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Cu(OH)2 cluster-modified TiO2 (Cu(OH)2/TiO2) photocatalysts were prepared by a simple precipitation

method using Degussa P25 TiO2 powder (P25) as a support and copper nitrate as a precursor. Low-power

ultraviolet light emitting diodes (UV-LEDs) were used as the light source for a photocatalytic water

splitting reaction. The prepared samples show especially high photocatalytic H2-production activity

from aqueous solutions containing ethylene glycol as sacrificial reagent even without a Pt co-catalyst.

The optimal Cu(OH)2 loading content was found to be 0.29 mol%, giving an H2-production rate of

3418 mmol h�1 g�1 with a quantum efficiency (QE) of 13.9%, which exceeded the rate on pure TiO2 by

more than 205 times. This high photocatalytic H2-production activity is attributed to the presence of

Cu(OH)2 clusters on the surface of the TiO2. The potential of Cu(OH)2/Cu (Cu(OH)2 + 2e� ¼ Cu +

2OH�, Eo ¼ �0.224 V) is slightly lower than conduction band (�0.26 V) of anatase TiO2, whilst being

higher than the reduction potential of H+ (2H+ + 2e� ¼ H2, Eo ¼ �0.000 V), which favors the electron

transfer from the CB of TiO2 to Cu(OH)2, and the reduction of H+, thus enhancing photocatalytic H2-

production activity. This work not only shows a possibility for the utilization of low cost Cu(OH)2

clusters as a substitute for noble metals (such as Pt) in photocatalytic H2-production, but also for the first

time exhibits a facile method for enhancing H2-production activity by using hydroxide as a co-catalyst .
1. Introduction

Fossil fuels, such as coal, oil and natural gas, are non-renewable

energy sources which play a crucial role in the quality of life of

human beings and in the development of the world economy.

However, combustion of fossil fuels causes a series of crises
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Hydrogen energy is an ideal candidate for the replacement of foss

production, photocatalytic water splitting using semiconductor pho

However, the H2-production efficiency of photocatalytic water split

of noble metals on the titania surface and the addition of sacrific

solutions have been intensively explored for photocatalytic hydrogen

modified TiO2 photocatalysts by a facile precipitation method, and

using an industrial by-product, ethylene glycol, as a sacrificial reag
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surrounding global energy and environment. Therefore, devel-

opment of clean and renewable energy sources has attracted

much attention and has become a significant development

strategy in most countries.1

Hydrogen energy is an ideal candidate for the replacement of

fossil fuels in the future because of its high-energy capacity,

environmental friendliness, and recycling possibility.2 The idea of

capturing solar energy that is freely available from sunlight and

converting it into hydrogen energy has been considered to be an

attractive and meaningful route for solar energy conversion. As

a sustainable approach for hydrogen production, photocatalytic
il fuels in the future. As a sustainable approach for hydrogen

tocatalysts is a promising way to achieve hydrogen generation.

ting over bare titania remains quite limited. Both the deposition

ial reagents (electron donors or hole scavengers) into reaction

production. Here we report the fabrication of Cu(OH)2 cluster-

examine the resulting photocatalyst for hydrogen production

ent. This was proven to be an effective electron donor in pho-

ating from some chemical processes. This work not only shows

bstitute for noble metal Pt in photocatalytic H2-production but

by using hydroxide as a co-catalyst, also confirming that pho-

ts occurred simultaneously.
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water splitting using semiconductor photocatalysts is a prom-

ising and useful way for hydrogen generation since the discovery

of photocatalytic splitting of water on TiO2 electrodes in 1972 by

Honda and Fujishima.3–9 In comparison to other semiconductor

photocatalysts, TiO2 is a suitable material described as a photo-

catalyst for water splitting because of its biological and chemical

inertness, cost-effectiveness, environmental friendliness, avail-

ability, long-term stability against photo- and chemical-corro-

sion, and especially its energy band edges which are well-matched

with the redox potentials of water.10–14

However, the H2-production efficiency of photocatalytic water

splitting over bare nano-sized titania remains quite limited,

mainly due to the high recombination rate of photogenerated CB

electrons and VB holes.15 To resolve this problem, many methods

have been proposed to enhance the photocatalytic activity of

TiO2, such as noble metal loading,16–19 metal ion doping,20–22

carbon and nitrogen doping,23,24 dye sensitization,25,26 and also

addition of sacrificial reagents (electron donors or hole scaven-

gers).27–29 The principal methods of inhibiting the CB electron

and VB hole recombination are deemed to be through the

loading of metal co-catalysts onto the surface of the TiO2 and the

addition of sacrificial reagents to the reaction system.

To achieve an efficient photocatalytic H2-production rate,

addition of specific chemicals as hole scavengers (sacrificial

reagents) into photocatalytic systems can inhibit photogenerated

CB electron and VB hole recombination. However, it is obvi-

ously meaningless to use sacrificial reagents such as methanol or

ethanol for hydrogen generation, because they are already good

fuels. In comparison, the utilization of organic pollutants or

industrial waste as sacrificial reagents, followed by decomposing

them into environmentally friendly products, has been identified

as a clean and economical method.30,31 For example, ethylene

glycol is produced in large amounts as industrial and civil

waste,32–34 and has been proven to be an effective electron donor

for photocatalytic hydrogen generation.35

On the other hand, for effective H2-production, noble metals,

such as Pt,30 Au31 and Pd,36 must be used in most photocatalytic

systems as a co-catalyst loaded onto the surface of TiO2 to

promote the separation and transfer of charge carriers from the

TiO2 to the loaded noble metals where H+ is reduced to hydrogen

molecules. Among various metals, loading of Pt onto the TiO2

surface has proven to show a higher efficiency for photocatalytic

water splitting in the presence of sacrificial reagents. However, Pt

is both expensive and rare. Therefore, more research has been

undertaken to identify low cost co-catalysts with acceptable

enhancement of photocatalytic activity.10

Cu-containing TiO2 has proven to be a cost-effective and efficient

photocatalyst for hydrogen production.16,18,37,38 For example,

Sreethawong et al.39 reported that, compared to Ni, Cu showed

a two times higher enhancement of TiO2 activity for hydrogen

production. Bandara et al.15 and Choi et al.40 synthesized CuO

incorporated TiO2 and found that hydrogen generation was greatly

improved by CuO compared to pure TiO2. Xu et al.41 reported that

Cu incorporated TiO2 was more efficient than some Pt loaded TiO2

for hydrogen production. However, the above studies mainly focus

on the photocatalytic behavior of CuO or Cu2O modified TiO2 for

hydrogen production. To our knowledge, there is no report on

Cu(OH)2 clusters as co-catalysts for photocatalytic H2-production.

In this paper, the deposition of Cu(OH)2 clusters on the surface of
This journal is ª The Royal Society of Chemistry 2011
TiO2 was achieved by a facile precipitation method using P25 as

a support, and Cu(NO3)2 and NaOH as a precursors. Ethylene

glycol was used as a sacrificial reagent and low power UV-LEDs

were used as the light source for photocatalytic H2-production.

2. Experimental

2.1 Sample preparation

All the reagents were of analytical grade and were used without

further purification. Deionized water was used in all experiments.

Commercially available Degussa P25 TiO2 powder (P25) was used

as the source of TiO2. Cu(OH)2/TiO2 photocatalysts were

prepared by a simple precipitation method. In a typical synthesis,

0.4 g of P25 was dispersed in 50 ml of 0.25 M NaOH aqueous

solution, and then a certain volume of 0.0077 M Cu(NO3)2

aqueous solution was added dropwise under stirring. The mixed

solutions were stirred for 6 h at room temperature. After that, the

precipitates were washed with deionized water and ethanol five

times. Finally, the washed precipitates were dried at 80 �C for 12 h.

The nominal molar ratios of Cu(OH)2 to (TiO2 + Cu(OH)2),

which hereafter is designated as R, were 0, 0.05, 0.25, 1, 2, and 7

nominal mol. % (mol%) (see Table 1), and the resulting samples

were labeled as C0, C0.05, C0.25, C1, C2, and C7, respectively.

The actual chemical compositions of the prepared samples were

measured by inductively coupled plasma atomic emission spec-

trometry (ICP-AES) using an Optima 4300 DV spectrometer

(Perkin Elmer) (see Table 1). Pure Cu(OH)2 was also prepared for

the purpose of comparison under the same experimental condi-

tions, and the resulting Cu(OH)2 sample was labeled as C100.

2.2 Characterization

X-Ray diffraction (XRD) patterns, obtained on an X-ray

diffractometer (Rigaku, Japan) using Cu Ka irradiation at a scan

rate of 0.05o 2q s�1, were used to determine the phase structures of

the obtained samples. The accelerating voltage and applied

current were 40 kV and 80 mA, respectively. The average

crystallite size was calculated using the Scherrer formula (d¼ 0.9l/

Bcosq, where d, l, B and q are crystallite size, Cu Ka wavelength

(0.15418 nm), full width at half maximum intensity (FWHM) in

radians and Bragg’s diffraction angle, respectively), after cor-

recting the instrumental broadening. Transmission electron

microscopy (TEM) analyses were conducted on a JEM-2100F

electron microscope (JEOL, Japan), using a 200 kV accelerating

voltage. The Brunauer–Emmett–Teller (BET) specific surface

area (SBET) of the powders was analyzed by nitrogen adsorption in

a Micromeritics ASAP 2020 nitrogen adsorption apparatus

(USA). All of the as-prepared samples were degassed at 180 �C

prior to nitrogen adsorption measurements. The BET surface area

was determined by a multipoint BET method using adsorption

data in the relative pressure (P/P0) range of 0.05–0.3. A desorption

isotherm was used to determine the pore size distribution via the

Barret–Joyner–Halender (BJH) method, assuming a cylindrical

pore model. The nitrogen adsorption volume at a relative pressure

(P/P0) of 0.994 was used to determine the pore volume and

average pore size. UV-vis diffused reflectance spectra of the

samples were obtained for the dry-pressed disk samples on a UV-

vis spectrophotometer (UV2550, Shimadzu, Japan). BaSO4 was

used as a reflectance standard in a UV-vis diffuse reflectance
Energy Environ. Sci., 2011, 4, 1364–1371 | 1365
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Table 1 Effects of R on the physicochemical properties and QE of Cu(OH)2/TiO2 samples

Samples R Cu(OH)2 (mol.%) (ICP-AES) ACS a (nm) SBET (m2 g�1) PV b (cm3 g�1) Porosity (%) QE (%)

C0 0 0 22.5 (A), 42.7 (R) 40.9 0.11 30.6 0.07
C0.05 0.05 0.026 23.1 (A), 43.5 (R) 45.6 0.20 42.6 5
C0.25 0.25 0.16 23.6 (A), 43.5 (R) 43.4 0.21 43.8 9.4
C1 1 0.29 23.7 (A), 43.8 (R) 42.5 0.17 38.6 13.9
C2 2 0.42 24.0 (A), 44.1 (R) 43.9 0.18 38.6 10.3
C7 7 3.3 26.6 (A), 44.8 (R) 42.0 0.17 38.6 0.35
C100 100 5.1 (Cu(OH)2) 82.1 0.33 55.0 0

a A and R denote anatase and rutile, respectively. ACS: Average crystallite size. b A and R denote anatase and rutile, respectively. PV: Pore volume.
experiment. The X-ray photoelectron spectroscopy (XPS)

measurement was done in an ultra-high vacuum VG ESCALAB

210 electron spectrometer equipped with a multichannel detector.

The spectra were excited using Mg Ka (1253.6 eV) radiation

(operated at 200 W) of a twin anode in the constant analyser

energy mode with a pass energy of 30 eV. Photoluminescence (PL)

spectra were measured at room temperature on an F-7000 Fluo-

rescence Spectrophotometer (Hitachi, Japan). The excitation

wavelength was 300 nm, the scanning speed was 1200 nm min�1,

and the PMT voltage was 700 V. The widths of the excitation slit

and emission slit were both 5.0 nm.
Fig. 1 XRD patterns of the samples C0, C0.05, C0.25, C1, C2, C7 and

C100.
2.3 Photocatalytic hydrogen production

The photocatalytic hydrogen production experiments were per-

formed in a 100 mL Pyrex flask at ambient temperature and

atmospheric pressure, and the openings of the flask were sealed

with silicone rubber septums. Four low power UV-LEDs (3 W,

365 nm) (Shenzhen LAMPLIC Science Co. Ltd. China), which

were positioned 1 cm away from the reactor in four different

directions, were used as light sources to trigger the photocatalytic

reaction. The focused intensity and areas on the flask for each

UV-LED was ca. 80.0 mW cm�2 and 1 cm2, respectively. In

a typical photocatalytic experiment, 50 mg of Cu(OH)2/TiO2

photocatalyst was suspended in 80 mL mixed solution of 0.09 M

ethylene glycol and water. Prior to irradiation, the suspension of

the catalyst was dispersed by an ultrasonic bath for 10 min, and

then bubbled with nitrogen through the reactor for 40 min to

completely remove the dissolved oxygen and ensure the reactor

was in an anaerobic condition. A continuous magnetic stirrer

was applied at the bottom of the reactor in order to keep the

photocatalyst particles in suspension status during the whole

experiments. A 0.4 mL gas was intermittently sampled through

the septum, and hydrogen was analyzed by gas chromatography

(GC-14C, Shimadzu, Japan, TCD, with nitrogen as a carrier gas

and 5 �A molecular sieve column). All glassware was carefully

rinsed with deionized water prior to use. The QE was measured

and calculated according to eqn (1):

QE½%� ¼ number of reacted electrons

number of incident photons
� 100

¼ number of evolved H2 molecules � 2

number of incident photons
� 100

(1)

The Chemical Oxygen Demand (COD) value before and after

photocatalytic reaction was analyzed by the acidity potassium

dichromate (K2Cr2O7) method.
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3. Results and discussion

3.1 Phase structures and morphology

XRD was used to identify and determine the phase structures

and average crystallite size of the as-prepared samples. Fig. 1

shows XRD patterns of the C0, C0.05, C0.25, C1, C2, C7 and

C100 (Cu(OH)2) samples. It can be seen that only the anatase

and rutile phases of TiO2 were identified for pure TiO2 (C0) and

Cu(OH)2/TiO2 photocatalysts (C0.05, C0.25, C1, C2 and C7).

No characteristic diffraction peaks of Cu(OH)2 were observed

because of its low loading content and weak crystallization.

When R ¼ 100, six main diffraction peaks near or at 2q ¼ 16.7,

23.8, 34.1, 35.9, 39.8 and 53.2� can be observed, corresponding to

(020), (021), (002), (111), (130) and (150) plane diffraction of

Cu(OH)2 [JCPDS No.12–420, Orthorrhombic, space group:

Cmcm (63)], respectively. For all Cu(OH)2/TiO2 photocatalysts

with different R, characteristic diffraction peaks of anatase and

rutile TiO2 are observed, and there are no obvious changes of

intensities and widths. This implies that there is no significant

change observed in phase structure and crystallite size of TiO2

during the whole precipitation. Also no evident shift in the peak

positions is observed in each of the as-prepared Cu(OH)2/TiO2

samples, suggesting that the deposited Cu(OH)2 clusters do not

incorporate into the lattice of TiO2, and are probably attached

on the surface of TiO2 particles.

The average crystallite size of anatase, rutile and Cu(OH)2,

calculated from the main diffraction peaks of anatase (101),
This journal is ª The Royal Society of Chemistry 2011
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rutile (110) and Cu(OH)2 (021) using Scherrer’s equation, are

listed in Table 1. All Cu(OH)2/TiO2 samples have almost the

same crystallite size (ca. 23 nm for anatase, 44 nm for rutile),

indicating that the deposition of Cu(OH)2 clusters on the surface

of TiO2 has no obvious influence on its crystallite size and

morphology. This is ascribed to the fact that ambient tempera-

ture deposition of Cu(OH)2 does not have enough energy to

stimulate the growth of TiO2 crystal.42 TEM was further used to

observe the morphology and microstructures of as-prepared

samples. Fig. 2 shows a typical TEM image of Cu(OH)2/TiO2

(sample C1). Many small Cu(OH)2 clusters with size of ca. 1–3

nm can be clearly observed in Fig. 2. These small Cu(OH)2

clusters are uniformly dispersed on the surface of the TiO2

nanoparticles.
Fig. 3 UV-vis diffuse reflection spectra of C0, C0.05, C0.25, C1, C2, C7

and C100. The insets show the UV-vis absorption spectrum of 1 mM

Cu(NO3)2 aqueous solution and the colors of C0, C1 and C100.
3.2 UV-Vis diffuse reflection spectra

Fig. 3 shows the UV-vis diffuse reflectance spectra of the bare

TiO2 and Cu(OH)2/TiO2 photocatalysts. As shown in the Figure,

the absorption intensity of TiO2 starts to increase at �410 nm,

corresponding to the intrinsic band gap absorption of rutile

TiO2, indicating a band gap of 3.0 eV, which coincides with the

value reported in the literature.43 As for Cu(OH)2/TiO2, the

spectra show absorption in the �700–800 nm region and an

absorption shoulder at �450 nm, in addition to the onset of

absorption at �410 nm. The 700–800 nm absorption can be

assigned to the Cu(II) d–d transition.43 In fact, the spectrum of

the Cu(NO3)2 aqueous solution shows absorption centered at

�700–800 nm (inset of Fig. 3). Irie et al. have ascribed the

absorption at �450 nm of Cu(OH)2/TiO2 to the direct interfacial

charge transfer (IFCT) from the VB of TiO2 to Cu(II).43 The

absorption at �450 and 700–800 nm increased with increasing

amounts of the deposited Cu(OH)2. In comparison to pure TiO2

(C0), no great change in the absorption edge of the Cu(OH)2/

TiO2 samples was observed, also implying that Cu(OH)2 was not

incorporated into the lattice of TiO2, only deposited on its

surface.
Fig. 2 High-magnification TEM images of sample C1.
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3.3 Band gap level analysis

For effective photocatalytic H2-production, the conduction band

edge of a semiconductor photocatalyst should be more negative

than the H+/H2 potential. Therefore, it is of great importance to

determine the band edges, especially the conduction band edge

level of a semiconductor photocatalyst. Herein, the band edge

positions of the conduction band and valence band of a semi-

conductor can be determined by a simple approach.44,45,46 The

conduction band edge (ECB) of a semiconductor at the point of

zero charge (pHzpc) can be determined by the following

equation:

ECB ¼ c - Ee � 1/2Eg (2)

where ECB is the conduction band edge potential, c is the elec-

tronegativity of the semiconductor, expressed as the geometric

mean of the absolute electronegativity of the constituent atoms,

which is defined as the arithmetic mean of the atomic electron

affinity and the first ionization energy. Ee is the energy of free

electrons on the hydrogen scale ca. 4.5 eV. Eg is the band gap of

the semiconductor. The calculated conduction band position of

anatase TiO2 at the point of zero is about �0.26 eV, which is

more negative than the H+/H2 reduction potential. This indicates

that the photogenerated electrons on the conduction band of

TiO2 could energetically reduce the H+ to produce H2.

3.4 BET surface areas and pore size distributions

Usually, photocatalysts with higher specific surface areas and

bigger pore volumes are beneficial for the enhancement of pho-

tocatalytic performance due to there being more surface active

sites for the adsorption of reactant molecules, ease of trans-

portation of reactant molecules and products through the

interconnected porous networks, and enhanced harvesting of

light.12 Therefore, the effects of Cu(OH)2 loading on the pore

structure and BET surface areas of as-prepared samples are

investigated by the adsorption–desorption measurement. Fig. 4

shows the nitrogen adsorption/desorption isotherms and the

corresponding pore-size distribution curves (inset) of C0 and C1.
Energy Environ. Sci., 2011, 4, 1364–1371 | 1367
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Fig. 4 Nitrogen adsorption–desorption isotherms and the correspond-

ing pore-size distribution curves (inset) of C0 and C1.

Fig. 5 High-resolution XPS spectra of Cu 2p of samples (a) pure

Cu(OH)2 (C100), (b) C1 and (c) C1 after 5 h photocatalytic hydrogen

production from ethylene glycol aqueous solution under UV-LED irra-

diation.
It can be seen from Fig. 4 that the pure TiO2 (C0) and Cu(OH)2/

TiO2 (C1) samples have isotherms of type IV from the Brunauer–

Deming–Deming–Teller (BDDT) classification, indicating the

presence of mesopores (2–50 nm).12,47–49 The shapes of the

hysteresis loops are of type H3 at a high relative pressure range of

0.8 to 1.0, indicating the presence of slit-like pores. The isotherms

show high absorption at a high relative pressure (P/P0) range

(approaching 1.0), implying the formation of large mesopores

and macropores.12,47–49 Further observation shows that the

isotherms of C1 shift up compared to C0, suggesting C1 with

higher surface areas. The pore size distribution curves (see inset

of Fig. 4) calculated from the desorption branch of the nitrogen

isotherms by the BJH method show a wide range of 2–103 nm

with a peak pore diameter of about 50 nm for sample C0 and 2–

133 nm with a peak pore diameter of about 48 nm for sample C1,

further confirming the presence of mesopores and macropores.47

Table 1 shows quantitative details on BET surface area, pore

volume and porosity of TiO2 and Cu(OH)2/TiO2 samples. The

Cu(OH)2/TiO2 samples show an increase in specific surface areas,

pore volume and porosity compared with pure TiO2, which can

be ascribed to an increased formation of TiO2 crystallite aggre-

gates.
3.5 XPS analysis

To analyze the chemical composition of the prepared samples,

and to identify the chemical status of Cu element in the samples,

XPS analysis was carried out. The XPS survey spectrum (not

shown here) of C1 indicates that Ti, O, Cu and C elements are

observed and the corresponding photoelectron peaks appear

respectively at binding energies of 458 (Ti2p), 530 (O1s), 932

(Cu2p) and 285 eV (C1s). The atomic ratio of Ti to O is about

1 : 2, which is in good accordance with the nominal atomic

composition of TiO2. The Cu peaks come from Cu(OH)2. The C

element is visible due to the residual carbon from the sample and

adventitious hydrocarbon present in the XPS instrument itself.

Fig. 5 shows the comparison of high-resolution XPS spectra of

Cu in the 2p region for samples Cu(OH)2, C1, and C1 after

photocatalytic reaction for 5 h. For Cu(OH)2, the measured

binding energies of Cu 2p3/2 and Cu 2p1/2 are equal to 935.3 and

955.2 eV, respectively. Meanwhile, two shake-up lines located at

944.1 and 963.0 eV are clearly observed, which is indicative of the
1368 | Energy Environ. Sci., 2011, 4, 1364–1371
paramagnetic chemical state of Cu2+.50 The XPS spectrum of

sample C1 also shows typical Cu 2p3/2 and Cu 2p1/2 peaks with

the measured binding energy of 935.1 and 955.0 eV, respectively,

as well as their concomitant shake-up lines at 944.1 and 963.0 eV.

The above XPS result can convincingly confirm the +2 oxidation

state of copper existing on the surface of TiO2 (for the as-

prepared C1). This is also in good agreement with the above

XRD and UV-visible measurement results and reports from Irie

et al.43 However, after the 5 h photocatalytic reaction, the XPS

spectrum of sample C1 exhibits a significant change. Two shake-

up lines almost disappear and the binding energies of Cu 2p3/2

and Cu 2p1/2 shift to 932.7 and 952.6 eV, respectively, indicating

the formation of metal Cu due to the reaction of photo-generated

electrons.50 This also confirms the electron transfer from the CB

of TiO2 to Cu(OH)2.
3.6 PL spectra

The PL emission spectra were used to investigate the efficiency of

charge carrier trapping, immigration, transfer and separation,

and to understand the fate of photogenerated electrons and holes

in the semiconductor since PL emission results from the recom-

bination of free carriers.14,51,52 Fig. 6 presents a comparison of the

PL spectra of samples C0 and C1 in the wavelength range of 350–

550 nm. A fluorescence decrease (or quenching) is observed for

Cu(OH)2/TiO2. The PL spectrum of pure TiO2 (C0) is similar to

that of the Cu(OH)2/TiO2 photocatalyst (C1). For the two

samples, three main emission peaks appear at about 409, 451 and

468 nm, which were equivalent to 3.03, 2.75 and 2.65 eV,

respectively. One of the major emission peaks at about 411 nm is

ascribed to the interband PL phenomenon with the energy of

light approximately equal to the band gap energy of rutile. The

PL peaks at 451 and 468 nm are attributed to band edge free

excitons. In addition, there are four small peaks observed in the

wavelength range 480 to 550 nm. These PL signals are attributed

to excitonic PL, which mainly results from surface oxygen

vacancies or defects of the Cu(OH)2/TiO2 photocatalysts.14,52
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Comparison of the photoluminescence spectra of samples C0 and

C1.
The PL intensity of Cu(OH)2/TiO2 exhibits a decrease compared

with pure TiO2. This implies that Cu(OH)2/TiO2 has a lower

recombination rate of electrons and holes under UV light irra-

diation. This is ascribed to the fact that the electrons are excited

from the valence band to the conduction band of TiO2 and then

migrate to Cu(OH)2 clusters, which prevent the direct recombi-

nation of electrons and holes.
3.7 Photocatalytic activity

Photocatalytic H2-production activity on various samples was

evaluated under UV-LED irradiation using ethylene glycerol as

a scavenger.32–35 Control experiments indicated that no appre-

ciable hydrogen production was detected in the absence of either

irradiation or photocatalyst, suggesting that hydrogen was

produced by photocatalytic reactions on photocatalyst. Fig. 7

presents the comparison of the photocatalytic H2-production

activity of TiO2 and Cu(OH)2/TiO2 samples. R exhibits a signif-

icant influence on the photocatalytic activity. For C0, it shows
Fig. 7 Comparison of the photocatalytic activity of C0, C0.05, C0.25,

C1, C2, C7 and C100 for the photocatalytic H2-production from ethylene

glycol aqueous solution under UV-LEDs irradiation.
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a very low photocatalytic activity because of the rapid recom-

bination between CB electrons and VB holes in pure TiO2 and

the presence of a large overpotential in the production of H2.

After loading only a small amount of Cu(OH)2 clusters, the

activity of C0.05 is remarkably improved. The photocatalytic

activity of the samples further increased with increasing R from

0.05 to 1. The highest H2-production rate, obtained for sample

C1, is 3418 mmol h�1 g�1, with 13.9% QE. This value exceeds that

of pure TiO2 (C0) by a factor of 205. At RCu > 1, a further

increase in Cu(OH)2 content leads to a reduction of the photo-

catalytic activity. Especially at RCu ¼ 7, the photocatalytic

activity of C7 has a drastic decrease. This is probably due to the

combined effects of following factors: (i) the decrease (or

shielding) of the TiO2 surface active sites due to deposition of

excessive Cu(OH)2 clusters; (ii) deterioration of the catalytic

properties of Cu(OH)2 clusters or disappearance of surface effect

due to the increase of their particle size;53,54 (iii) increase in the

opacity leading to a decrease of irradiation passing through the

reaction suspension solution.55 No hydrogen can be detected

when Cu(OH)2 alone is used as the catalyst, suggesting that pure

Cu(OH)2 was not active for photocatalytic H2 production under

the experimental conditions studied.

From what has been observed and discussed above, we can

draw several important conclusions: (1) The TiO2 without

Cu(OH)2 cluster modification is inactive for photocatalytic

hydrogen generation under UV light irradiation, although the

conduction band level of anatase TiO2 is more negative than the

reduction potential of H+/H2. (2) After Cu(OH)2 cluster modi-

fication, the photocatalytic activity of samples can be greatly

enhanced. (3) The H2-production activity of Cu(OH)2 cluster-

modified TiO2 can be controlled by tuning the Cu(OH)2 content.

Based on the above results, the photocatalytic mechanisms are

proposed in Fig. 8. Although the conduction band edge of

anatase is higher (or more negative) than the reduction potential

of H+/H2, the rate of H2 generation was negligible over bare TiO2

without Cu(OH)2 clusters. This can be understood by consid-

ering the rapid recombination rate of CB electrons and VB holes

and the presence of a large H2-production overpotential in pure

TiO2. Once the sample was modified with Cu(OH)2, the potential

of Cu(OH)2/Cu was about �0. 224 V (vs SHE, pH ¼ 0);56 thus, it

can be expected to act as a co-catalyst to reduce protons effi-

ciently (E0
H+/H2 ¼ 0 V vs. SHE, pH ¼ 0). Therefore, under UV

light irradiation, the VB electrons of TiO2 are excited to CB.

Because the potential (�0.224 V vs. SHE, pH ¼ 0)) of Cu(OH)2/

Cu is slightly lower than the CB level (about �0.26 V) of anatase

TiO2, the photoinduced electrons in the CB can be further

transferred to Cu(OH)2 clusters and then effectively reduce

protons to produce H2 molecules. This also retards the recom-

bination of photoinduced electrons and holes. Consequently,

high photocatalytic H2-production activity is achieved over TiO2

samples as a result of surface Cu(OH)2 modification. However

the holes in the VB cause the decomposition of sacrificial reagent

ethylene glycol. Therefore, it is not surprising that when R is

lower than 1, with increasing Cu(OH)2 content, more Cu(OH)2

clusters are deposited on the TiO2 surface, resulting in the

increase of the activity. On the contrary, when R is higher than 1,

with further increasing Cu(OH)2 content, the particle size of the

Cu(OH)2 clusters increases, the surface effect becomes weak or

disappears, causing the reduction of the photocatalytic activity.
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Fig. 8 (a) Schematic illustration for the charge transfer and separation

in the Cu(OH)2 cluster-modified TiO2 system under UV-LED irradiation.

(b) Proposed mechanism for photocatalytic H2-production under UV

light irradiation.

Fig. 9 The COD value for the reaction solution and the amount of H2-

production as a function of irradiation time over sample C1 under UV-

LED irradiation.
The above fluorescence quenching experiments further confirm

the transfer of photogenerated electrons from TiO2 to Cu(OH)2

clusters and the favorable (or close) contact between Cu(OH)2

cluster and TiO2 nanoparticles. It should be to be noted that at

the beginning, the transferred electrons from TiO2 CB to

Cu(OH)2 clusters will cause the reduction of partial Cu2+ to Cu0

atoms, and then the formation of Cu clusters. These Cu clusters

can work as a co-catalyst to promote the separation and transfer

of photo-generated electrons from the TiO2 CB to the Cu(OH)2/

Cu cluster, where H+ is reduced to hydrogen molecules. The

major reaction steps in this photocatalytic mechanism under UV

light irradiation are summarized by eqn (3) and (4).

Cu(OH)2 + 2e� ¼ Cu + 2OH� (3)

Cu + 2e� + 2H+ ¼ Cu + H2 (4)

To confirm the fact that the photocatalytic hydrogen production

was accompanied by the degradation of ethylene glycol, the

COD value, reflecting the level of organic pollutant concentra-

tion, was measured in the presence of C1. Fig. 9 shows the COD

value of the solution and the amount of hydrogen production as
1370 | Energy Environ. Sci., 2011, 4, 1364–1371
a function of photocatalytic reaction time under UV-LED irra-

diation over the sample C1 from a 5.9 mM ethylene glycol

aqueous solution. The initial COD value of the ethylene glycol

aqueous solution was 469 mg L�1; with increasing irradiation

time, this value decreased to 287 mg L�1, while the amount of

hydrogen production increased significantly from 0 to 3762 mmol

g�1 after 6 h of light irradiation. The reduction of the H+ and the

degradation of ethylene glycol occurred simultaneously. To

further test the repeatability of photocatalytic H2-production on

sample C1, we carried out the photocatalytic H2-production

experiment repeatedly five times (not shown here). The photo-

catalyst is stable under repeated application with nearly constant

H2-production rate, showing that sample C1 was not deactivated

during the photocatalytic H2-production.
4. Conclusions

In summary, we have successfully developed a simple precipita-

tion method to fabricate highly active Cu(OH)2 cluster-modified

TiO2 photocatalysts for photocatalytic H2 production. Cu(OH)2

clusters are effective co-catalysts to enhance the photocatalytic

H2-production activity of TiO2, and its content exhibits a signif-

icant influence on the activity. The optimal Cu(OH)2 loading

content is determined to be 0.29 mol%, and the corresponding

hydrogen production rate is 3418 mmol h�1 g�1 with a QE of

13.9%, which exceeds that of pure TiO2 by more than 205 times.

The potential of Cu(OH)2/Cu are deemed to be lower than the

conduction band of TiO2 and more negative than the H+/H2

potential, which favors the electron transfer from the CB of TiO2

to Cu(OH)2 and the reduction of H+, thus enhancing photo-

catalytic H2-production activity. This work not only shows

a possibility for the utilization of low cost Cu(OH)2 clusters as

a substitute for noble metals in photocatalytic hydrogen

production, but also exhibits a facile method for fabricating

highly active H2-production photocatalysts by a simple precipi-

tation reaction.
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