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Abstract

Cu particles have been deposited on TiO2 by incipient-wetness impregnation followed by low-temperature (400◦C) cal-
cination/reduction, and the metallization process leads to signi6cant enhancement in photocatalytic activity of TiO2 for H2

production from aqueous methanol solution. The activity exhibits up to 10-fold enhancement at the optimum loading of
∼ 1:2 wt% Cu. Spectroscopic studies indicated that the Cu particles were oxidized during reaction to have a valence lower
those of thermally oxidized particles, which showed inferior activities. Dissolution of Cu ion in TiO2 lattice, in contrast,
resulted in reduction in photocatalytic activity.
? 2004 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Photocatalytic production of hydrogen using sunlight as
the energy input is a valuable sustainable-energy technol-
ogy. In this case, solar energy is stored by driving chem-
ical reactions “up-hill” toward chemicals, such as H2, of
higher chemical potentials. Due to its high stability against
photo-corrosion and its favorite electronic energy band
structure, TiO2 has drawn tremendous attention for such
applications. For H2 production from water, many studies
have concluded that direct splitting of water into H2 and
O2 has a very low e>ciency due to rapid reverse reaction.
A much higher hydrogen production rate can be obtained
by addition of the “so-called “sacri6cial reagents,” such
as alcohols and other organics [1–4], which are oxidized
to products that are less reactive toward hydrogen. For
H2 production from a water/methanol (MeOH) solution,
depending on reaction conditions and on whether metal
catalyst used, the reaction could proceed either stepwise,
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involving stable intermediates, such as aldehydes and acids:

MeOH(l)
h�;catal:↔ HCHO(g) + H2(g)

FG◦
1 = 64:1 kJ=mol [5]; (1)

HCHO(g) + H2O(l)
h�;catal:↔ HCO2H(l) + H2(g)

FG◦
2 = 47:8 kJ=mol; (2)

HCO2H(l)
h�;catal:↔ CO2(g) + H2(g)

FG◦
3 = −95:8 kJ=mol; (3)

as suggested by Sakata et al. [1–4], or in one-step on catalyst
surface to give the overall reaction:

MeOH(l) + H2O(l)
h�;catal:↔ CO2(g) + 3H2(g)

FG◦ = 16:1 kJ=mol; (4)

as suggested by Chen et al. [6]. H2 is produced in all of
these steps.

Deposition of Pt-group metals, including Ni, Pd and Pt, on
TiO2 has been shown to greatly enhance the photocatalytic
production of H2 from either pure water or water/sacri6cial
reagent solutions. Sakata et al. [4] attributed the enhance-
ment to the catalytic eIects of the metal particles on H2
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evolution. Bowker et al. [7], on the other hand, suggested
that the presence of Pd provides a reaction pathway which
involves chemisorption and dehydrogenation of MeOH on
Pd to produce chemisorbed CO and subsequent oxidation of
the chemisorbed CO to CO2.

Cu-containing TiO2 catalysts are well known for their
photocatalytic activity toward CO2 reduction [8–11] but
much less is known for its performance in H2 production
from water/alcohol solution, except in one case where a
Cu–TiO2 catalyst was reported to exhibit enhanced H2 pro-
duction from a water/MeOH solution with photon energies
within the visible-light region [12]. In that particular study,
the photocatalyst was synthesized by calcining a mixture of
Ti(SO4)2 and Cu(NO3)2 (1 wt% of CuO) at 930 K, and it
exhibited enhanced absorption within the visible light range,
in accompanied with increased catalytic activity, upon Xe
lamp irradiation. Cu could be either dissolved in TiO2 lat-
tice or deposited as individual particles on the TiO2 surface.
No attempt was made therein to distinguish their roles in the
enhancement eIect.

In this work, Cu particles were deposited on TiO2 via
an incipient-wetness impregnation method followed by
low-temperature (400◦C) calcination in order to minimize
Cu dissolution into the oxide lattice, and its photocatalytic
activity toward H2 production from a water/MeOH solution
was investigated. It is shown that the deposited Cu particles,
which are in the oxidized state during reaction, cause up to
10-fold enhancement in H2 production. In contrast, disso-
lution of Cu ion in TiO2 lattice exhibited negative eIect.

2. Experimental

TiO2 powder was synthesized by a conventional sol–gel
process. TiCl4 was 6rst dissolved in an ethanol/water (vol-
ume ratio = 4 : 1) solution, and ammonia was then intro-
duced into the solution to induce condensation until pH
reached 7.5. The resulted gelatinous precipitate was 6ltered
and washed to reduce [Cl−] to below 5×10−4 M, as deter-
mined by ion chromatography, and then dried at 65◦C in air.
Cu was loaded by an incipient-wetness method, in which an
aqueous solution containing CuCl2 · 2H2O was added to the
oxide powder in an amount that was just su>cient to wet
completely the powder. The resulted powder was then dried
and calcined in synthetic air (N2=O2 mol ratio = 79 : 21) to
make the catalyst. The standard calcination procedure in-
volved purging the reactor with the gas for 1 h, heating
the powder at a rate of 100◦C=h to 400◦C, and holding
the powder at 400◦C for 1 h before 6nally the powder be-
ing furnace-cooled. The catalyst powders were stored as
calcined, and they were further reduced at 400◦C by H2

(3 mol% in N2) for 3 h prior to characterization works, in-
cluding the spectroscopic and kinetic analyses.

Kinetic experiments were carried out by using a verti-
cal tubular batch reactor made of quartz. During a typical
run, the entire reactor was enclosed inside a UV-light house

(Rayonet photochemical reactor, RPR-100), and the reactor
was half-6lled with a water/MeOH (volume ratio=1:4:1) so-
lution, in which the oxide particles, in an amount of 1:25 g=l,
were constantly dispersed by a magnetic stirrer. The light
house was equipped with 16 UV-light (maximum intensity
at 300 nm) tubes, each having a power of 12 W. The un6lled
space above the solution was evacuated at the beginning of
reaction, and H2 concentration was measured intermittently
by extracting a small volume of the gas-phase product for
gas chromatography analysis. The accumulative H2 produc-
tion data were then calculated from the concentration data,
assuming ideal-gas behavior.

X-ray diIraction (XRD; Mac-Science/ MXP3) was em-
ployed to determine the crystalline phase and grain size of
the TiO2 powders, and the average crystallite size was cal-
culated by using the Debye–Scherrer equation. The surface
area was determined by N2 adsorption. X-ray photoelectron
spectroscopic (XPS) analysis was carried out on a spectrom-
eter (MT 500, VG Microtech) equipped with a Mg (K�)
X-ray source. Before being put into the XPS vacuum cham-
ber, the freshly reduced powders were exposed to air for
less than 8 h, an exposure period similar to that during the
kinetic experiments. DiIuse reRectance ultraviolet–visible
(UV–VIS) spectroscopic analysis was conducted on a Hi-
tachi U3410 spectrometer, which is equipped with an in-
tegration sphere and PbS and photomultiplier detectors for
photon detection. Deuterium and tungsten iodide lamps are
used as the light sources for wavelength ranges of 185–340
and 340–2500 nm, respectively. The spectra were acquired
at room temperature with BaSO4 as the reference.

3. Results and discussion

The blank TiO2 catalyst (Cu loading = 0 wt%) appeared
yellowish, and XRD analysis indicated the presence of only
the anatase phase with an average grain size of 9.0 nm, based
on the (1 0 1) reRection. The yellowish color, which can be
removed by annealing in oxygen above 500◦C, is believed
to be caused by oxygen vacancies. The BET surface area is
110 m=g. With increasing Cu deposition up to a maximum
loading of 1:9 wt% Cu, the catalysts turned increasing red-
dish. XRD, however, did not detect reRection of Cu, pre-
sumably because of the combination of its low content and
small particle sizes. The grain size of TiO2, being insensi-
tive to the Cu content, was slightly increased to ∼10:0 nm,
presumably caused by additional reduction heat treatment.

UV–VIS spectroscopic analysis (Fig. 1) of the blank TiO2

showed a major UV-absorption near 350 nm wavelength
and a minor one near 450 nm. The latter is consistent with its
yellowish appearance. Determined by Tauc plot [(�h�)2 ver-
sus h�, where � is the absorbance] (Fig. 1, the inset) [13–15],
the major absorption edge energy is 3:15 eV, close to the
theoretical value (3:20 eV) of anatase TiO2. Deposition of
Cu caused a reduction in major edge energy to 3:09 eV
and a dramatic increase in visible-light absorption. The
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Fig. 1. DiIuse reRectance spectra of TiO2 catalysts. The lines are
indexed according to Cu loading (wt%). The inset shows the (�h�)2

versus h� plots, where � is absorbance.

Fig. 2. Cu (2p3=2 and 2p1=2) XPS spectra of the catalysts subjected
to (1) reduction, (2) H2 production reaction, and (3) oxidation in
air at room temperature for 120 h, respectively.

absorption extends up to 700 nm in wavelength, which is
consistent with their reddish appearance, and the absorbance
increased with increasing Cu content. XPS analysis carried
out on the 1.2% Cu-deposited catalysts detected only Cu,
Ti, O, and C, and no Cl peak was observed. The Cl associ-
ated with the Cu source, CuCl2 · 2H2O, may be removed by
reaction with hydrogen during reduction. This reaction was
con6rmed by temperature-programmed reduction experi-
ment using CuCl2 · 2H2O powder. The detected Cu (2p3=2)
binding energy (930:5 eV; Fig. 2) is lower than that of any
known oxidized Cu species, suggesting that oxidation of
the Cu surface is very limited prior to the photocatalytic
reaction. Quantitative analysis [16] considering only the
6rst three elements gave a Cu content of 1.20 (±0:02) wt%,

Fig. 3. H2 generation curves. The data sets are indexed by their Cu
loading (wt%), while the commercial catalyst is indexed as P25.
The lines are 6tted with Boltzman equation.

suggesting that Cu was indeed largely on the TiO2 surface,
rather than embedded within the TiO2 matrix.

For the kinetic study, a small amount of H2 was
detected from the solution even without the catalyst. Never-
theless, H2 production was greatly enhanced with the pres-
ence of the catalysts. Fig. 3 summarizes the H2-generation
curves for catalysts of diIerent Cu loading. In all cases,
upon UV-irradiation, H2 was produced at steadily increas-
ing concentration with time until it saturated at a steady
level. The saturation is not due to de-activation of the cat-
alyst but because of equilibrium, i.e., the balance between
forward and reverse reaction rates. It was shown that, after
the system was evacuated during the saturation period to
completely remove the gaseous species and then sealed,
essentially the same H2 generation curve was subsequently
obtained. As the reactor con6guration is far from optimum,
no emphasis should be placed on the absolute quantum
e>ciency of the catalysts. Rather, they can be compared
relative to the performance under the same reaction condi-
tions of a commercial TiO2, Degussa P25 (Fig. 3), which
has widely been employed in the literature.

All the generation curves can be satisfactorily 6tted by
the Boltzman equation, having a form of

P = Peq + (A− Psat)={1 + exp[(t − t0)=�]};
where P is the accumulative hydrogen production (in �mol)
within the open space in the reactor, Psat , the equilibrium
(i.e., saturation) accumulative production, t, the reaction
time (in min), and A, t0, and � are parameters. Mathemat-
ically, this equation gives a curve containing an inRection
point at t0. For t0¿ 0, the maximum hydrogen generation
rate, dP=dt|max, occurs at this inRection point. For t06 0,
however, it means in reality that the maximum rate occurs
at the very beginning of the reaction. The 6tted dP=dt|max

and Peq data are summarized in Fig. 4. They were found to
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Fig. 4. EIect of Cu loading (wt%) on H2 production rate and
equilibrium production.

follow the same trend against Cu loading, both showing a
maximum at 1.2 wt% Cu. The maximum production rate,
dP=dt|max, at the optimum Cu content is 10 times that of the
blank TiO2 and 4.5 times that of the P25 catalyst..

Compared with the commercial P25 catalyst, the blank
TiO2 synthesized in this study has a lower maximum pro-
duction rate but eventually reaches about the same satura-
tion level (Fig. 3). The latter suggests that the blank TiO2

provides also a slower reverse reaction. Deposition of Cu
particles shows enhancement not only in the maximum pro-
duction rate but also in the saturation level, suggesting that
the Cu catalyst accelerates the forward reaction to a greater
extent than the reverse one. The occurrence of an optimum
metal loading has also been observed for Pd-deposited TiO2

catalyst [7], and it is indicative of interfacial active sites
at and/or near the peripheries of the Cu particles. The total
peripheral length 6rst increases with increasing Cu particle
number and size until reactive domains begin to overlap.
Further increase in Cu loading would only lead to reduction
of the peripheral length, and hence to lower reactivity.

It was also noticed that the catalysts, which appeared
reddish at the beginning of the reaction, turned greenish
after reaction, suggesting oxidation of Cu. This was con-
6rmed by XPS (Fig. 2), which showed an increase by 1 eV
in Cu (2p3=2) binding energy to ∼931:5 eV. The result in-
dicated that it is an oxidized Cu species that is active.
Two types of oxidized Cu–TiO2 catalysts (1:2 wt% of Cu)
were thus prepared for comparison. Following the standard
thermal reduction procedure, the 6rst one was oxidized by
prolonged (5 days) exposure in air at room temperature,
while the second one was heated in air at 400◦C for 1 h.
Both catalysts did show signi6cant photocatalytic activities
(Fig. 5) but were inferior to the one oxidized during the
reaction. XPS showed that Cu in these two catalysts ex-
hibited higher binding energies, hence higher valences than
that oxidized in situ during the reaction. The Cu (2p3=2)
binding energy (932:3 eV) for the catalyst oxidized at room
temperature (Fig. 2) is consistent with Cu+1 in Cu2O, and

Fig. 5. EIect of Cu oxidation on H2 production. Key: (1) oxidation
in situ by reaction; (2) thermal oxidation at 400◦C in air for 1 h;
(3) thermal oxidation in air at room temperature for 120 h. Cu
loading is the same (1.2 wt%).

therefore the Cu in the reaction-oxidized catalyst has an av-
erage valence between 0 and +1.

In order to illustrate the eIect of Cu dissolution, as op-
posed to Cu deposition, a diIerent batch of Cu-containing
(1:2 wt%) catalyst was prepared by mixing the Cu and Ti
sources, namely CuCl2 and TiCl4, at the very beginning of
the synthesis process, an approach similar to that adopted in
Ref. [12]. After the same thermal calcination and reduction
procedures, XPS analysis of this catalyst showed a Cu con-
tent of 1.06 (±0:02) wt%, indicating that part of the Cu in-
troduced is not on the surface of TiO2. As the sol–gel process
allows for mixing in the molecular scale, it is believed that
some Cu does dissolve in the oxide lattice. Accordingly, for
brevity, this catalyst will be referred to as the “Cu-doped”
catalyst. As shown in Fig. 6, the H2 production activity of the
doped catalyst is lower than that achieved by Cu-deposition
either with the same overall loading (1:2 wt%) or with about
the same “surface loading” (∼1:0 wt%). The latter may sug-
gest that Cu-doping within the TiO2 lattice has a negative
eIect on the overall catalytic activity.

In summary, deposition with Cu particles was found to
greatly enhance the photocatalytic activity of TiO2 toward
H2 production from aqueous methanol solution. The Cu par-
ticles were oxidized and self-regulated to achieve the op-
timum valence for maximum activity during the course of
reaction. On the other hand, doping with Cu ions in TiO2

lattice was found to reduce the activity.
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Fig. 6. EIect of Cu loading method on H2 production. Key: (1) and
(2) incipient-wetness method with 1.2 and 0:9 wt%, respectively;
(3) doping method with 1:2 wt%.
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