to saturate the solution. The yields for the
formation of methanol, formaldehyde and formic acid were deter-
mined with UV–vis spectrophotometer. Gaseous products were
analyzed in a GC equipped with thermal conductivity detection and
a 2 m carbon molecular sieve column.

Blank reaction was conducted to ensure that hydrocarbon pro-
duction was due to the photo-reduction of CO2 and to eliminate
surrounding interference. The conditions for three blank tests are:
(1) vis-illumination, no catalyst, CO2; (2) dark, catalyst, CO2; and
(3) vis-illumination, catalyst, N2. No product was detected in the
above three blank tests.

2.3. Orthogonal array design and selection of variables
On the basis of numerous literatures and our previous work,
significant factors were identified, and the most significant factors
were chosen for optimization, using a four-level OAD with an OA16
(45) matrix. The possible interactions between variables were not
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Table 1
Parameters and levels used in preparing of CoPc/TiO2.

Variants/factors Level 1 Level 2 Level 3 Level 4

A Molar ratio of Ti(OC4H9)4/C2H5OH/CH3COOH/H2O 1:2:1:1 1:4:2:2 1:6:3:3 1:8:4:0
B N
C 0
D 0
E 3
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vious results obtained from direct observation analysis. The reason
is that the catalyst had relatively rich and uniform crystalline phase,
Solvent
Hydrochloric acid (ml)
Mass ratio of CoPc/TiO2 (%)
Calcining temperature (◦C)

ncorporated in the matrix, and focus was placed on the main effects
f the four most important factors. For successful preparation of
hoto-catalysts, several factors were taken into consideration prior
o the experiments as following:

Molar ratio of reacting species: denoting Ti(OC4H9)4:C2H5OH:
CH3COOH:H2O. The hydrolyzing water was homogeneously
released by the esterification of ethanol and acetic acid and a little
additional water was added, which provided a superior condition
for the nucleation and growth of the primary particles in solution.
Solvent: toluene, dichloromethane (CH2Cl2), dimethyl formamide
(DMF). In this study, several solvents were selected to dissolve
more CoPc into the transparent sol and make some significant
influence on the structure and photo-catalytic activity of TiO2
nanoparticles. Of course the use of organic solvents was restricted
to prevent pollution and waste so CoPc also was added immedi-
ately into sol without solvent.
pH: the addition of concentrated hydrochloric acid was to
promote hydrolyzation and restrain agglomeration of sol by pro-
viding sol with positive charges. Its quantity varied from 0 to
1 ml.
Mass ratio of CoPc to TiO2: this value influenced the efficiency of
photo-reduction of CO2.
Calcining temperature: a great deal of study showed that anatase
had higher catalytic activity than rutile and amorphous TiO2.
Therefore, calcining temperature determined whether anatase
could be formed or not.

Each factor was tested at four levels covering a broad range
Table 1).

. Results and discussion
.1. Analysis of experimental data

The orthogonal array of L16 type was used and represented in
able 2. Five four-level parameters are positioned in a L16 orthogonal

able 2
esults of OA16 (45) experimental design for the photo-catalytic reduction of CO2.

xperiment no. A B C D E Total products (�mol/g-catal.)

1 1 1 1 1 1 251.47
2 1 2 2 2 2 299.90
3 1 3 3 3 3 158.27
4 1 4 4 4 4 157.49
5 2 1 2 3 4 261.36
6 2 2 1 4 3 208.41
7 2 3 4 1 2 262.43
8 2 4 3 2 1 174.50
9 3 1 3 4 2 281.62

10 3 2 4 3 1 153.93
11 3 3 1 2 4 164.85
12 3 4 2 1 3 223.86
13 4 1 4 2 3 241.95
14 4 2 3 1 4 214.92
15 4 3 2 4 1 165.58
16 4 4 1 3 2 289.84
o CH2Cl2 DMF Toluene
.25 0.50 0.75 1.00
.50 1.00 2.00 3.00
00 400 500 600

array table. The numbers 1, 2, 3 and 4 in Table 2 denote the four
levels of the factor, respectively, as listed in Table 1.

The total products of the photo-catalytic reduction of CO2
for the parameters at different levels are shown in Table 3. The
maximum–minimum value for calcining temperature is the high-
est value. Therefore, it can be concluded that calcining temperature
of photo-catalysts is the most significant parameter affecting CO2
reduction.

Fig. 2 shows the effect of different parameters on the photo-
catalytic reduction of CO2. Each value was an average of three
measurements, in each of which the parameter of interest was kept
constant, and the other parameters were varied.

Fig. 2 and Table 3 indicate that preferable conditions for prepar-
ing titania-supported CoPc using sol–gel for the photo-reduction of
CO2 were: molar ratio of raw materials: 1:4:2:2; no solvent; 0.5 ml
hydrochloric acid; mass ratio of CoPc to TiO2 0.50%; and calcining
temperature 400 ◦C. On the other hand, it can be seen that the five
factors influenced the photo-reduction of CO2 in a descending order
of calcining temperature, solvent, hydrochloric acid, mass ratio of
CoPc to TiO2, and molar ratio of raw materials. Further experiments
under optimized conditions show that yield of 400 �mol/g-catal.
was obtained in NaOH aqueous solutions, which greatly exceeded
that of in Table 2. Interaction of different parameters has not been
considered in this study. It needs further studies in next work.

In order to evaluate the effect of calcining temperature on the
photo-reduction of CO2 with H2O, one-variable-at-a-time method
was used in experiment. The results were demonstrated in Fig. 3.
Calcining temperature varied from 300 to 800 ◦C while other con-
ditions were kept constant as preferable conditions.

From Fig. 3, it can be seen that total product of CoPc/TiO2
calcined at 400 ◦C reached its maximum, in agreement with the pre-
as can be seen from XRD measurement. The photo-catalytic activ-
ity of sample calcined at 300 ◦C was lowest of all. This is due to the

Fig. 2. Effect of different parameters on the photo-catalytic reduction of CO2.
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Table 3
Total products of the photo-catalytic reduction of CO2 at different parameter level.

Symbol Parameter Total products (�mol/g-catal.)

Level 1 Level 2 Level 3 Level 4 Maximum–minimum

A Molar ratio of Ti(OC4H9)4/C2H5OH/CH3COOH/H2O 216.782 226.675 206.065 228.072 22.007
B Solvent 259.100
C Hydrochloric acid (ml) 228.642
D Mass ratio of CoPc/TiO2 (%) 238.170
E Calcining temperature (◦C) 186.370
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to HCOO− or CO (Eqs. (4)–(6)). Then the predominant HCOO− in
the solution can be further transformed into HCHO and CH3OH, as
shown in Eq. (7) and (8).

CoPc(S0) + h� → CoPc ∗ (S1) (1)
Fig. 3. Effect of calcining temperature on the efficiency of production.

resence of relatively poor crystalline phase and some impurities,
uch as acetates, which was not eliminated completely from sam-
les. With the increase of the temperature, amorphous TiO2 was
ransformed into anatase, which is well known as a photo-catalyst
f high photo-activity. When the temperature was increased to 500
r 600 ◦C, anatase was partly transformed into rutile. Generally,
he composite of two phases might be benefit to the separation of
hoto-generated electrons and holes, thus resulting in high photo-
atalytic activity [25]. Because of photo-catalytic activity strongly
epends on the lifetime of the electron–hole pairs generated by
hoto-excitation. As the recombination probability is decreased,
he life is prolonged and results in a high photo-catalytic activ-
ty in anatase. As shown in Table 4, the catalysts calcined at 500
nd 600 ◦C represent higher photo-catalytic activity than those
btained at 700 and 800 ◦C’s, because the latter ones contained
ore rutile with bigger crystallite size and smaller S .
BET
As calcining temperature increased, more and more TiO2 in

oPc/TiO2 was transformed into rutiles, and correspondingly,
natase decreased. Table 4 indicates that in CoPc/TiO2 catalysts
ore TiO2 was converted into rutile at 400 ◦C than in sol–gel TiO2,

able 4
article size distribution of catalysts calcining of different temperatures.

atalyst Particle
sizea (nm)

Content of
rutileb (%)

Yieldc

(�mol/g-catal.)

.5% CoPc/TiO2 (400 ◦Cd) 11.02 27.57 341.74

.5% CoPc/TiO2 (500 ◦C) 12.57 29.75 263.33

.5% CoPc/TiO2 (600 ◦C) 17.56 77.98 226.55

.5% CoPc/TiO2 (700 ◦C) 18.78 90.67 225.94

.5% CoPc/TiO2 (800 ◦C) 18.04 84.51 130.06
iO2 (400 ◦C) 11.33 18.73 200.02

a Estimated from FWHM of XRD by Scherrer equation.
b Calculated from relative peak intensity of anatase and rutile.
c Conditions of reaction: irradiation time 6 h, 0.1 mol/l sodium hydroxide100 ml,

atalyst 150 mg.
d Calcining temperature of catalysts.
219.290 187.783 211.423 71.317
237.675 207.327 203.950 33.725
220.300 215.850 203.275 34.895
283.447 208.123 109.655 173.792

suggesting that the dispersion of CoPc in TiO2 lattice induced the
decrease of phase transfer temperature from anatase to rutile. This
may be the disfigurement of CoPc into sol–gel TiO2 which was more
profitable for rutile phase to grow than anatase.

The effect of irradiation time on the formation of photo-reduced
products was investigated over a period of 6–50 h, as were illus-
trated in Fig. 4. The total yield in CO2-saturated system increased
rapidly with the photolysis time at early stage, as more photo-
electrons were generated with increasing time of light exposure.
After 20 h of irradiation, the total yield flattened out. Similar trends
were also observed for HCOOH and CO. This can be attributed to the
saturation of the adsorption sites on the surface of TiO2 with inter-
mediate products. The yield of formaldehyde continued to decrease
after 20 h due to its consumption as an intermediate product. At
the same time, the yield of CH4 and CH3OH continued to increase
to some extent because CH4 and CH3OH, as the ultimate reduc-
ing species in the photo-catalytic reduction of CO2, were not be
consumed.

From the above results and literature reports, a reaction scheme
for the photo-catalytic reduction of carbon dioxide in NaOH solu-
tion is proposed as follows. Photo-excited electrons (e−) and
positive holes (h+) are produced when incident photons are
absorbed in CoPc/TiO2 and then transfer to TiO2 and CoPc, respec-
tively (Eqs. (1) and (2)). Therefore, the photo-excited electrons and
holes in the lattices are separated and trapped by appropriate sites
of CoPc/TiO2 to avoid recombination. CO2 molecules adsorbed on
the surface of TiO2 gain electrons and are reduced to CO, CH4,
HCOOH, HCHO, CH3OH, and so on. Furthermore, the interaction of
CO2 molecules with the excited state of CoPc*/TiO2 leads to the for-
mation of CO2

•− anion radicals (Eq. (3)), which are reduced further
Fig. 4. Influence of irradiation time on the photo-catalytic reduction of CO2.
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determine the light-absorbing scope of CoPc species on the TiO2
samples. MPc usually exhibit strong electronic transition in visible
and near-infrared range, both because of � → �* transition. The Q
band at 600–800 nm is regarded as the characteristic absorption
ig. 5. XRD patterns of TiO2 and CoPc/TiO2. (a) CoPc; (b) 1.0 wt.% CoPc/TiO2; (c)
.5 wt.% CoPc/TiO2; (d) TiO2 (this work); (e) P-25.

oPc ∗ (S1) + TiO2(CB) → h+(CoPc/VB) + e−(TiO2/CB) (2)

O2 + e− → CO2
•−(ad) (3)

O2
•−(ad) + H+ + e− → HCOO− (4)

O2
•−(ad) + H+ + e− → CO + OH− (5)

rCO2
•−(ad) + CO2 + e− → CO + CO3

2− (6)

COO− + 2H+ + 2e− → HCHO (7)

CHO + 2H+ + 2e− → CH3OH (8)

.2. Characterization of CoPc/TiO2

The crystallinity of the prepared samples was examined by XRD
nalysis. The XRD patterns in Fig. 5 verify that the samples were
ainly crystallized to anatase phase and had a small quantity of

utile by calcinations. The peaks at 2� values of 24.88, 37.42, 47.66,
3.49, 54.51, 62.29, 68.55, 69.97 and 74.69◦ were identified by com-
arison with literature data and attributed to the (1 0 1), (0 0 4),
2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 2 0) and (2 1 5), respectively,
f polycrystalline with an anatase structure. It is noteworthy that
he diffractograms of the samples CoPc/TiO2 (b, c) do not present
ignals of CoPc. The absence of CoPc peaks could be attributed to
he complete dispersion of CoPc into TiO2 in the form of molecule
r very fine crystal when CoPc was added along with the hydroly-
is of titanium butoxide at low loading quantity. It is possible that
ome of CoPc was enveloped by TiO2 particles.

The structural parameters of catalysts were given in Table 5. The
esults showed that while CoPc was doped, the specific surface area

f xerogel 0.5% CoPc/TiO2 was 90.7 m2/g and the pore volume was
.1377 cm3/g. For 0.5% CoPc/TiO2, its pore size (2.52 nm) was larger
han that of CoPc molecule (1.6 nm). Therefore, the encapsulation of
oPc molecules in varied nanometer “cage” prevented them from

able 5
tructural parameters of catalysts.

atalyst SBET (m2/g) Pore volume
(cm3/g)

Pore size
radius (Å)

iO2 84.3 0.2133 40.3
.5% CoPc/TiO2 (400 ◦C) 90.7 0.1377 25.2
.0% CoPc/TiO2 (400 ◦C) 75.6 0.2025 39.2
Fig. 6. Pore size distribution of 1.0% CoPc/TiO2.

colliding with each other. So these “cage” suppressed dimerization
of CoPc and improving the productivity of reduction CO2.

The pore size of the sol prepared by doping CoPc under the Co/Ti
mass ratio of 1.0 was narrowly distributed around 11 nm. After cal-
cination at 400 ◦C, the pore size of the xerogel was also very uniform
and the mean pore diameter was about 3.92 nm, as can be seen from
Fig. 6.

SEM was used to investigate the microstructure of CoPc/TiO2. As
shown in Fig. 7, the size of crystallites was 11–18 nm, very close to
that obtained by XRD analysis (Table 4). The crystallites were a little
aggregated, which decreased the SBET of samples. The aggregation
may be promoted by the burning-off of residue acetates and sulfates
during calcination.

Diffusive reflectance UV–vis spectroscopy was employed to
Fig. 7. SEM image of 0.5% CoPc/TiO2.
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ig. 8. DRS spectra of dried CoPc/TiO2. (a) 3.0% CoPc/TiO2; (b) 1.0% CoPc/TiO2; (c)
.5% CoPc/TiO2.

and. Fig. 8 was the DRS spectra of dried gel. The molecular MPc in
he matrix usually exists in three kinds of state: monomer, dimmer
nd aggregate. In Fig. 8 the absorption bands of 670 nm and a weak
bsorption band around 610 nm were attributed to monomer CoPc,
hile the red-shifted band around 700 nm was attributed to CoPc

ggregate [26].
In Fig. 8, the strong bands observed from 600 to 800 nm indicate

he existence of CoPc species on the surface of TiO2. Moreover, the
bsorption edge was shifted to longer wavelengths with increasing
oPc content. So the loading of CoPc on surface of TiO2 expanded
dsorption of visible light, which is favorable for photo-catalytic
eaction.

The FT-IR spectra of CoPc, TiO2 and 3.0 wt.% CoPc/TiO2 sam-
les are shown in Fig. 9. In curve (c) the 750 cm−1 band was
ssigned to the vibration of Pc ring, 1086 cm−1 to the macrocyclic
ing’s C–C stretching, 1164 cm−1 to the pyrrole ring’s C–H stretch-
ng, 1333 cm−1 to the isoindoline ring’s C–C stretching, 1426 cm−1

o the pyrrole ring’s C–C stretching, and 1503 and 1605 cm−1 to
he C C and C N stretching, respectively. The moderate intensity
bsorption band at 888–919 cm−1 was assigned to the metal–ligand

ibration. Pure TiO2 (curve (b)) exhibited OH bending and stretch-
ng of water at 1600 cm−1. In addition, a weak band at 1340 cm−1

orresponded to Ti–O–Ti vibration.

Fig. 9. IR spectra of catalysts. (a) CoPc; (b) TiO2; (c) 3.0 wt.% CoPc/TiO2.
Journal 151 (2009) 134–140 139

Comparing curves (a) and (c), the consistency in the main
absorption bands of the CoPc/TiO2 confirms along with DRS mea-
surements, and successful support of CoPc in the matrix of TiO2.

4. Conclusions

Nano-sized CoPc/TiO2 particles were synthesized by a novel
sol–gel method for the photo-reduction of CO2 in visible light. The
grain size of CoPc/TiO2 was narrowly distributed around 11 nm. In
the experiment it can be seen that the composite of two phases is
benefit to the separation of photo-generated electrons and holes,
thus resulting in high photo-catalytic activity. So in this study
dispersion of CoPc in TiO2 lattice induced the decrease of phase
transfer temperature from anatase to rutile. CoPc is completely dis-
persed into TiO2 lattice. At the same time, the absorption edge of
photo-catalyst was shifted to longer wavelengths with increasing
CoPc content. So the loading of CoPc on surface of TiO2 expanded
adsorption of visible light, which is favorable for photo-catalytic
reaction.

Orthogonal array design was used to optimize the parameters
for preparing the photo-catalysts. Various factors affecting the par-
ticle size and efficiency of CO2 reduction were analyzed. As a result,
the calcining temperature of catalysts was found to be the most sig-
nificant parameter. The optimized conditions were determined as:
molar ratio of raw materials: 1:4:2:2; no solvent; 0.5 ml hydrochlo-
ric acid; mass ratio of CoPc to TiO2 0.50%; and calcining temperature
400 ◦C, which gave the total yield of CO2 in NaOH aqueous solu-
tions 406.65 �mol/g-catal. The total yield in CO2-saturated system
increased rapidly with the photolysis time at early stage. After 20 h
of irradiation, the total yield, HCOOH and CO flattened out. The yield
of formaldehyde continued to decrease after 20 h due to its con-
sumption as an intermediate product. At the same time, the yield of
CH4 and CH3OH continued to increase to some extent because CH4
and CH3OH, as the ultimate reducing species in the photo-catalytic
reduction of CO2, were not be consumed.

Experimental results demonstrate that CoPc/TiO2 catalyst syn-
thesized in this study exhibited relatively high photochemical
activity for the reduction of CO2. The distribution of CoPc on TiO2
particles is critical to maximize the yield of reduction products.
CoPc can be promoted by visible light to produce electron–hole
pairs. In this study, the catalytic reduction CO2 has great advan-
tage over green plants of not having to support a living system. The
transformation of photo to chemical energy by a non-living cata-
lyst should be more efficient than by a life-supporting one. Ideally,
this technology provides a probability to reduce CO2 in aqueous
under solar irradiation. Visible light photo-catalysts applicable to
practical use were discovered quite recently. We sincerely hope
for a further progress of research and development of visible light
photo-catalysts.
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