Cu,0: a catalyst for the photochemical decomposition of water ?
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The photoelectrochemical properties of polycrystalline
Cu,0 electrodes are discussed with regard to the application
of the oxide as a photocatalytic material for water split-
ting.

Recently, illuminated Cu,O was reported to act as a stable
catalyst for water splitting. Hydrogen and oxygen were evolved
in avigorously stirred suspension of Cu,O particles, without a
noticeable decrease in activity over a period of 1900 h.1 This
wasvery surprising sincesingle crystalline Cu,O isknown to be
photocathodically unstable.2 The mechanism of water splitting
and the precise role of the Cu,O are still unclear.13 Photo-
catalysis at a p-type semiconductor such as Cu,O implies that
the majority charge carriers (holes) oxidize water to oxygen,
while the photogenerated minority charge carriers (electrons)
reduce water to hydrogen. These reactions can be studied
electrochemically; at positive potentials an anodic dark current
due to oxygen evolution is expected, and at negative potentials
a cathodic photocurrent accompanied by hydrogen evolution.
We were already involved in research on electrodeposited
polycrystalline Cu,O layers,4 and decided to study the photo-
electrochemistry of these layers with respect to the decomposi-
tion of water.

We prepared well defined Cu,O consisting of 0.1-1 um
crystals on atransparent, fluorine-doped tin oxide substrate by
reduction of Cu2* from a saturated copper(in) lactate agueous
solution. Thistechnique has been described elsewhere.4-8 Films
were grown galvanostatically at 55 °C and pH 11 at a current
density of 0.2 mA cm—2. In the X-ray diffraction spectra only
peaks due to Cu,O were found. A bandgap of 1.9 eV was
estimated from the optical absorption, in good agreement with
literature values. Absorption at wavelengths >600 nm due to
CuO was not seen. Scanning electron microscopy showed only
well defined crystals. No changes in appearance or photo-
electrochemical properties were found on keeping the Cu,O
layersin air for months.

The photoelectrochemical properties were investigated using
a three electrode set-up with 0.5 M Na,SO, as electrolyte
solution. This method has the advantage that the cathodic and
anodic reactions on the Cu,O working electrode can be studied
separately; they are accompanied by the reduction or oxidation
of water at the platinum counter electrode. In the dark an anodic
current, corresponding to the oxidation of the Cu,O [egn. (1)],
was observed at potentials above 0.0 V vs. SCE (al redox
potentials® are vs. SCE and at pH 7):

CuO+20H- +2h* - 2CuO0O+H,OE = —0.05V (1)

The CuO slowly dissolves. In the presence of oxygen, a small
steady state dark current was observed at negative potentials.
When the solution was thoroughly purged with argon this dark
current could be reduced to <1 pA cm—2.

Under illumination, a large cathodic photocurrent was
observed with an air-saturated sol ution under strong convection.
This photocurrent started at a potential between 0.0 and 0.1V,
and the photocurrent spectrum was in good agreement with the
Cu,0 absorption spectrum. Fig. 1(a) showsthe current at —0.4
V vs. SCE under chopped 350 nm illumination. At low light
intensities the photocurrent increased linearly with increasing
photon flux; quantum efficiencies of 50% were measured for a
photon flux below 5 x 1014 s-1cm—2. At higher light intensities
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Fig. 1 Current density at —0.4 V measured on a0.5 um thick Cu,O electrode
illuminated with 350 nm (5 X 1015 s-1cm—2) in 0.5 M Na,SO, solution: (a)
bubbled with air, (b) bubbled with Ar and (c) bubbled with Ar and with 40
mM MV2+ added to the solution.

the photocurrent levels off. When the solution was carefully
purged with argon, the cathodic photocurrent wasvery low (=1
wA cm—2) asis shown in Fig. 1(b). It is clear that the current
observed in air-saturated solution is due to oxygen reduction,
for instance via egn. (2).

0, +2H,0+ 26 — H,0,+20H-E = +0.03V (2)
The hydrogen peroxide is further reduced to water. The high
intensity photocurrent limit was close to the limiting current
density for oxygen reduction at a platinized indium tin oxide
electrode under the same hydrodynamic conditions. Obviously,
the photocathodic reduction of oxygen on Cu,O is extremely
efficient. On the other hand, the reduction of water to hydrogen
seems negligible. |If appropriate deposition conditions were
used, the Cu,O layers, in contrast to single crystalline
electrodes,2 proved to be surprisingly stable under photo-
cathodic conditions. The photocurrent due to oxygen reduction
was constant over long periods, even when the photon flux
exceeded the oxygen flux to the electrode surface. No evidence
was found for the formation of copper due to the reduction of
CuxO (E = —0.19 V). The small photocurrent observed in
argon-purged solutions is very likely due to the reduction of
traces of oxygen |eft in the solution.

The methylviologen (1,1-dimethyl-4,4-bipyridinium) sys-
tem, MV2+*/MV+ has aredox potential of —0.60 V vs. SCE,10
which is close that of hydrogen. Fig. 1(c) shows a photocurrent
transient for an Ar purged 0.5 M Na,SO, solution containing 40
mM [MV]CIl.. In the absence of oxygen, the photocurrent
quantum efficiency was initialy very high. However, the
photocurrent decreased rapidly with time. Thisis likely due to
the formation of a MV layer on the electrode surface. The
MV -+ radical cation, which isformed upon reduction of MV2+,
can befurther reduced to MV9; redox potentialsof —1.1t0 —1.3
V are reported for this reaction.10-12 MVO is not soluble in
agueous solutions and is known to form blocking films on the
electrode surface® This is in good agreement with the
observation that the photocurrent is restored as soon as air is
admitted to the cell. Oxygen is known to oxidize MV° to MV 2+
very effectively. Obviously the kinetics for the reduction of
MV2+ are much more efficient than those for the reduction of
water.
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Fig. 2 Overview of the redox potentials of the relevant reactions with
respect to the estimated position of the Cu,O band edges.

It is interesting, in the light of our results, to examine the
requirements that have to be met if Cu,O is to function as a
photocatalyst for water splitting. It is crucial that both the
reduction and oxidation reactions of water are thermodynam-
ically possible, and that these reactions are kinetically favour-
able. Fig. 2 shows the redox potentials of the relevant reactions
with respect to the positions of the Cu,O band edges.2 To reduce
water, the electron Fermi level and hence also the conduction
band edge must be at an energy higher than that corresponding
to the reduction potential for water, which at pH 7 is —0.65 V.
The estimated position of the edge of the Cu,O conduction band
is—1.4V.2 Thismeansthat alarge overpotential isavailablefor
the reaction. However, our measurements show that in the
absence of other redox species no significant cathodic photo-
current is found in agueous electrolyte. In the presence of
oxygen or the methylviologen cation very efficient photo-
cathodic reactions were found. The reduction of water must be
kinetically highly unfavourable at our illuminated Cu,O. To
enable the oxidation of water, the Cu,O valence band edge must
be at an energy below that corresponding to the oxidation
potential of water, which at pH 7 isca. +0.57 V. The edge of the
valence band was estimated to be at +0.6 V.2 It is unlikely that
the valence band edge lies at a much lower energy. This can be
deduced from the bandgap of 2 eV and the fact that the position
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of the conduction band edge must be significantly more
negative than —1.2 V vs. SCE if the photocathodic reduction of
MV +(E = —1.2V vs. SCE) isto be possible. Asaconsegquence
(almost) no overpotential isavailable for the oxidation of water.
Furthermore, the oxidation of Cu,O, with a redox potential of
—0.05V, isthermodynamically considerably more favourable.
Our results show that the anodic current in the dark corresponds
at least partly to oxidation of the oxide. Therefore, although the
Cu0 is stable under photocathodic conditions, stability under
open circuit illumination is unlikely.

Onthebasisof theseresultsit seems questionableif water can
be split at Cu,O via anormal photocatalytic reaction. However,
our polycrystalline layers show long term stability under
photocathodic conditions, and a surprisingly high quantum
efficiency for the photocathodic reduction of both oxygen and
the methylviologen cation. Therefore Cu,O could be a promis-
ing material, not for direct photoel ectrochemical water splitting,
but in conjunction with a suitable redox system as a p-type
photoelectrode in an electrochemical photovoltaic cell.

Notes and references

1 M. Hara, T. Kondo, M. Komoda, S. Ikeda, K. Shinohara, A. Tanaka, J.
Kondo and K. Domen, Chem. Commun., 1998, 357.

2 H. R. Schoppel and H. Gerischer, Ber. Bunsenges. Phys. Chem., 1971,
75, 1237.

3 S. lkeda, T. Takata, T. Kondo, G. Hitoki, M. Hara, J. N. Kondo, K.
Domen, H. Hosono, H. Kawazoe and A. Tanaka, Chem. Commun.,
1998, 2158.

4 P. E. de Jongh, D. Vanmaekelbergh and J. J. Kelly, Z. Phys. Chem,, in
press.

5 T. D. Golden, M. G. Shumsky, Y. Zhou, R. A. Vanderwerf, R. A. van
Leeuwen and J. A. Switzer, Chem. Mater., 1996, 8, 2499.

6 D. Tench and L. F. Warren, J. Electrochem. Soc., 1983, 130, 869.

7 A. E. Rakhshani and J. Varghese, Sol. Energy Mater., 1987, 15, 237.

8 A. P. Chatterjee, A. K. Mukhopadhyay, A. K. Chakraborty, R. N.
Sasmal and S. K. Lahiri, Mater. Lett., 1991, 11, 358.

9 Sandard Potentialsin Aqueous Solutions, ed. A. J. Bard, R. Parsonsand
J. Jordan, IUPAC, New Y ork, 1985.

10 C. L.Bird and A. T. Kuhn, Chem. Soc. Rev., 1981, 10, 49.

11 M. Heyrovsky, J. Chem. Soc., Chem. Commun., 1987, 1856.

12 D. W. Bahnemann, C. H. Fischer, E. Janate and A. Henglein, J. Chem.
Soc., Faraday Trans. 1, 1987, 83, 2559.

13 G. H. Schoenmakers, R. Wagenaar and J. J. Kelly, Ber. Bunsenges.
Phys. Chem., 1996, 100, 1169.

Communication 9/01232J


https://doi.org/10.1039/a901232j

