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Visible-light-induced Oxidation of Water and of Chloride Ions in
Photoelectrochemical Cells

By MicHAEL NEUMANN-SPALLART and KupPPUuswaAMY KALYANASUNDARAM*

(Institut de Chimie Physique, Ecole Polytechnique Fédérale, CH-1015 Lausanne, Switzerland)

Summary The photoredox reaction between the complex
Rul2t (L = di-isopropyl 2,2’-bipyridine-4,4’-dicarboxy-
late) and S,04%~ has been used in a photoelectrochemical
cell to demonstrate the visible-light-induced (A > 450 nm)
oxidation of water to give O, and of chloride ions to give
Cl, in acidic solutions; the high redox-potential of the
RuLlt/2+ complex and the utilisation of a RuO,-coated
Ti anode enable these rather difficult oxidations to occur.

THERE are various approaches to the photochemical con-
version and storage of solar energy and, of these, there has
been considerable interest in the visible-light-induced
photodecomposition of water to give molecular hydrogen

and oxygen. Some success has been achieved!»? in schemes
involving photoredox reactions combined with redox-
catalysis steps (Scheme 1). Numerous studies have been

hv
S+ A——>St 4+ A- (@)]

catalyst
4St + 2H,0 ——4S + 4H* + O, (2)

catalyst
2A- 4+ 2H,0 —— 2A 4+ 20H- + H, (3)

SCHEME 1.

S = sensitizer, A = acceptor relay.
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reported which utilise Ru(bpy);t (1) (bpy = 2,2’-bipyri-
dine) as the sensitizer S, methyl viologen (MV?*) as the
acceptor relay A, and Pt- and RuO,-based catalysts for
the H, and O, evolution steps, respectively A judicious
combination of polymer- or semiconductor-supported Pt and
RuO, particles has demonstrated cyclic water-cleavage® in
homogeneous solutions.

An analogous, but more practical approach, involves
a photoelectrochemical cell (PEC) in which the gases H,
and O, are evolved in two separate compartments.4®
Instead of O,, useful oxidants like Br, or Cl, can also be
produced in the anode compartment. Oxidation of water
at low pH or of chloride ion requires, however, the genera-
tion of rather high photopotentials [>1:30 V vs. normal
hydrogen electrode (N.H.E.)] by visible-light irradiation.
Herein we report the operation of a PEC where the irre-
versible photoredox reaction between the complex RuLj}*
(2) (L = di-isopropyl 2,2’-bipyridine-4,4’-dicarboxylate) and

0o=C C=0
(I)Pri opPr!
L

an electron acceptor S,04% is used to generate the required
photopotentials to drive these oxidations on a RuO,-coated
electrode in the anode compartment. The isopropyl ester
of the trisbipyridylruthenium(1r) complex (2) is an attractive
candidate® because of its high oxidation potential [E,(3+/2%)
1:59 V vs. standard calomel electrode (S.C.E.) in MeCN],

Type 1

Carbon cloth|RuL?*(1-5 x 10~% M) ||H,S0,(1072 M) |RuO,
S;042 (1073 M) Na,SO,(1 m)
H,SO,(0:5 m)
Type 11
Carbon cloth|RuL}*(1:5 x 10~ m)|JHCI(1 m) RuO,
S,04* (1073 M) or NaCl(1 m)
H,SO,(0:5 m) in H,SO,(0-5 m)

Ficure 1. Type I and Type II PECs.
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good absorption and redox properties [emax (466 nm) 1-96 X
100M~1cm™1], and excited-state lifetime [r(MeCN) 2-39
psec).

Visible-light-irradiation (A > 450 nm) of the cathode
compartmentt in the PECst (Type I for the oxidation of
water and Type II for the oxidation of chloride ions)
(Figure 1) leads to the generation of RuL3* via the photo-
redox reaction given in equation (4).§ The RuLl* ion is

hv
2RuLl* 4 S,0,% - 2Ruljt + 2S0,2~ (4)

subsequently reduced at the carbon-cloth electrode with
concomitant oxidation of either H,0 to O, or chloride ions
to Cl, at the RuO, anode. Reaction (4) is irreversible and
occurs with a quantum yield of 2.0.5%7 Visible-light
photolysis in the PECs gives significant photocurrents
(> 100 uA) in both Type I and Type II cells.q Interest-
ingly enough, addition of a relay species, for example Ce3t
(at low concentrations to avoid a direct quenching of the
Rul}* excited state by Ce3t), leads to a drastic augmen-
tation of the photocurrent. In typical photolysis experi-
ments with Ce¥ and a 250 W tungsten—halogen lamp (IR
water filter and a 455 nm cut-off glass filter) we have ob-
served maximum photocurrents of the order of 0-39 and
0:70 mA (potential 1:350 and 1:305 V vs. N.H.E., respec-
tively) in Type I (water oxidation at pH 1-83) and Type 11
(chloride oxidation to Cl,) cells, respectively. Interestingly,
carbon-cloth anodes give approximately the same currents
for Cl, evolution. After prolonged irradiation (1—2 h) the
gaseous products (O, or Cl,) were analysed** and were found
to be stoicheiometric with respect to the charge carried.
In Type II cells, increase in the Cl— concentration to 5 M
gives a further increase in photocurrents (0-800 mA at
1-250 V vs. NH.E)).

The observed photopotentials and photocurrents can be
correlated with Evans-type diagrams, as in Figure 2, by the
intersection of the i-E curves for the respective redox pro-
cesses involved, namely H,0 — O, and Cl— — Cl, oxidations
on the RuQ, anode [curves (a)—(c)] and RuL,%+/2+ on the
carbon electrode. For the RuL}*-S,0.2- system, under
illumination, the steady-state current vs. potential curve
can be shown?® to be of the form given in equation (5), where

iss = —Iodett F(1 — 10 exp {eCod [f(e) — (iss/ia)1}) (5)

I, is the incident photon-flux, derr the effective quantum
yield for the formation of the electroactive oxidant, C, is
the initial concentration of the Ru complex, € the absorp-
tion coefficient for the Ru-complex, F the Faraday constant,

t In PEC experiments involving the hydrophobic RuL3* complex, S,04¢~ has to be used at concentrations <2 x 10~%m. Higher

S;04*~ concentrations cause slow precipitation of the Ru-complex.

small aliquots periodically.

} The experimental method for PECs is described in detail elsewhere (ref. 5a).

about 40 cm?2.

In our prolonged irradiation experiments, S,04%~ was added in

The surface area of the carbon cloth electrode was

§ In water, the Ru-complex (2) (chloride salt) has an emission lifetime of 940 nsec and the excited state is quenched by S,04%~ with

a rate constant of 1-15 x 108 Mm~1s-1,

9 It should be pointed out, however, that, in our experiments only the solution is photolysed, and hence the photocurrents are

independent of the electrode surface area.

bl Q, was measured as described in ref. 5a.
the aid of an Oriel halogen-selective electrode.

Cl, gas was bubbled through a KI solution and the I, generated was determined with
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f(e) a function which indicates the form of the oxidation
wave of the electroactive oxidant, and igq the mass-transfer-
limited current of the oxidant. The steady state current, g,
cannot be expressed explicitly, but the curves can be
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for the respective anodes [curves (a) and (b)] determine
the cell current and potential. The observed photocurrents
and photopotentials (Figure 2) are in good agreement with
these predictions.

TaBrE 1. Ru(bpy)2*-sensitized anodic oxidations in PECs.®
Photocathode Photo-
Ru- Illumination potentials currents
Expt. complex source/(W) Oxidation Anode (Vuvs. NNH.E) (mA)
1 1) 60 H,;0 — O, (pH 4-7) RuO, 1-245 0-12
2 (2) 250 H,0 - O, (pH 1-83) » 1:350 0-39
3 (1) 60 Br—— Br, (1 M) Carbon cloth 0-95 1-40
4 (1) 250 » ” 0-96 4-70
5 (2) 250 Cl- - Cl, (1 m) RuO, 1-305 070
6 (2) ” Cl- — Cl, (5 M) » 1-275 0-80

8 For the Ru-complex (1) 10~% M S,042-, and for the complex (2) 10-2 m 5,042~ and 5 x 104 m Ce3+ were used in the cathode com-

partment (all in 1 m H,SO,).

measured experimentally for the RuL,2+-S,042~ system and
are shown in Figure 2 for irradiation with 78 and 250 W
lamps. Theintersection of these curves with the i—E curves

02

04

Current/ mA
T =+ = 9 9
» ~ o (-] an

=
[+,]

18

2:0

2'2 1 1 I} 1 1 A 1 A J
095 1+00 105 110 ™15 120 125 130 135 140
Potential/V (vs.NHE.)
FicUure 2. Current-potential curves for the variouscathodic

and anodic processes in the PEC. Curves (a)—(c) show the
anodic oxidation of H,O and of Cl- (1 M and 5 M) on RuQ,-coated
Ti electrodes. Curves (d)—(f) show the cathodic reduction of the
photogenerated, electroactive oxidant on a carbon-cloth elec-
trode. (@) HyO — O, (pH 1:83); (b) Cl- —> Cl, (1M NaCl); (c)
Cl-—Cl, (5M NaCl); (d) T8 W, no Ce?+, RuL,3+/2+-5,042~; (¢) T8 W,
with Ce3+, RuLy3+/2+_S,0,2~; (f) 2560 W with Ce3+, Rul,3+/2+-
S;042-. O, Expt 2; ¥, Expt. 5; V, Expt. 6.

The useful role of Ce3t ions in augmenting the photo-
current (and also providing a more stable system for extended
photolysis) can be explained in terms of the short lifetime
of the RuL3* species. Continuous photolysis as well as
rapid-scan cyclic-voltammetry experiments in aqueous
media indicate that RuL.}t reacts quite rapidly with water
(no oxygen was evolved in non-redox catalyst-assisted re-
ductions); the lifetime is less than a few milliseconds even
in 1M acid solutions. Such short lifetimes significantly
reduce the number of photogenerated oxidant molecules
(RuLj™) that reach the electrode. Rapid transfer of the
charge to Ce3*, via reaction (6), enables one to utilise all the

Ce3*+ + Rul3t — Rullt 4 Cett (6)

electron equivalents which are produced from reaction (4),
even though one loses ca. 200 mV of the oxidizing power of
the photogenerated oxidant. ¢—E curves for the photo-
system recorded under potentiostated conditions, with and
without Ce3+ (shown in Figure 2), are in accord with this
hypothesis. There is a significant increase in the photo-
current over the entire potential range. The i~E curves
for the anodic reactions [curves (a) and (b)] clearly demon-
strate the usefulness of RuO,-coated Ti electrodes as anodes
because of their low over-voltages for the oxidations under
investigation. Also, the cathodic shift of the i—E curves
for higher Cl— concentrations (5 M) suggest that there are
distinct advantages in employing high concentrations of C1~
in the anode compartment.

For comparison, Table 1 summarizes the maximum photo-
potentials and currents measured in this work with those of
our earlier study of water and bromide oxidations with the
normal Ru(bipy):* (1) complex.’¢ The redox potential of
compound (1), E, 1:26 V (vs. N.H.E.), renders it impossible
to carry out the oxidations described in this work with
compound (1) (water oxidation at low pH and oxidation of
chloride).

In conclusion, the present study demonstrates several
useful features in PEC development. (i) The use of sen-
sitizers with higher oxidation potentials to achieve high
photopotentials. (ii) The use of relay species to compensate
for the loss of reactive intermediates. (iii) The use of RuO,-
based electrodes for O, and Cl, evolution.



440 J.C.S. CrEm. ComMm., 1981

We thank the Swiss National Foundation for Research versity of Milan) for providing us with the RuO, electrode.
for financial support. We sincerely thank Dr. Patricia J.
DelLaive for the synthesis of compound (2), Prof. M. Gritzel
for several useful discussions, and Prof. S. Trasatti (Uni- (Received, 23vd January 1981; Com. 082.)

1 M. Calvin, M. Gritzel, and J. M. Lehn, Plenary Lectures, ‘3rd International Conference on Photochemical Conversion and Storage
of Solar Energy,Boulder, Colorado 1980," Plenum Press, in the press.

2 M. Gritzel, Ber. Bunsenges. Phys. Chem., 1980, 84, 981, and references cited therein.

3 K. Kalyanasundaram and M. Gritzel, 4ngew. Chem., Int. Ed. Engl. 1979, 18, 701; J. Kiwi, E. Borgarello, E. Pelizzetti, M. Visca,
and M. Gratzel, :bid, 1980, 19, 646; E. Borgarello, J. Kiwi, E. Pelizzetti, M. Visca, and M. Gritzel, Nature (London), 1980, 5248.

1 K. Chandrasekaran and D. G. Whitten, J. Am. Chem. Soc., 1980, 102, 5119; T. Kawai, K. Tanimura, and T. Sakata, Chem. Lett.,
1979, 137; B. Durham, W. J. Dressick, and T. J. Meyer, J. Chem. Soc., Chem. Commun., 1979, 381.

5 (a) M. Neumann-Spallart, K. Kalyanasundaram, C. Gritzel, and M. Gritzel, Helv. Chim. Acta, 1980, 63, 1111; (b) S. O. Kobay-
ashi, N. Furata, and O. Simamura, Chem. Lett., 1976, 503; (c) D. P. Rillema, W. J. Dressick, and T. J. Meyer, J. Chem. Soc., Chem.
Commun., 1980, 247; (d) B. Durham and T. J. Meyer, J. Am. Chem. Soc., 1978, 100, 6286; (e) M. Neumann-Spallart and K. Kaly-
anasundaram, Ber. Bunsenges. Phys. Chem., submitted for publication.

8 P, J. DeLaive, T. K. Foreman, C. Gianotti, and D. G. Whitten, J. Am. Chem. Soc., 1980, 102, 5627; P. J. DeLaive, J. H. Lee,
H. Abruna, H. W. Sprintschnik, T. J. Meyer, and D. G. Whitten, 4dv. Chem. Ser., 1978, 168, 28; P. J. Delaive, PhD. Thesis, Uni-
versity of North Carolina, Chapel Hill, 1979.

7 F. Boletta, A. Juris, M. Maestri, and D. Sandini, Inorg. Chim. Acta, 1980, 44, 1175,



