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bstract

CuAlO2/TiO2 heterojunction was prepared and studied for its potential application as dispersed photoelectrode capable to generate H2 under
isible light. Transport properties of delafossite CuAlO2, i.e. thermoelectric power and electrical conductivity were studied and correlated to
n optical and photoelectrochemical characterization to establish energetic diagram of the heterosystem CuAlO2/TiO2. The valence and the
onduction bands were estimated to be respectively of −0.05 and of −1.34 V/SCE, which permit electron injection from activated CuAlO2 to an
ctivated TiO . This fact permitted a physical separation of charge carriers. Photocatalytic experiment performed using S2− and S O 2− showed
2 2 3

fficiency respectively of 5265 and 60 �mol and then after 40 min of irradiation by visible light. The ideal heterojunction composition was CuAlO2

300 mg)/TiO2 (75 mg). In all cases, the heterosystem was found to be more efficient than CuAlO2 alone whatever the conditions. The optimal pH
alue was estimated to be of 11.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Solar hydrogen production using semiconductor (SC) mate-
ials continue to attract much attention since the first reports on
his innovation in the beginning of the 1970s [1–3]. As it is well
dmitted, hydrogen energy is one of the most serious candidates
o replace the fossil fuel [4]. In addition, hydrogen is renewable,
t possesses one of the highest energy capacity per unit mass
nd does not produce any pollutant during combustion [5]. The
evelopment of water photoelectrolysis technology is intimely
onnected to the development of materials [6]. Two types of
aterials are usually used for such applications: (i) wide band

ap SC such as TiO2, which has the advantage of high stability
oward photocorrosion and can split water simultaneously into

2 and O2. However, they absorb only the UV light and are
f little practical use in regard to solar emission, which contain

ess than 4% of UV irradiation. (ii) Narrow band gap SC such as
dS absorbs visible light and is very attractive for solar energy
onversion. Nevertheless, this type of SCs has commonly a sub-
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ect of photocorrosion and is challenged to be stabilised for long
erm of utilisation in aqueous electrolytes.

Recently, very interesting SC crystallizing in the delafossite
tructure (CuAlO2) has been developed for solar to hydrogen
onversion under visible light [7]. CuAlO2 is a very stable mate-
ial, even in strong acidic electrolytes such as HCl, HClO4 or
qua regia and then for long periods of time. Preliminary inves-
igations of CuAlO2 properties and photocatalytic performance
howed that this material is able to generate hydrogen under vis-
ble light. However, their performances remain moderated and
uffer of a charge carrier lost by recombination and then even
y using holes scavenger such as S2− or S2O3

2− [7].
Noble metal or noble metal oxide such Pt, Au, Ag and RuO2

re commonly used to prevent charge carrier recombination by
heir act as electron accumulators which facilitate charge sepa-
ation and electron transfer [8–10]. However, it should be noted
hat these materials are costly and they are not easily recovered
fter use. Recently, some heterojunctions based on the coupling
f narrow and wide band gap SCs have been developed [11,12].
he synergy between the properties of each group of materials
esulted on an increasing of photocatalytic activity of compos-
te materials under visible illumination [13,14]. The physic that
akes place for this photoelectrode configuration can be applied
or an oxidation process (advanced oxidation process (AOP)),

mailto:ybessekhouad@yahoo.com
dx.doi.org/10.1016/j.jphotochem.2006.08.013
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for solar light harvesting contrary to TiO2, which possesses a
band gap of 3.2 eV as it is well known.

The study of the thermopower effect demonstrates that
CuAlO2 is p-type SC due to the positive coefficient S303 K
R. Brahimi et al. / Journal of Photochemistry a

s well as for a reduction process (H2 photoproduction from
ater).
The aim of this work is to progress our knowledge on some

hysico-chemical properties of CuAlO2 and to improve its pho-
ocatalytic performance by their use in the presence of TiO2.

. Experimental

.1. Heterojunction preparation

CuAlO2 was prepared by dissolving stoichiometric amounts
f Al(NO3)3·9H2O (Merck, >98%) and CuO (Riedel-deHaën,
8%) in concentrated HNO3 solution. The obtained solution
as dehydrated by heating over flame until it became a black
recipitate. After grinding in mortar, the powder was calcined
t 900 ◦C for 18 h. TiO2 was purchased from Degussa (TiO2-
25) and used as received. The heterojunction CuAlO2/TiO2 was
btained by directly mixing both catalysts during photocatalytic
xperiment.

.2. Materials characterization

Powder X-ray diffraction (XRD) patterns of CuAlO2 and
iO2 were obtained with a Philips diffractometer equipped with
monochromated high intensity Cu K� in the scan range 2θ

etween 20◦ and 80◦.
Absorption and reflectance spectra of pure SCs were recorded

ith a Cary 500 UV-VIS-NIR spectrophotometer equipped with
n integrated sphere. BaSO4 was used as a reference to measure
ll samples. The spectra were recorded at room temperature in
ir in the range of 300–2000 nm enabling the study of the spectral
roperties of these materials.

The transport properties of CuAlO2 were studied by measur-
ng the dc electrical resistivity ρ by the two-terminal method
nd the thermopower data S (=�V/�T) were obtained using an
quipment described elsewhere [15]. CuAlO2 was used in the
orm of compactness-sintered pellets heated in the same condi-
ions as their preparation. A compactness of 83% was obtained.

Electrochemical measurements were performed in 1 M KOH
pH 13) using a “three electrode device”: the CuAlO2, a large
latinum counter electrode and a saturated calomel reference
lectrode (SCE) to which all potentials were quoted. The elec-
rolyte was continuously flushed with pure nitrogen gas. The
ntensity–potential J(V) characteristics were recorded with a
RT 20-2X Tacussel potentiostat. A 200 W Oriel (model 66183)

ungsten–halogen lamp was used as a light source. The light
ntensity of 74 mW cm−2 was estimated by a light-meters to
ttain the surface of the working electrode.

Photocatalytic experiments were carried out in a closed sys-
em equipped with a Pyrex double wall reactor connected to a
hermostatic bath, whose temperature was fixed at 50 ± 0.1 ◦C.
he closed system was connected to a water manometer. The
etailed assembly was reported previously [16]. Typically for

ach experiment, powder catalyst is suspended by magnetic stir-
ing in 200 ml of aqueous S2− or S2O3

2− (0.025 M) solution and
ubmitted to three tungsten lamps each one of 200 W. Prior to
rradiation, the mixture is flushed with N2 for 30 min to remove
otobiology A: Chemistry 186 (2007) 242–247 243

issolved oxygen from the electrolyte. Qualitative H2 identifi-
ation has been made using gas chromatography techniques in
hich a molecular sieve 13× column and an Ar as gas carrier
ere used.

. Results and discussion

The X-ray powder pattern of CuAlO2 revealed a well-
rystallized single phase with the space group R3m, according to
he JSPDS No. 35-1401. The unit cell parameters (a = 0.2855 nm
nd b = 1.6947 nm) are in good agreement with our previous
esults [7]. The crystallite size was determined according to
he Scherrer equation using the full-width at half-maximum
FWHM) of the peak presenting the highest intensity (0 2 1).
he crystallite size was estimated to be 29 nm. This value is
maller than that obtained for CuAlO2 prepared by a solid-state
eaction at 1150 ◦C [7]. The XRD pattern of commercial TiO2-
25 reveled, as it is well known a mixture of anatase and rutile
hases with a major composition on anatase.

Diffuse reflectance spectroscopy was used to determine the
ptical properties of pure CuAlO2. Indeed, the band gap was
etermined by plotting (�hν)n versus hν and extrapolating the
inear portion which intercept the energy axes hν. α is the
bsorption coefficient, which depend on the wavelength, n can
ake the value 1/2 or 2, respectively, for indirect and direct
ptical transition. It should be noted that α is proportional to
n[(Rmax − Rmin)/(R − Rmin)], where reflectance decreased from
max to Rmin due to the semiconductor absorption. R is the inter-
ediate for any intermediate energy photons [17]. As presented

n Fig. 1, indirect optical transition was observed at 1.29 eV and
orresponds to the band gap energy. This value is inferior to that
bserved by others by about 0.4 eV [7,18] probably due to the
ecreasing of the particle size, generated from the preparation
ethod which can induce an optical shifting of the band gap [19].
his result suggested that CuAlO2 (1.29 eV) is more adequate
Fig. 1. Indirect band gap transitions of CuAlO2.
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to the separation between the Fermi level and the valence band
that is determined from the thermoelectric power measurement.
The valence band was located at 5.01 ± 0.1 eV below vacuum,
a value in good agreement with that obtained for isostructural
Fig. 2. Temperature dependence of thermopower (S) of CuAlO2.

270.60 �V K−1) (Fig. 2). This type of conductivity is typical
or CuMO2 SC in which a small amount of oxygen is usually
ntercalated into the host layered lattice. This implies a lim-
ted generation of Cu2+ as required by the charge compensation

echanism and imposed by the delafossite structure. The ther-
al variation of S indicates that the conductivity is assumed

y small hopping polarons between Cu+/2+ ions mixed valences
i.e. Cu sites), which is traduced by a low value of activation
nergy (�ES = 0.008 eV). �ES was determined according to the
ollowing equation that can be applied for such a mechanism:

= k

e

�ES

kT
= k

e
ln

(
N0

NA

)

0 and NA are respectively the density of unoccupied and occu-
ied polarons sites. The low �ES value indicates that all charge
arriers are ionized at room temperature and participate to the
onduction. In this regard, small polarons have high concentra-
ion and low mobility. Some physical properties of CuAlO2 are
eported in Table 1.

The plotting of the log σ versus 1000/T shows that the elec-
rical conductivity follows an Arrhenius law: σ = σ0 e−�E/kT.

Eσ = 0.26 eV is obtained from the slope of the linear portion
Fig. 3).
Photoelectrochemical characterization was performed in the
im to determine the flat band potential (Vfb) and to confirm
he p-type character of CuAlO2, elucidated from the J(V) curves
oth in the dark and under illumination (Fig. 4). The apparition

able 1
ome physico-chemical properties of CuAlO2

g (eV) 1.29

fb (V) −0.13
(� m)−1 0.203
(�V K−1) 270.6

0 (cm−3) 2.502 × 1022

A (cm−3) 1.09 × 1021

m (cm−3) 2.75 × 1021

Eσ (eV) 0.26
ES (eV) 0.08 F

i

Fig. 3. Temperature dependence of the conductivity (σ) of CuAlO2.

f the photocurrent Jph started at a potential VON of −0.13 V
nd increased towards cathodic direction, which is typical of
-type behavior. It was also observed that Jph increased slowly
ithout reaching a limited potential value. This fact is attributed

o the high resistivity of the electrode in which, under illumi-
ation, a large part of created charges are lost by trapping at
rain boundaries. The potential VON can be reasonably consid-
red as the potential (Vfb) that correspond to the position of the
alence band for highly doped SC. It should be noted that Vfb
as found insensitive to pH variation, which indicates that the
alence band does not derive from deep oxygen O 2p generally
bserved for most oxides such as TiO2 and SrTiO3. Neverthe-
ess, the valence band position of CuAlO2 can be predicted using
he known equation [20]:

VB = 4.75 + eVfb + 0.059(pH − pHpzzp) + �ES

Hpzzp is the pH at the point of zero zeta potential (pzzp) and was
ound to be 7.75, �ES is the activation energy and correspond
ig. 4. J(V) characteristics of CuAlO2/1 M KOH/Pt plotted in the dark and under
llumination with a scan rate of 3 mV/S.
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ig. 5. H2-amount toward CuAlO2 mass in S2− (0.025 M) electrolyte at
H ∼ 13.

xides for instance CuMnO2 and CuYO2 [20,21]. The case of
ernary oxide (CuI+MIII+O2) crystallized in delafossite structure
s singular as well as attractive due to the fact that the valence
and is made mainly from Cu 3d orbitals. This property leads to
uitable applications of these SCs to water photoelectrolysis, in
articular because of the H2O/H2 potential can be well matched
o the conduction band through the pH variation.

.1. Photoactivity

Fig. 5 shows the hydrogen production under illumination of
ure CuAlO2 suspended in S2− solutions at different concentra-
ions of the catalyst. It should be noted that the amount of H2 pro-
uction was taken after 40 min of irradiation above which a sat-
ration plateau is reached. The saturation is induced by the com-
etitive reduction of end products (Sn

2−, 2 ≤ n ≤ 5) and the shift
f H2O/H2 potential along cathodic direction. Before 40 min, a
inear evolution of H2 is observed. At first sight, H2 produc-
ion increased drastically with increasing catalyst concentration
ntil to attain a maximum volume (870.53 �mol) for a catalyst
oncentration of 1.5 g/l, above which a decrease in the photoac-
ivity is observed. The increasing of H2 production is attributed
o the increasing of the catalyst amount in which each particle,
ttained by photons, participates to the creation of charge carriers
nd accordingly increases the process of oxidation and reduc-
ion. When the concentration reached a critical value, the excess
f the catalyst acts as an optical filter and in this regard, the par-
icles become inactive. Further problems that can occur include
he fact that inactivated particles can act as an electron–hole
rapping system, inducing charge lost by recombination. These
henomenons are traduced, in our case, by decreasing H2 pro-
uction for catalyst concentration greater than 1.5 g/l. The best
atalyst concentration (1.5 g/l) was selected to investigate pho-
ocatalytic performance of CuAlO2/TiO2 heterojunction.
Fig. 6 shows the photocatalytic activity of CuAlO2/TiO2 in
hich the mass of CuAlO2 was maintained constant (300 mg)
hereas that of TiO2 varies between 0 and 300 mg. The amount
f H2 production was taken at the referenced time that is to say

C

W
m
t

ig. 6. H2-amount toward TiO2 mass in S2− (0.025 M) electrolyte at pH∼13,
he mass of CuAlO2 (300 mg) was kept constant.

fter 40 min of irradiation. As observed in Fig. 6, the addition of
n appropriate amount of TiO2 is very beneficial for improving
2 production that means photocatalytic conversion efficiency.
he maximum conversion efficiency was obtained for 75 mg of
iO2 in which 5265 �mol of H2 was obtained. This efficiency is
ix-fold greater than that obtained for pure CuAlO2. Excess of
iO2 induced a drastic decrease of conversion efficiency. How-
ver, this fact cannot be ascribed to the formation of an optical
lter, since TiO2 is completely transparent to visible light. Nev-
rtheless, it should be taken into account that TiO2 possesses
large resistivity and the loss of generated charges during the
hotocatalytic process is highly envisaged.

.2. Photocatalytic process

The catalytic process taking place for pure CuAlO2 and
uAlO2 loaded TiO2 under visible irradiation can be presented
s follows: when CuAlO2 is activated under visible light electron
e−), hole (h+) pairs are generated and subsequently separated by
he junction electric field developed across the depletion layer.
he electrons and holes migrate in opposite directions according

o the p-type conductivity of CuAlO2, i.e. the electrons migrate
n the direction of the illuminated side of the particle to react
ith adsorbed water and produce H2. In contrast, holes move in

he opposite direction, i.e. they move to the particles dark side
o convert adsorbed sulfide into a mixture of polysulfide Sn

2−.
he elementary processes can be summarized as follows

uAlO2 + (hν) → CuAlO2(e−, h+) (1)

CuAlO2(e−) + H2O

→ CuAlO2 + (1/2)H2 + OH− (Illuminated side) (2)

+ 2− 2−
uAlO2(h ) + nS → CuAlO2 + Sn (Dark side) (3)

hen TiO2 is added to CuAlO2 and the resulted system is sub-
itted to visible light, only CuAlO2 is activated. The processes

aking place into CuAlO2 remained the same as in the case of
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ure material except that the produced electrons are injected into
he conduction band of TiO2 for reducing at their surface water
nto gaseous H2 following to the processes:

uAlO2 + (hν) → CuAlO2(e−, h+)

uAlO2(e−) + TiO2 → CuAlO2 + TiO2(e−) (4)

uAlO2(e−, h+) + TiO2 → CuAlO2(h+) + TiO2(e−) (5)

iO2(e−) + H2O → TiO2 + (1/2)H2 + OH− (6)

uAlO2(h+) + nS2− → CuAlO2 + Sn
2−

he main advantages of this heterojunction according to the high
onversion efficiency obtained in this work are the following: (i)
he conduction band of TiO2 seems to be more well matched to

H2O/H2 than the conduction band of CuAlO2 which favors the
inetic of electron transfer at the interface TiO2/electrolyte; (ii)
he difference of energy between the respective conduction band
f each SC (δEαECB/CuAlO2 − ECB/TiO2 = 0.36 eV) is traduced
y a strong driving force for electron injection which leads to
n improvement of charges separation and an increase of the
harges carrier lifetime.

.3. pH effect

The effect of the pH on the photocatalytic performance of this
unction was realized using S2O3

2− as hole scavenger instead of
2−, S2O3

2− exhibits a wide range of chemical stability against
H (5.5 < pH < 14). As observed in Fig. 7, an augmentation of pH
ncreases the H2 generation until a maximum value at pH ∼ 11,
bove which a drastic decreasing was observed. Considering
hat the electronic bands of CuAlO2 are pH-insensitive, the pH
ffect can be attributed then essentially to the modification of

iO2 band positions which are known to shift negatively with

ncreasing pH by −0.059/pH. However, this behavior can have
wo controversial effects: in the first place, energy narrowing
etween the respective conduction band of each SC favors the

ig. 7. pH dependence of H2-evolution of CuAlO2 (300 mg)/TiO2 (75 mg) (opti-
al ratio) heterojunction in S2O3

2− (0.025 M) electrolyte.
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ig. 8. Energy diagram of CuAlO2/TiO2 heterojunction at pH 13; the conduction
nd valence band of TiO2 was established according to Mimming reports [22].

inetic of electron transfer which is traduced by an increase of the
hotoactivity against pH. Furthermore, it leads to the decrease of
he driving force (δE), which reduces the efficiency of physically
harge separation. In any case, the maximal photoactivity for
ur system occurs at pH 11, which corresponds to the TiO2
onduction band of −0.85 V/SCE and a δE value of 0.49 eV.

It should be noted at this stage that the reactivity of holes
lays an important role in the heterojunctions application in
hotocatalysis. This fact is illustrated by the efficiency variation
f the heterojunction when used in S2O3

2− media instead of
2− at the same pH value (∼13). Indeed, H2 production in S2−
olution (5265 �mol) is very high compared to that obtained
ith S2O3

2− (60 �mol) under similar condition. As it is well
nown, the oxidation of S2O3

2− can generate mainly S4O6
2−

nd/or SO3
2−, identified in our case by plotting J(V) curves of

he obtained solution after a photocatalytic test (not presented
ere). The results, i.e. half-waves identification according to pre-
ious works [16] and the width of the inflection curves indicate
hat oxidation of S2O3

2− by holes induces mainly the production
f S4O6

2− in our experimental conditions with a potential E0

S4O6
2−/S2O3

2−) of −0.16 V. Therefore, it could be reasonable
o consider that the generated photovoltage in S2O3

2− media
s lower than that produced in S2− solution (see the energetic
iagram in Fig. 8). This fact influences directly the kinetic of
oles reactivity, which increases with the photovoltage, and as a
onsequence, improves the charges separation. Because of that,
he junction exhibited a better photoactivity in S2− electrolyte.

. Conclusion

An interesting approach to improve photocatalytic efficiency
f the narrow band gap CuAlO2 SC has been developed in the
resent work. CuAlO2 was easily prepared and some of its

hysico-chemical properties were studied. Pure CuAlO2 and
uAlO2 loaded TiO2 were applied to the H2 production and

ulfide and thiosulfate conversion into less harmful products
uch as Sn

2− and S4O6
2− under visible light irradiation. In the
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deal configuration CuAlO2 (300 mg)/TiO2 (75 mg) heterojunc-
ion showed efficiency six times greater than that of CuAlO2
nder the same experimental conditions. This activation was
ttributed to a better charge separation and an increase of elec-
rons transfer ascribed to the strong driving force developed in
he heterojunction. TiO2 can be considered, in this case, an elec-
ron accumulator. The importance of the holes reactivity against
he global process mechanism was studied using both S2− and
2O3

2− as reducing agents. The most important result is that
he efficiency of the system was found to be highly dependent
n the reactivity of holes, which leads to think that a judicious
hoice should be taken to select the suitable hole scavenger that
esults in high photovoltage. The fact that the energy bands of
iO2 depend on the pH and that those of CuAlO2 are insensi-

ive was exploited to adjust the respective conduction bands for
mproving the efficiency. The suitable pH value of 11 has been
etermined. TiO2 is cheap and has a high resistance to pho-
ocorrosion, which leads us to conclude that its use instead of
oble metal related oxide represents a real alternative. The use
uAlO2/TiO2 heterojunction, in which the properties of each
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he solar light conversion.
eferences

[1] A. Fujishima, K. Honda, Nature 238 (1972) 37–38.
[2] T. Bak, J. Nowotny, M. Rekas, C.C. Sorrell, Int. J. Hydrogen Energy 27

(2002) 991–1022.

[

[

otobiology A: Chemistry 186 (2007) 242–247 247

[3] M. Ni, M.K.H. Leung, D.Y.C. Leung, K. Sumathy, Renew. Sust. Energ.
Rev. 11 (2007) 401–425.

[4] J.A. Turner, Science 305 (2004) 972–974.
[5] J.A. Turner, Science 285 (1999) 687–689.
[6] M. Shokkumar, Int. J. Hydrogen Energy 23 (1998) 427–438.
[7] N. Koriche, A. Bouguelia, A. Aider, M. Trari, Int. J. Hydrogen Energy 30

(2005) 693–699.
[8] G.R. Bamwenda, S. Tsubota, T. Nakamura, M. Haruta, J. Photochem. Pho-

tobiol. A 89 (1995) 177–189.
[9] S. Sakthivel, M.V. Shankar, M. Palanichamy, B. Arabindoo, D.W. Bahne-

mann, V. Murugesan, Water Res. 38 (2004) 3001–3008.
10] T. Sano, N. Negishi, D. Mas, K. Takeuchi, J. Catal. 194 (2000) 71–79.
11] W. Siripala, A. Ivanovskaya, T.F. Jaramillo, S.H. Baeck, E.W. McFarland,

Sol. Energy Mater. Sol. Cells 77 (2003) 229–237.
12] Y. Bessekhouad, D. Robert, J.-V. Weber, Catal. Today 101 (2005) 315–

321.
13] Y. Bessekhouad, D. Robert, J.V. Weber, J. Photochem. Photobiol. A 163

(2004) 569–580.
14] S.V. Tambwekar, D. Venugopal, M. Subrahmanyam, Int. J. Hydrogen

Energy 24 (1999) 957–963.
15] S. Saadi, A. Bouguelia, M. Trari, Renew. Energy 31 (2006) 2245–

2256.
16] M. Younsi, A. Aider, A. Bouguelia, M. Trari, Sol. Energy 78 (2005)

574–580.
17] V. Kumar, T.P. Sharma, J. Phys. Chem. Solids 59 (1998) 1321–1325.
18] F.A. Benko, F.P. Koffyberg, J. Phys. Chem. Solids 45 (1984) 57–59.
19] A. Nozik, R. Memming, J. Phys. Chem. 100 (1996) 13061–13078.
43–48.
21] M. Trari, A. Bouguelia, Y. Bessekhouad, Sol. Energy Mater. Sol. Cells 90

(2006) 190–202.
22] R. Mimming, Electrochim. Acta 25 (1980) 77–88.


	CuAlO2/TiO2 heterojunction applied to visible light H2 production
	Introduction
	Experimental
	Heterojunction preparation
	Materials characterization

	Results and discussion
	Photoactivity
	Photocatalytic process
	pH effect

	Conclusion
	References


