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a  b  s  t  r  a  c  t

Self  photodriven  chromate  reduction  and  oxalic  acid  oxidation  are  concomitantly  achieved  over  the  new
hetero-system  CuCr2O4/ZnO.  The  absorption  of light  promotes  electrons  in the sensitizer  conduction
band  (CuCr2O4-CB)  with  a potential  (−0.95  VSCE),  too  negative  to  be  involved  in an  electron  exchange
with  HCrO4

− species.  The  improved  activity  is due  to  the electron  injection  from  activated  CuCr2O4 into
ZnO-CB  (−0.58  VSCE).  The  nitrate  route  is suitable  to  prepare  active  ZnO  on which  the  chromate  reduction

−

eywords:
hromate
hotoreduction
pinel CuCr2O4

nO
ydrogen

occurs.  A  reduction  of  more  than  60%  of HCrO4 is  achieved  in  air  equilibrated  solution  under  optimal
conditions  (pH∼3.5,  1  mg  catalyst  mL−1, 25 ◦C).  The  experimental  data  are  fitted  adequately  with  the
modified  Langmuir–Hinshelwood  model.  The  reduction  follows  a pseudo  first  order  kinetic  with  a  half
life of  53  min  for  a concentration  of  10−4 M.  The  oxidation  of  Cr3+ by photo  holes  and  the  competitive  water
reduction  are  though  to be  the  main  reasons  of  the  regression  in  the  photoactivity.  The  hetero-system
favours  hydrogen  formation,  with  a rate  evolution  of 15  �mol  h−1 mg−1.
olar

. Introduction

Thanks to the depletion of fossil energies reserves, a great inter-
st in the renewable energetic sources exists really [1,2]. Over the
ast decades, increasing concern with alternate solar power has
een focused on ecological objectives and mainly on water pollu-
ion issues [3]. So, the photoelectrochemistry has extended its field
o the elaboration of optically active materials concerning the envi-
onmental protection [4].  It is now well established that hexavalent
hromium is a carcinogenic product which is accumulated in living
rganisms. Large amounts are discharged in water by many indus-
ries like leather tanning, manufacturing, processes, electroplating
nd textiles. Cr(VI) exists at concentrations ranging from 50 ppm
o 200 ppm and as the water quality becomes more difficult to get
xacting, there has been renewed interest in the techniques for its
emoval. Cr(VI) is not biodegradable and must be eliminated at the
ource [5];  its concentration must be less than 5 ppm as required
y environmental standards in water pollution. The conventional
rocesses including ion exchange, activated carbon, reverse osmo-
is and membranes are either expensive or difficult to use [6].  Each

echnique has its own shortcomings and often does not comply
ith the threshold set up by the World Health Organization. In
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addition, some of them are inefficient at low concentrations and
can be used as post treatment in photocatalysis.

The photo electrochemical (PEC) conversion works under mild
operating conditions and is particularly attractive when the solar
constant averages 1.3 kW m−2 (Algeria). It has proven its usefulness
in the reduction of Cr(VI) into trivalent state which can be safely
recovered by precipitation and/or chelated on various substrates
[7]. In this regard, many semiconductor (SC) oxides have been used
to convert a variety of inorganic pollutants into less harmful forms
[8].  Unfortunately, the energy required to excite electrons from
the valence band (VB) to the conduction band (CB) is greater than
3 eV and the corresponding wavelengths lie in the UV region of the
solar spectrum which accounts only 4%. To these losses must be
added those due to low absorption which are more pronounced for
indirect transitions. On the other hand, the major handicap with
non oxide SC is their susceptibility to photocorrosion. The optical
gap (Eg) and the flat band potential (Vfb) are two crucial param-
eters which govern the quantum efficiency of PEC devices. Up to
now, little attention has been paid to the spinels family CuM2O4
despite their chemical stability and optical gap close to the ideal
value required in terrestrial applications [9],  M being a 3d metal.
The reduction of the gap occurs at the expense of change of VB
due to the more energetic t2g orbital which decreases the Eg value
to approximately 1.6 eV [10]. More recently, CuM2O4 are found to
be active sensitizers in the water reduction [11] where the over-

voltage may  be overcome owing to the cationic character of the
electronic bands and this is not the case of most oxides. The poten-
tial of CB can be properly matched with respect to redox levels
in order to allow a fast electron exchange otherwise the kinetic

dx.doi.org/10.1016/j.molcata.2011.10.026
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:solarchemistry@gmail.com
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f electron transfer becomes very slow and the photocorrosion
akes place. The difference (Ered − Vfb) exceeds 1 V and inhibits the
lectrons exchange leading to weak PEC performance. However,
he potential of CuM2O4-CB is pH insensitive whereas that of ZnO
sually varies by – 0.06 V pH−1 and we have used this property
o get an optimal band bending at the interface. Enhanced pho-
oactivity is attributed to the electron transfer from the sensitizer
uCr2O4-CB, activated by visible light, to ZnO-CB resulting in the
hromate reduction. The photo oxidation of organic compounds
s a clean strategy which contributes significantly to the metals
ecovery because of the longer lifetime of the charge carriers. The
rocess leads to a total mineralization without leaving any haz-
rdous residues [11]. Bearing in mind the recent success of the
pinels with nano size dimensions and large reaction cross sec-
ions [12], we may  hope to find a better photoactivity over CuCr2O4
repared by co precipitation.

Besides, the current energy sources come mainly from fossil
uels which are being depleted rapidly by the increasing industrial
ctivities. Another application of the spinels is their use in the light
nergy storage through the environmental friendly hydrogen [11].
he exploitation of the solar energy reduces greenhouse gas emis-
ion, which is responsible for the climate change. Water competes
ith the HCrO4

− ions for the photo electrons and the reduction
ecelerates over time favouring the hydrogen formation.

. Experimental

.1. Catalysts preparation

Stochiometric amounts of Cu(NO3)2 (Merck, 99%) and Cr(NO3),
H2O (Fluka >99%) are dissolved in water and the nitrate excess

s decomposed at 300 ◦C on a magnetic-stirring hot plate. The
morphous powder is homogenized in an agate mortar and fired
t 950 ◦C. ZnO is prepared by dissolving Zn(NO3)2,6H2O (Merck,
9.5%) in water, the solution is deshydrated and denitrified at
00 ◦C. The powder is heat-treated at 500 ◦C and the oxide shows

 pale yellowish color. The end products are identified by X-ray
iffraction (XRD) using Cu K� radiation (� = 0.15418 nm) in the 2�
ange (5–80◦). The diffuse reflectance spectrum is measured with

 double beam spectrophotometer (Cary 500) equipped with an
ntegrating sphere:

bs = log
[

Reflectance of MgO
Reflectance of CuCr2O4

]
(1)

he powder is cold pressed under 3 kbar and sintered at 1000 ◦C, the
ellets have more than 90% of the theoretical density. The ohmic
ack contact is made by using silver paint and the exposed sur-
ace is 0.5 cm2. PEC characterization is performed in a standard
lectrochemical cell, Pt electrode (Tacussel) serves as an auxiliary
lectrode and the potentials are given with respect to a saturated
alomel electrode (SCE) and monitored by a PGZ301 potentiostat
Analytical Radiometer). The double walled photoreactor (100 mL
apacity) containing aerated powder suspension is the same as that
sed in our previous study [11]. The stock solution is prepared by
issolving K2Cr2O7 (Merck, 99.5%) in bidistilled water at the con-
entration of 30 ppm. The catalyst dosage is fixed at 1 g {((1 − x)
uCr2O4/x ZnO)} L−1 and the pH is adjusted by addition of H2SO4
nd controlled with a digital pH meter (Schott 825). The temper-
ture is regulated by a thermostated bath (Julabo). Above 50 ◦C,
vaporation occurs more considerably than the chromate removal.
he experiments are conducted under illumination of a tungsten
amp (200 W)  emitting in the wavelength range of 400–950 nm,
ith a maximum at 650 nm;  the radiant flux is measured with a
ommercial radiometer (Testo 545) and may  be varied by moving
he lamp closer to or farther from the reactor. The light is turned
n after a transition period to ensure HCrO4

− adsorption and the
2 θ (degrees)

Fig. 1. XRD patterns of CuCr2O4 and ZnO (Inset) synthesized by nitrate route.

powder is suspended under constant magnetic stirring. The
aliquots are taken at regular times for the kinetic study. The solution
is centrifuged to separate the catalyst particles from the solution;
the filtrate is systematically acidified by H2SO4 and analyzed by
measuring the absorbance at 350 nm in 1 cm path length quartz
cell with UV–visible spectrophotometer (Shimadzu UV 1800). The
concentration is checked by potentiometric titration with the Mohr
salt. No change in absorbance is observed in the dark. The details
of the experimental set up used for the hydrogen evolution have
been given in a previous work [11].

3. Results and discussion

The XRD patterns (Fig. 1) show that the synthesized samples
are single phases. The spinel CuCr2O4 crystallizes in a tetragonal
symmetry with the lattice constants: a = 6.0247 and c = 7.4619 nm
in agreement with the JCPDS card No. 34-0424. ZnO exhibits a good
crystallinity (Inset) and all the peaks index on the basis of a hexag-
onal structure (JCPDS card No. 36-1451). The diffuse reflectance
data of CuCr2O4 (Fig. 2a) are converted into absorptivity, using the
Kubelka–Munk function:

F(R∞) = (1 − R∞)2

2R∞
(2)

where R∞ = (I/Io)dif is the diffuse reflectivity from a thick layer
(2 mm).  The plot of log(Io/Idif) against wavelength gives an accept-
able representation of the spectrum, the plot (˛h�)2 against the
incident energy indicates an optical transition directly allowed at
1.40 eV(Inset). Both VB and CB derive from 3d orbital, thus the light
absorption is considered as d–d transition.

Activated conductivity is found in CuCr2O4 that we  attribute to
a small polaron hopping. The thermal evolution of the conductiv-
ity �(T) obeys to an Arrhenius type law (Fig. 2b) with activation
energy Ea of 0.11 eV. We  have characterized the spinel photoelec-
trochemically in order to get additional information on the energy
band diagram. The potential Vfb is determined from the interfacial
capacitance using the Mott–Schottky relation:

C−2 = ± 2
eεεoSNA

{
V − Vfb − kT

e

}
(3)

where S is the surface area of the electrode and the other symbols
have their usual significations. The curve (C−2−V) exhibits a good
linearity (Fig. 3a); the potential Vfb (−0.34 V) is obtained by extrap-
olating the plot to C−2 = 0. The holes density NA (4.48 × 1018 cm−3) is

determined from the slope that its negative value is characteristic of
p type conductivity. The permittivity ε (∼10) is determined from the
dielectric measurement on sintered pellet. CuCr2O4 is doped mod-
erately inducing a wide space charge region with the photoeffect
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sition. (b) The thermal variation of the electrical conductivity of CuCr2O4.
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nset: the flat band potential of ZnO at pH 3.5.

ccurrence. The depletion width (W ∼ 11 nm)1 extends over many
rystallographic units and this is advantageous in photocatalysis.
owever, CuCr2O4 suffers from the low mobility originated from

arrow CB which makes small the diffusion length of the minority
arriers (electrons). As a result, the PEC process becomes kinetically
overned by the electrons flow which is rate determining. Indeed,

1 The width is calculated from the relation: W =
√

2εεo(Vfb−V)
eND

for a band bending
f  0.5 V.
sis A: Chemical 353– 354 (2012) 74– 79

the photo current Jph is unaffected by vigorous agitation of the solu-
tion lending a further support of the above point. So, the oxide has
been prepared by chemical route. This has been done in order to
shorten the traveled electronic path, giving a high probability to
the electrons to reach the interface. The potential (Vfb) outlines the
energetic position of VB with respect to vacuum:

eVfb + Ea + 4.74 = 5.19 ± 0.05 eV (4)

Such value is typical of oxides in which VB derives from cationic
character instead of O−2: 2p orbital as it is the case of most oxides.
Therefore, the CB potential (3.79 eV/−0.95 V) is located below the
HCrO4

−/Cr3+ level which should lead to a spontaneous reduction.
ZnO is stable down to pH 3 and the potential Vfb (−0.38 V), is roughly
evaluated from the current potential curves according to the Gart-
ner model (Fig. 3 inset). The physical and PEC characterizations
of CuCr2O4 and ZnO (Table 1) allow us to draw the energy band
diagram of the hetero-system (Fig. 4) which predicts from a ther-
modynamical point of view whether the HCrO4

− reduction and/or
hydrogen evolution occurs or not.

3.1. Photocatalysis

Less attention has been paid for exploiting the PEC properties
of spinels for other goals than the conversion of light into chemical
fuels. Special interest has been paid lately to its utilization in the
environmental protection which requires an elaboration of powder
with a pollutant removal capability [13]. However, the question of
longevity still remains open and a chemical inertness is required
for long term applications. To assess the chemical stability, test up
to 1 week of continuous immersion of CuCr2O4 powder is carried
out in the working solution (pH ∼ 3.5), the amount of the dissolved
copper would be too small for a reliable determination2.

The primary step of the photocatalytic process consists of gen-
erating electron–hole (e−/h+) pairs that are available in the redox
process. In acid solution, the free potential Uf of CuCr2O4 (−0.45 V)
belongs to the immunity domain of CuCr2O4 in the potential-pH
diagram and the specie HCrO4

− is predominant owing to the acidity
constant (pKa1 = 6.49) [14]:

HCrO4
− + H2O ↔ CrO4

2− + H3O+ (5)

The potential of Cr(VI) usually changes with pH: −0.14 V decade−1

and the rate to what extent it can be reduced is governed by the
pH. The potential difference between the HCrO4

−/Cr3+ level and
CuCr2O4-CB measures the band bending i.e. the driving force for the
Cr(VI) reduction. However, the large value (∼1 V) makes the pho-
toactivity weak and the process needs mediation of a wide band
gap SC. As mentioned above, the main merit of the spinel is in the
electronic bands invariance with pH and that it is used for this prop-
erty. This would allow an adjustment of CuCr2O4-CB with respect to
ZnO-CB, the latter varies by 0.059 V decade−1. Besides, the photo-
catalytic performance of ZnO is hampered by the large gap (∼3.2 eV)
which has showed no activity over 4 h illumination period. The
photoactivity is directly related to the active surface of ZnO which
shows a dark adsorption for HCrO4

−. So, a transition time is needed
before illumination. The potential of zero charge (pzc) of ZnO, the
pH at which the net adsorbed surface is zero, is found to be 7.23 and
the experiments are carried out in acidic medium where HCrO4

−

species are attracted by the ZnO surface charged positively. The
starting concentration is set at 30 ppm and the HCrO4

− solution
is equilibrated with the catalyst during 2 h to establish the adsorp-
tion conditions. The difference between the nominal concentration

2 Copper is titrated by iodometry with a standard Na2S2O3 solution.
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ro-system CuCr2O4/ZnO/Cr2O7
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Fig. 4. Energy band diagram of the hete

nd that of measured after equilibrium is taken as the quantity of
dsorbed chromate onto the powder (∼7%).

The hetero-systems allow the extension of the spectral pho-
oresponse of wide band SCs toward the visible region where the
ensitizer CuCr2O4 works as an electron pump. Thereafter, the
traightforward explanation of the enhanced activity is that the
lectrons migrate to HCrO4

− via ZnO interfacial mechanism reac-
ion. The chromate reduction on the p-CuCr2O4/n-ZnO junction is
hermodynamically feasible but requires a large over-potential and
ight can be used in this purpose:

CrO4
− + 3/2C2H2O4 + 4H+ → Cr3+ + 3CO2 + 4H2O (6)

ith a free enthalpy of −529 kcal mol−1 [15] and a spatial separa-
ion of two half electrochemical reactions.

The amount of reduced chromate depends on the light flux
Fig. 5). A linear behavior is observed at small intensities, the plot
eviates from linearity above a critical value (20 mW cm−2) and a
lear tendency to saturation is observed. The well defined plateau
egion at high intensities indicates that the number of incident
hotons exceeds that of the catalytic sites and the reduction pro-
ess becomes limited by the electrons flow within the diffusion
ength of CuCr2O4. The low diffusion rate is due to the narrowness
f CB deriving from 3d parentage which does not exceed 2 eV. So,
t is interesting to work under direct solar irradiation with no con-
entrator where the diffuse nature of the sun allows low capital
nvestments.
The photocatalytic tests are carried out with various mass con-
entrations Cm (CuCr2O4/ZnO) and the results, reported in Fig. 6,
ave given an optimal ratio of 1. For small Cm values, less active sites

or the reduction process are available and the activity increases

able 1
he main physical properties of CuCr2O4 and ZnO.

Parameters (nm) Crystallite size (nm) SS (m2 g−1) 

CuCr2O4 Quadratic a = 6.024 c = 7.461 50 23 

ZnO  Hexagonal a = 3.260 c = 5.080 30 39.5 

S, specific surface area.
Fig. 5. The effect of intensity flux on the Cr(VI) reduction over the heterosystem
CuCr2O4/ZnO.

nearly linearly with Cm. It decreases when further catalyst is added.
The high turbidity of solution and the light penetration depth
account for the regression of the activity. One way to prevent the
accumulation of photocarriers i.e. to increase their lifetimes and
to prevent the corrosion is to use hole scavenger and oxalic acid
is particularly favourable. It reduces the recombination of (e−/h+)
pairs, thus resulting in more efficient performance. Fig. 7 compares

the UV–vis spectra of chromate under illumination. The decay in
absorbance at 350 nm is due to a decrease of HCrO4

− light induced
oxidation since no change in absorbance has been observed in the

� (� cm)−1 Eg (eV) Ea (eV) Vfb (VSCE) EVB (VSCE) ECB (VSCE)

4.47 × 10−7 1.40 0.11 −0.38 −0.27 −1.67
1.47 × 10−7 3.20 0.05 −0.77 −2.38 −0.82
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Table 2
Pseudo-first-order kinetics constants, correlation coefficient (R2) and half life time
at  different initial concentrations of Cr(VI).

Co (mol/L) × 104 R2 kapp t1/2 (min)

0.679 0.992 0.030 21.096
1 0.992 0.015 42.178
1.359 0.993 0.006 99.377

between ln(Co/C) and the reaction time t (Fig. 10),  from which the
apparent rate constant (kapp) and the half life time t1/2 are deter-
mined (Table 2). The decrease of kapp with increasing Co results
simply from blocking photo active sites of the catalyst where only
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Fig. 8. Cyclic voltammograms of ZnO electrode under light. Scan rate: 0.1 mV s−1.
Fig. 7. UV–vis spectra of the chromate solutions over illumination time.

ark. It should be noticed that no photolysis occurs in presence of
xalic acid and the Cr(VI) concentration does not change signifi-
antly, it decreases by 2.7% only. The absence of peak at 300 nm
n the spectrum of illuminated solution is due to the adsorption of
r3+. The mineralization occurs via oxidative process by both photo
oles and dissolved oxygen which generate reactive OH* radicals.
he pathway generally accepted is the following [16]:

2(ads) + e− → O∗−
2

H+
−→HO∗

2

HO∗
2−→O2 + H2O2

e−
−→O2 + OH ∗ +OH− (7)

xalic acid is converted through more than one path and hydrogen
eroxide is the product of a reaction catalyzed by a large num-
er of oxidases. Such hypothesis is supported by the apparition of
n electrochemical peak of O2/H2O2 couple at ∼−0.2 V in the J(V)
haracteristic on ZnO electrode illuminated by UV light under O2
ubbling (Fig. 8). On the contrary, the photoactivity is found to be
egligible and the peak disappears in N2 saturated solution. The
uantum efficiency (�) is given by:

 = 3

{
number of converted HCrO4

−(mol s−1)
photons flux(s−1)

}

 � value of 0.15% is found. There is a real desire to develop a large-
cale photo electrochemical conversion to harness the solar energy

nd experiment under direct insolataion (solar constant, AM1) is
onducted to compare the results with the artificial light (Fig. 9).
1.699 0.985 0.004 152.871
2  0.992 0.002 338.095

3.2. Kinetic study

The chromate reduction is investigated in the range of
20–60 ppm and the process at low concentrations follows a pseudo
first order kinetic [17]:

r = −dC

dt
= kappC (8)

The integration of Eq. (8) leads to:

ln
Co

C
= kappt (9)

Co being the initial concentration. A linear relationship is observed
Fig. 9. UV–vis Spectra of the chromate solutions under sun light.
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ewer interact with incident photons. The absorption of light by
CrO4

− species also accounts in the regression of the photo activ-
ty but at a less degree. The photoreduction kinetic is rationalized
n terms of the modified Langmuir–Hinshelwood model [18]:

1
kapp

= 1
krks

+ Co

kr
(10)

he rate constant kr and the adsorption coefficient ks are found to
e 0.011 mol/min L and 57.187 L/mol (Inset).

The chromate and water reductions occur competitively and this
an be understood with the help of the energy diagram (Fig. 4). The
nvironmental friendly hydrogen is recognized as being the ideal
uel in the future. For an efficient hydrogen evolution, a cathodic
onduction band and good absorption properties in the visible
egion are needed, two  conditions fulfilled by CuCr2O4. The vol-
me  of evolved hydrogen in presence and in absence of chromate

an be used to determine the percentage of photo electrons for
he HCrO4

− reduction (Fig. 11). For a concentration of 30 ppm, the
eduction takes place by 60% for chromate reduction against 40%
or H2 evolution. In addition, we have noticed that the volume of

[

[

sis A: Chemical 353– 354 (2012) 74– 79 79

liberated hydrogen remains small until ∼25 min  illumination and
this means that at the beginning the photo electrons are in majority
consumed by the chromate ions, then the hydrogen starts to evolve.

4. Conclusion

Since the photo activity over oxides is limited and the electron
transfer to redox species is quite slow because of the large energy
difference between both levels, there is a need to develop other
strategies to reach ecological objectives and the hetero-systems
seem to be a promising alternative. Hexavalent chromium is highly
toxic and the hetero-system CuCr2O4/ZnO ability for its reduction
upon visible illumination has been shown. Our  approach is to elab-
orate the spinel in nano crystalline morphology, via nitrate route.
CuCr2O4 is stable over a fair pH range and works as an electrons
reservoir; its major advantage is that a pH change allows an adjust-
ment of the conduction band with respect to ZnO-CB. The reduction
is enhanced in presence of oxalic acid, due to efficient separation
of (e−/h+) pairs and the presence of oxygen is necessary in photo-
catalysis. The activity dependence on the light intensity is found to
be an experimental indicator for the visible light-driven catalysis
under direct insulation. The experimental data are well fitted by
the modified Langmuir–Hinshelwood model. The Cr(VI) reduction
takes place competitively with the water discharge which is par-
tially responsible for the saturation along with the Cr3+ oxidation
by photolysis.
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