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Abstract

Carbon dioxide was photocatalytically reduced to produce methanol in an agueous solution using 254 nm UV irradiation.
Titania and Cu-loaded titania were synthesized by an improved sol-gel method using a homogeneous hydrolysis technique.
The grain size of TiQand Cu/TiQ were uniform and average diameters were approximately 20 nm. Photocatalytic reduction
was conducted in a quartz reactor with a UV lamp irradiating at the center. XPS analysis reveals thgb @1933.4 eV
indicating primary CuO species on the Ti©supports. EDX and XPS revealed that most copper clusters were on the TiO
surface. The optimum amount of copper loading was 2.0 wt.% for the highest dispersion among catalysts. The methanol yield
of 2.0wt.% Cu/TiQ was 118umol/g following 6 h of UV illumination. The yield was much higher than those of sol—gel
TiO, and Degussa P25, whose yields were 4.7 and j3@al/g, respectively. The methanol yield reached a steady-state
250umol/g after 20 h of irradiation. Experimental results indicated that the methanol yield was significantly increased by
adding NaOH. The caustic solution dissolved more,@@n did pure water. In addition, the OHn aqueous solution also
served as a strong hole scavenger. The redistribution of the electric charge and the Schottky barrier of CufaniifGites
electron trapping via supported Cu. The photocatalytic efficiency of Cu/flig® markedly increased because of the lowering
the re-combination probability for hole—electron pairs. The highest quantum and energy efficiencies achieved were 10 and
2.5%, respectively. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction be physically stored or chemically transformed, stor-
age overcomes the problem only temporarily. To solve
Greenhouse gases such as>CQH; and CFCs the CQ problem permanently requires transforming
are the primary causes of global warming. The atmo- CO, into another useful or non-toxic compounds.
spheric concentration of GChas recently increased Upgrading CQ to reusable hydrocarbon resources
owing to human activity, further accelerating the would benefit humans and the environment.
greenhouse effect. In response, the Kyoto Protocol of The energy grade of COis low from a thermo-
the United Nations Framework Convention on Climate dynamic perspective, accounting for why any trans-
Change mandated a return of €@mission levels to ~ formation to hydrocarbon requires energy infusion.
those of 1990. Although the remediation of £€an The energy source should be provided without pro-
ducing more CQ@, such as solar energy. Plants use
" Corresponding author. Tel:886-22363-1994; solar energy to perform nf_;\tural photosynthesis, but
fax: +886-23632-3040. the energy transformation is low at the cost of sup-
E-mail address: cswu@ccms.ntu.edu.tw (J.C.S. Wu). porting their lives. Even under the optimal artificial
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conditions, energy efficiency can only reach about energy efficiencies are proposed and presented for the

10% in macroalga under full sunlight [1]. Solar en- photoactivity of our system.

ergy is the Earth’s ultimate power supply. All energy

forms except geothermal or nuclear, such as fossil

fuel, bio-material, hydropower and wind are various 2. Experimental

kinds of transformation from sun. Consequently, the

photoreduction of C@ is particularly interesting,  2.1. Preparation and characterization of catalysts

and achieving a high efficiency for this reaction is

highly desired. The ultimate goal is to demonstrate  Catalysts were prepared via the sol-gel route il-

that artificial photosynthesis may be implemented via |ustrated in Fig. 1. The precursor was titanium(IV)

the photoreduction of C£to produce hydrocarbons,  butoxide (Ti(OGHg)s, 97% in n-butanol), as pur-

such as methanol or methane. That is, solar energy ischased from Aldrich (USA). The hydrolysis process

transformed and stored as chemical energy. Moreover, was performed in a glove box maintained at a relative

methanol is the most promising photo-reduced prod- humidity under 25% by purging with tank nitrogen.

uct of carbon dioxide because it can be transformed To avoid rapid precipitation during polycondensa-

into other useful chemicals using conventional chem- tion and the formation of unstable colloidal sols, the

ical technologies, or easily transported and used ashydrolyzing water was homogeneously released by

fuel-like renewable energy. the esterification of butanol and acetic acid [5]. The
Many researchers have shown that 0an be re-  basic aim was to provide the appropriate stoichiomet-

duced in water vapor or solvent by photocatalysts such ric quantity of water to hydrolyze titanium butoxide

as Ti; and ZnS [2,3]. From a thermodynamic per- during hydrolysis. A typical batch contained 0.02 mol

spective, transforming 1 mol of GOnto methanol re-  titanium butoxide, 0.08 mol anhydrous butanol (min-

quires 228 kJ. Six electrons are required to covert the imum 99.8%) and 0.08 mol glacial acetic acid (min-

C* of CO, to the &~ of methanol. Eq. (1) describes  imum 99.7%). The clear solution was stirred for 8 h
the overall reaction.

h
COz + 2 H,05 CH3OH + O, (1) 0.02 mole Ti(OC4Ho)4
+ 0.08 mole n-C4H9OH Ti03 3
e 1 1 i 1 powaer
The efficient photoreduction of CQwith H2O is one + 0.08 mole CH3COOH (Degussa P-25)

of the most challenging tasks of environmental cat-

alysts. As well known, titania is a photoexcited cat- -
stirring

alyst. The bandgap of anatase form Fi® 3.2eV, 8 hrs gg:g‘g;t
making it a perfect candidate for UV illumination. .

Titania-supported copper plays a crucial role for pro- Sg‘g;‘;g : L Y :
moting the reduction of C®[4]. This work aims to adding CuCl or CuCl solution
improve the photoreduction efficiency by using sup- stirring

ported Cu-titania catalysts prepared by an improved Y 0.5 hr y A

sol—gel technique. Other variables important in pho- drying 3°C/min to 150°C maintain 2 hrs,
toreducing CQ, such as C@pressure, concentration then 5°C/min to 500°C maintain 0.5 hr.

of catalyst and copper loading are investigated. The

activity of a photocatalytic reaction is usually diffi- l l

cult to compare between research reports. Although reduced at 300°C for 3 hrs
the photoactivity can usually be presented by product (5% Hp/Ar, 30 ml/min )
yield, e.g.,.mol/(g-cats) onumol/g-cat, the yield can + +

be changed substantially under different experimental

conditions such as UV wavelength, UV intensity, ad- Ti02 Cuw/TiO2 Cu/P-25

ditives of reaction media and reactor configuration. In
this study, in addition to product yield, quantum and Fig. 1. The procedure of catalysts preparation.
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at which time the pH value became stabilized. The under less than 10@. The decomposition of D

final pH value of the solution approached 3.56. The on the Cu surface generated the chemisorbed oxygen
transparent sol was dried from room temperature to atoms as shown in Eq. (2) [8]. Following oxidation,
150°C in an oven, then transferred to a furnace and the catalyst was again purged in Ar and cooled to
calcined at 500C to burn off hydrocarbons. The sam- 25°C. Hydrogen temperature programmed reduction
ple was crushed into powder in a mortar. The JRC-2 (TPR) was performed from 25 to 40Q at 10°C/min

and P25 titania powders were obtained from Fuji Ti- in a 5% H/Ar stream. The consumption ofHvas

tan (Japan) and Degussa (Germany), respectively, formeasured from TPR and the dispersion of copper was
comparison. Copper-loaded titania (Cu/3)@nd P25 calculated.

(Cu/P25) were impregnated by adding Cpi@lring

the sol—gel process and incipient wetness method,
respectively. Following calcination similar to that of
TiO,, Cu-loaded titania was reduced under a flow of 2.2. Photocatalytic reaction

5% Hy/Ar mixture at 300°C for 3 h.

The specific surface area and pore size distribu- Fig. 2 schematically illustrates the reactor system.
tion of catalysts were measured by Bdsorption in The system was illuminated by an 8 W Hg lamp with
a Micromeritics ASAP 2000. A diffusive reflective a peak light intensity at 254 nm in the center of the
UV-VIS spectrophotometer (Hitachi U-3410) was quartz reactor. The entire system was shielded by a
employed to measure the UV-VIS absorption and es- metal case during the reaction to prevent interference
timate the bandgap of the catalysts. The particle size from outside light. Catalyst powder (0.15-0.6 g) was
distribution in aqueous solution was obtained using suspended in 300 ml of 0.2N NaOH aqueous solu-
a Coulter LS230 particle size analyzer. Transmission tions for typical batches. Supercritical-fluid grade £0
electron microscopy (TEM) and scanning electron was purchased from Air Products (USA) to avoid
microscopy with energy dispersive X-ray spectrom- any hydrocarbon contamination. It was certified maxi-
eter (SEM-EDX, Philips XL30, EDAX DX4) were  mum hydrocarbons less than 20 ppb.£&as bubbled
used to observe the morphology of catalysts and es-through the reactor for at least 30 min to purge air and
timate the elemental ratio. The crystalline phase was to saturate the solution. The reactor was tightly closed
identified by X-ray diffraction (MAC MO3XHF). The  during the reaction, and the G@ressure was main-
chemical status and shift of the catalyst surface were tained in the range of 101.3-135.6 kPa. A magnetic
analyzed by X-ray photoelectron spectroscopy (XPS). stirrer agitated the catalyst-suspended solution at the
XPS measurements were taken on a VG Microtech
MT500 spectrometer, operated with a constant pass

N,O 4 2Cu—> Nj + (Cu-O-Cu )

energy of 50eV and with Mg K radiation as the o Sampling
excitation sourcely = 12536 eV). The catalyst was 2 SERR0L syriage
pressed into a pellet, and then adhered on sample co,
holder by carbon tape. Oxygen (1s, 530.7eV for temperature/pH meter
TiO2) [6] and carbon (1s, 284.5eV) were taken as [ Tacrynitrile top plate
internal standards for binding energy calibration. The
fluorescence spectra of catalysts were measured by a suspended
Jasco FP-777 fluorescence spectrophotometer at an Quartz catalyst in
excitation wavelength of 370 nm. Reactor solution

The copper dispersion of Cu/TiOvas measured T
using the method of Chang et al. [7]. The Cu/%iO
catalyst was reduced in a 5%tAr stream at 300C magnetic Lumen
for 3 h. The catalyst was purged and cooled t6@0n stirrer meter
Ar, and the oxidation was then performed usingdhat =~ [P

that temperature. Only surface copper was selectively
oxidized by NO when the oxidation temperature was Fig. 2. Schematic of photocatalytic reaction.
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bottom to prevent sedimentation of the catalyst. The
steady-state temperature of the solution rose to almost
50°C during illumination.

The release of @during the reaction would consti-
tute direct evidence of COphotoreduction (Eg. (1)).

An oxygen sensor (Mettler Toledo InFPo6000 se-
ries) was placed in the reactor to monitor the con-
centration of dissolved £during the photoreduction.
The sensor was calibrated using the dual point mode
before measuring ©concentration. The ©sensor
was inserted into oxygen-free gel until the “ready”
sign was on, to fix the zero point. Then, the sen-
sor was put into @-saturated solution, until “ready”
and the value was attuned to a verified concentra-
tion (8.2ppm, 25C). A needle-type probe was in-
serted in the reactor to extract samples. The liquid
sample £0.5ml) was collected in a vial wrapped in
aluminum foil to reduce interference from the indoor
fluorescent light before analysis. After the catalyst's
sedimentation, 1-10I liquid sample was withdrawn
and analyzed in a GC/FID equipped with a 3m long
Porapak Q column. Analysis results indicated that
methanol was the dominant hydrocarbon. Formic acid,
formaldehyde and ethanol were detected from some
catalytic reactions, in amounts much less than that of
methanol.

An UVC probe (Oriel instrument, Goldilux model
70239) was attached on the outer wall of the quartz
reactor, and the energy flux{v/cm?) was indicated
by a lumen meter (Oriel instrument, Goldilux model
70235) connected to the probe. The photon flux was
obtained by dividing the energy flux by the energy of
a photon with a wavelength of 254 nm. The energy
flux was first measured for the reactor filled with
water only. The energy flux was then measured for
the reactor containing the catalyst and £@Quring
the reaction. The difference between those energy
fluxes was the photo energy absorbed in photo-
reduction.

Blank reactions were conducted to ensure that hy-
drocarbon production was due to the photoreduction of
COp, and to eliminate surrounding interference. One
blank was UV-illuminated without the catalyst, and
another was in the dark with the catalyst and 2@-
der the same experimental conditions. An additional
blank test was UV-illuminated with the catalyst filling
N> rather than C@. No hydrocarbon was detected in
the above three blank tests.
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Fig. 3. XRD spectra of Ti@ and Cu/TiQ. (a) 6.7 wt.% Cu/ TiQ;
(b) 2.0wt.% Cu/ TiQ; (c) TiOz; (d) P25; (e) JRC-2.

3. Results and discussion
3.1. Characteristics of catalysts

The XRD spectrain Fig. 3 verified the anatase phase
of JRC-2, P25, Ti@ and Cu/TiQ. A previous inves-
tigation has indicated that anatase 7i{3 the most
active phase for photocatalytic reaction [9]. Two small
Cu diffraction peaks appeared nea Z 43.3 and
52° on 6.7 wt.% Cu/TiQ. No Cu peak was observed
on 2.0wt.% Cu/TiQ, perhaps due to the slight Cu
loading or the extremely small Cu clusters. The grain
sizes of all sol-gel derived TiOwere nearly 20 nm,
as calculated from the Scherrer equation. The particle
sizes were consistent with the TEM observation dis-
played in Fig. 4. As shown in Fig. 4(a), the particles
of sol-gel derived Ti@ were uniform and the diame-
ter was between 10 and 25nm. Fig. 4(b) reveals that
copper clusters were well dispersed on the surface of
TiO,. Copper clusters were expected to be present on
the surface of the Ti@particle because the CuGhas
added after hydrolysis of titanium butoxide during the
preparation (Fig. 1). Zhang et. al. suggested that pure
TiO2 grain sizes with a diameter ranging from 11 to
21 nm were of a size that maximized photocatalytic
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Fig. 5. The particle size distributions of P25, ti@nd Cu/TiQ.

efficiency [10]. When the particle size was less than
5-10 nm, the surface recombination of electron—hole
pairs becomes significant, resulting in low photocat-
alytic efficiency. Fig. 5 shows the actual particle size
distributions of catalysts in an aqueous suspension. For
TiO2 and 2wt.% Cu/TiQ, the median particle sizes
were near 70 and 50 nm, respectively. P25 exhibited
two modes of particle size distribution, near 45 and
75nm.

The bandgap can be estimated by extrapolating the
rising portion of the UV spectrum to the abscissa at
zero absorption [11]. Table 1 summarizes the prop-
erties of the catalysts. The bandgaps of JRC-2 and

Table 1
The properties of catalysts
Catalyst Surface area Crystallize BandgaP
(m/g) sizé (nm)  (eV)
TiO3 (this work) 63 18 2.95
Degussa P25 50 21 3.47
JRC-2 16 42 3.27
0.6% CulTiQ 34 - -
1.0% Cu/TiQ 40 20 2.99
2.0% CulTiQ 28 20 2.99
3.3% Cu/TiQ 26 20 2.92
Fig. 4. TEM photographs (a) Ti (b) 3.3wt.% Cu/TiQ. 6.0% Cu/TiQ - - 2.86
6.7% Cu/TiQ 28 17 3.05

aEstimated from FWHM of XRD by Scherrer equation.
b Estimated from UV-VIS spectra.
¢From manufacturer.
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Table 2
The element molar ratio of catalysts calculated from XPS and
EDX analysis

Catalyst Cu/Ti

Bulk EDX XPS
0.6 wt.% Cu/TiQ 0.007 0.013 -
1.0wt.% Cu/TiQ 0.012 - 0.063
2.0wt.% Cu/TiQ 0.02 0.035 0.119
3.3wt.% Cu/TiQ 0.04 0.053 0.138
6.7wt.% Cu/TiQ 0.09 0.091 0.165

P25 are 3.27 and 3.47 eV, respectively, while those
of sol-gel TiQ and Cu/TiQ are nearby 3.00eV.
Notably, the bandgap is governed by the crystalline
structure and the defects in the TiGetwork. A
related investigation suggested that small bandgaps
were caused by the stoichiometric deficiency of Ti/O
from the sol—gel processes [11]. The specific surface
area of sol-gel derived catalysts ranged from 25 to
63nf/g. The specific surface area of sol-gel TiO
was larger than that of commercial JRC-2 or P25.

Table 2 lists the elemental ratio of Cu/Ti estimated
from XPS and EDX. The bulk ratio of Cu/Ti was the
molar ratio of Cu and Ti in the sol-gel preparation
(Fig. 1). The discrepancy between the Cu/Ti ratio
obtained by EDX and XPS indicated that most Cu
was on the surface of the TiGsupport. The source
of these two kinds of probes, X-ray and electron,
with different incident energies, 50eV and 15keV,
indicates that elements were detected with different
depths,~10nm and~1pum, from the surface [12].
Accordingly, the quantitative results of XPS show
the outmost surface of catalyst, while those of EDX
give the deep structural layers and represent near bulk
property.

Fig. 6 displays the XPS spectra of @25, JRC-2
and 2wt.% Cu/TiQ. The binding energies of Ti 2p
and 2p,, of 2wt.% Cu/TiQ are the same as those of
pure titania at 459.4 and 465.3 eV, respectively, indi-
cating the integrity of the Ti@ structure, which was
not modified by copper impregnation. Fig. 7 shows the
XPS spectra of the hydrogen-reduced CufbTi€ata-
lysts. The binding energies of Cugpand 2p,» were
933.4 and 954.3 eV, respectively. The shapes of the
XPS spectra reveal that the copper species orp TiO
are major CwO and minor C8 [13].
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Fig. 6. XPS spectra of Ti2p of catalysts.

3.2. The photocatalytic reduction of CO,

Fig. 8 shows the dependence of methanol forma-
tion on illumination time. Various yields of methanol
were obtained in a period depending on the cata-
lysts. In all cases, the concentration of methanol was
too small to be measured by GC for nearly initial
180 min. The formation of methanol was found much

T T T T T T T

2P,, (933.4 eV)

2P,, (953.3 eV)

cps

6.7 wt%Cu/TiO,

B

\w{%Cu/T i0,)
1.0 wt%Cu/TiO,

920 925 930 935 940 945 950 955 960 965 970

1 1 1 1 1 1 1

binding energy (eV)

Fig. 7. XPS spectra of Cu2p of catalysts.
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140 Contact between Ti® and metal generally in-
o 6.0 Wt%CuwTiO, volves a redistribution of electric charge. In the
120 o 33 wt%CwTiO, presence of copper clusters, electrons are enriched
= o 2.0 W%CUTIO, owing to the alignment of Fermi levels of the metal
§ 100 F = 1OW%CWTIO, and the semiconductor, that is the Schottky barrier
%“ v Tfoz (this work) [9]. Copper then serves as an electron trapper and
£ 80f & TO,DegussaP25) prohibits the recombination of hole and electron. In
= 4 20wECu/PS addition, the rapid transfer of excited electrons to
g 60 the copper cluster enhances the separation of holes
g and electrons [4], significantly promoting photoeffi-
S 407 ciency. The formation of methanol was more efficient
g than that of other hydrocarbons in the presence of
20 ¢ supported Cti on TiO, from the CQ and HO
system [14].
0 Fig. 9 presents the fluorescence spectra of P25,
0 50 100 150 200 250 300 350 400 Cu/P25 and 2wt.% Cu/Ti© The fluorescence in-

irradiation time (min) tensity of Cu/P25 is much less than that of P25;
and 2wt.% Cu/TiQ gives an even lower intensity.
The fluorescence of titania is caused by the recom-
bination of electrons and holes [16]. The decline in
fluorescence intensity is due to the reduced number
more effective on supported Cu-titania catalyst [14]. of recombination sites on the TyOsurface. Fewer
Methane, formic acid and other hydrocarbons might recombination sites on the surface lead to slower
have been generated, but in quantities too low to recombination of electrons and holes, thus a higher
be detected. The results showed that the sol-gel de-photocatalytic activity [17]. The copper-loaded titania
rived Cu/TiG outperformed P25, JRC-2, and 2wt.% effectively provides the electron traps and gives lower
Cu/P25. Table 3 summarizes the methanol yields of fluorescence intensity resulting in higher methanol
various catalysts under 6 h irradiation. The presence of yield.

copper plays an important role, while specific surface  Quantum efficiency is an essential factor to eval-
area is obviously not a main factor in photocatalytic uate a photoexcited reaction, especially in solar en-

Fig. 8. Time dependence on the methanol yields of various cata-
lysts.

reactions [15]. ergy utilization. Eq. (3) is proposed to determine the

Table 3

The methanol yield, energy efficienc@£), quantum efficiency®q) and turnover frequency (for Cu site) of catalysts

Catalyst 6 h methanol yield P (%) Dq (%) TOF (1/s)
(nmol/g catalyst)

TiO» 4.7 0.09 0.42 -

Degussa P25 38.2 0.81 341 -

JRC-2 3.4 0.07 0.27 -

2.0% Cu/P25 60.0 1.27 5.35 21

0.6% CulTiQ 37.7 0.79 3.16 58

1.0% Cu/TiQ 72.9 1.54 6.06 -

2.0% CulTiQ 118.5 2.50 10.02 40

3.3% Cu/TiIQ 89.7 1.89 7.57 23

6.0% CulTiQ 20.0 0.79 1.67 7

Photon flux absorbed by catalyst (measured photon flux without catalyst (measured photon flux with catalyst in reagtes~
138uWi/cm?. Outer surface area of reacter 3464 cn?. Each photon energy: hc/i = (6.6262x 1073%)(3 x 10%)/(2.54 x 1077) =
7.826 x 10719J. Total photons absorbed by catalyst in reactorabsorbed photon fluxuW/cm?) x outer surface area of reactor,
(cm?) x radiation time (s)/each photon energy, ()®Bx 1073 =~ 2189umol.



44 I.-H. Tseng et al./Applied Catalysis B: Environmental 37 (2002) 3748
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Fig. 9. The fluorescence spectra of catalysts. Fig. 10. Effect of Cu loading amount on copper dispersion and

methanol yield under 6 h UV irradiation. (G@ressure: 125 kPa).

guantum efficiency. Six moles of electrons are required

to produce 1 mol of methanol from GQEq. (1)). All catalyst can be estimated if we assume that entire
methanol yields of catalysts were compared at 6 h of photoreduction occurs on Cu active sites. Table 3
UV illumination. The total moles of photons were cal- lists the TOFs of Cu/TiQ catalysts for known Cu
culated from the 6 h period of photon flux. The energy dispersion. The TOF of 0.6 wt.% Cu/TjCcatalysts
efficiency (Eq. (4)) evaluates the transformation of the gave the highest value near 58, and TOFs decrease
photon’s energy into chemical energy. Theoretically, with increasing Cu loadings. Obviously, more Cu
the chemical energy is the formation of methanol from loading can increase methanol yield because of the
CO; and HO. The equation is the reverse of Eq. (1), amount of active sites. However, the photoactivity
so the chemical energy is equal to the heat of methanol (TOF) of each Cu site declines with more Cu load-
combustion. The photon energy is the radiation energy ing on TiO; surface. Therefore, catalysts with more
absorbed by the catalyst, and is measured by the lu-than 2wt.% Cu loading cannot further increase the
men meter. Table 3 lists the calculated quantum and methanol yield due to the decreasing TOF. Further-
energy efficiencies. The highest quantum and energy more, excess Cu loading can mask the JT&drface,
efficiencies achieved 10 and 2.5%, respectively, on the reducing the photoexciting capacity of TiOThere
2.0wt.% Cu/TiQ catalyst. exists an optimum amount of copper loading, around

6 x moles of methanol yield
X
moles of UV photon absorbed by catalyst

guantum efficiency%) =

®3)

heat of combustionk moles of methanol yield
X
radiation energy of UV absorbed by catalyst

energy efficiency%) =

(4)

The effects of Cu loading and dispersion on methanol 2wt.% under the experimental conditions of this
yields are shown in Fig. 10. The methanol yields work.

increase with Cu loading, but then decrease when The catalyst, 2wt.% Cu/TiQ was chosen for
the Cu loading exceeds 2wt.%. The Cu dispersions further studying the long-term reaction and the in-
of Cu/TiO, increased slightly to 40% for Cu load- fluence of experimental conditions. Fig. 11 shows
ing below 2wt.%, then decreased with further Cu the time dependency of methanol yields with long
loading. The turnover frequency (TOF) of Cu/HO irradiation periods of up to 35h. The reactions were
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Fig. 11. Methanol yields of two 2.0 wt.% Cu/TjQratalysts under
long-term UV irradiation (C@ pressure: 125 kPa).

repeated twice to confirm the reproducibility and

consistency using two different batches of catalysts
with the same Cu loading. A steady-state methanol
yield was around 25amol/g following nearly 20 h

of irradiation. Halmann suggested that the oxidation
of hydrocarbons could occur on the anodic site on
TiO, particles [18]. The rate of methanol re-oxidation

eventually caught up with that of methanol genera-
tion from CQ reduction, thus reaching a steady-state
methanol concentration. Another explanation of lim-
ited yields involves the deactivation of catalysts

due to the coverage of reaction intermediates on
active sites. Methanol can possibly be converted
to other hydrocarbons during a long-term reaction,
but in quantities that might be too low to be con-

firmed.

Oxygen is expected as a product of the L£f@-
duction (Eq. (1)). Fig. 12 shows that the time depen-
dency of oxygen generation approximately matches
that of the methanol yield. By and large, the ratio of
methanol to oxygen is near constat3—1. Free Q@

45
100
9 ™ Methanol (runl)
o Methanol (run2)

80 t .
~ e O, (runl)
S L
g 70 O, (run2)
= 60t
=
3
g 507
<
g2 40}
<
2 307t
o

20

10 t

06

0O 2 4 6 8 10 12 14 16 18

irradiation time (h)

Fig. 12. The dissolved 9 of two 2.0wt.% Cu/TiQ catalysts
during reaction.

NaOH solution was crucial in the photoreduc-
tion of CO, [19]. The methanol yield substan-
tially increased with the addition of NaOH in our
experiments, perhaps due to the following two rea-
sons. First, the high concentration of OHions in
aqueous solution could act as strong hole-scavengers
and form OH radicals, thereby reducing the recom-
bination of hole—electron pairs. The longer decay
time of surface electrons would certainly facilitate
the reduction of C@. Second, caustic NaOH solu-
tion dissolves more C®Othan does pure water. The
initial pH value of 0.2N NaOH solution was ap-
proximately 13.3, and decreased to nearly 7.3 after
bubbling CG in the reactor. Notably, photoreduction
may have been accelerated by the high concentration
of HCO3™.

The high yields of methanol can be obtained at
the elevated C@pressure of the reactor for the same
reason. As shown in Fig. 13, the methanol yield
clearly increased with the pressure of £Qp to
125 kPa, but decreased with further increases of pres-

was suggested as being adsorbed on the surface okure. Mizuno et al. also observed similar phenomena
TiO, in the presence of water [14]. Consequently, the [20]. Higher molecular-weight hydrocarbons, such as
oxygen sensor detected only part of dissolved oxygen ethanol, might be converted from methanol at higher

in these experiments. The;@volution also plateaued
after 16—18 h of reaction, revealingp@onsumption
by methanol re-oxidation.

COy pressures. A trace of ethanol was detected in
the reaction at the two higher pressures, but was too
small to be quantified.
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Fig. 13. Effect of CQ pressure on methanol yields at 6h in  Fig. 14. Effect of catalyst charged (2.0 wt.% Cu/%)@n methanol
2.0wt.% Cu/TiQ. yield (CO, pressure: 125kPa).

Fig. 14 shows that the methanol first increases of UV light is cloaked in the reactor by the large
then decreases with the amount of catalyst chargedquantity of catalyst in agueous solution. The UV
in the reactor. A higher concentration of catalyst is absorption of the outer catalyst is thus reduced, but
expected to correspond to greater absorption of UV the re-oxidation rate of methanol increases with the
energy, and thus a higher methanol yield. However, charge of the catalyst in the reactor. Consequently,
the yields of methanol begin to decline when the con- the overall methanol yield decreases with excess
centrations of catalyst exceed 1g/l. The penetration catalyst.
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Fig. 15. Mechanism of C®photocatalytic reduction on Cu/T{O
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Based on the above results, a photocatalytic mecha-

3.3. Mechanism of the photocatalytic
reduction of CO»

nism is proposed and illustrated in Fig. 15 to describe
the reduction of CQwith H>O. Molecules of CQ (or
HCOs3™) and HO interact with trapped electrons on
the Cu cluster. The reduction of G@nd the decom-
position of O proceed competitively, and methanol
is formed. The OH radicals are produced from OH
by scavenging holes on the TiGurface, and these
radicals may react with the carbon species formed
from CO, to produce methanol. Free oxygen is also
generated from the oxidation of OHwith holes,
then can be partially consumed by the re-oxidation of
methanol.

4. Conclusions

Methanol was favorably produced on HCand
Cu/TiO, catalysts in a C@NaOH aqueous solution
under UV irradiation. Experimental results demon-
strated that the homogeneous hydrolysis of tita-
nium(1V) butoxide via the improved sol—gel route was
a promising technique for preparing photocatalysts
with uniform nanoparticles. An optimal Cu-loaded
titania is a highly efficient photocatalyst for GQe-
duction since copper is an effective electron trapper,
able to reduce the recombination of electron—hole
pairs. The OH in aqueous solution is a powerful hole
scavenger, enhancing the photocatalytic reactivity. Al-
though the quantum and energy efficiencies so far are
not much higher than those of natural photosynthesis
in this study, the catalytic reduction of G®as great
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