Int. J. Hvdrogen Energy, Vol. 14, No. 8, pp. 525-528, 1989.
Printed in Great Britain.

0360-3199/89 $3.00 + 0.00
Maxwell Pergamon Macmillan plc.
International Association for Hydrogen Energy.

HYDROGEN EVOLUTION FROM WATER WITH VISIBLE RADIATION IN
PRESENCE OF Cu(IT)/WO; AND ELECTRON RELAY

P. MARUTHAMUTHU ¥, M. ASHOKKUMAR, K. GURUNATHAN, E. SUBRAMANIAN and M. V. C. SastrI

Department of Energy, University of Madras, A.C. College Campus, Madras—600 025, India

(Received for publication 4 January 1989)

Abstract—Cu(II)-doped WO, particles in presence of methylviologen and visible radiation are found to evolve
hydrogen from water more efficiently. Methylviologen has been used as an electron relay for the transfer of
conduction band electron of the semiconductor to the hydrogen ion present in the aqueous solution. Increase in the
molar percentage of Cu(Il) ions is found to increase the hydrogen evolution rate.

NOMENCLATURE
MV?2* Methylviologen dication
MV * Methylviologen radical cation
Ceh Conduction band electron
T Valence band hole

INTRODUCTION

The use of sacrificial [1-6] and non-sacrificial {7, 8]
agents for the production of hydrogen from aqueous
solution by the semiconductor particulate systems is
found to be useful and it is also one of the fruitful ways
for the conversion of optical energy into chemical
energy. Furlong et al. [9] have reported hydrogen
production with Pt/TiO, catalysts using EDTA as the
sacrificial agent. Our earlier report [1] on hydrogen
production using WOj; deals with the use of oxalic acid as
the sacrificial agent. There are also reports available on
the use of sacrificial agents, sulfides [10~13], thiosulfate
[14-17]. acetic acid [18], EDTA [19], formic acid [20]
and alcohols {21] for the production of hydrogen.
However, since the quantity of hydrogen generated
depends upon the amount of the sacrificial agent used, it
is highly desirable to use a non-sacrificial agent
for this purpose. Methylviologen (1,1'-dimethyi-4,4'-
bipyridium dichloride, MV2*) has been found to be a
very good non-sacrificial agent. Reports [7, 8, 22]
available with this electron relay indicate that methyl-
viologen could be reduced to methylviologen radical
cation by the conduction band electron formed during
irradiation of the semiconductor [22] and this radical
cation is capable of reducing H* to H, [23]. Ebbesen [7]
has clearly discussed the possibility of generating hyd-
rogen using MV?* through the following schematic
equilibrium:

MV?* + e > MV? n

K )
2MV* + 2HT = 2MV?* + H,. (2

Pt

Considering the energy levels of the conduction bands
of various semiconductors, CdS is found to be a good
candidate for hydrogen generation, since the conduction
band energy level of CdS is more negative than the
H*/H, level. However, due to photocorrosion, the
potential use of CdS for the production of hydrogen
using visible radiation is very much limited. In general,
oxide semiconductors are found to be more stable
towards photocorrosion than the sulfide semiconduc-
tors. Among the oxide semiconductors, many investiga-
tions were carried out with TiO, [9, 24, 25]; its conduc-
tion band energy level is nearer to H*/H, level. Howev-
er, due to its wide band-gap energy (3.2 eV), it needs
light of 4 < 400 nm for the photoexcitation and
promotion of electrons from the valence band to the
conduction band level. But the band-gap energy of WO;
is very well suited with the visible region of the solar
radiation (E, = 2.6-2.8 V) and the absorbance of WO;
in the same wavelength region could also be increased by
doping with transition metal ions [26]. However, the
conduction band energy level is not negative enough to
reduce H* to H,. Hence, an electron relay to mediate
the electron-transfer from the conduction band to H™ is
mandatory.

In this article, we report hydrogen production from
water using undoped and Cu(II)-doped WQO; powders
by irradiating suspensions of them in the presence of
methylviologen with light of wavelength 437 nm. Photo-
spolitting of water into H, and O, has been observed
with Cu(II)-doped sample with high efficiency.

EXPERIMENTAL

Cu(II) doping on WQ; was done as reported earlier
[1]. Methylviologen from Fluka was used as such.
Particle sizes [27] of the photocatalysts prepared were in
the range 1-10 u and the surface area determined by
BET [27] method was ~ 1.0 m* g~ '. Methylviologen
solution was prepared with doubly distilled water
((MV?*] = 1.0 x 10~* mol dm™?). In all the experi-
ments, 75 mg of the photocatalyst powders were sus-
pended in 75 ml of MV?* solution (except for catalyst
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APPARATUS FOR HYDROGEN GAS MEASUREMENT
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PRV:Pyrex Reaction Vessel; FA:Flattened Area;M: Stirring Magnet;
MS:Magnetic Stirrer; APS: Alkaline Pyrogallol Solution; GMU :Gas -
Measuring Unit ;GCU: Gas Collecting Unit; S, S;,53:Stoppers

Fig. 1. Apparatus for hydrogen gas measurement.

amount variation). The light source used was a high
pressure Hg-lamp (250 W, Applied Photophysics, Lon-
don). After filtering the IR and UV radiations by a water
jacket and a glass filter respectively, the emitted radia-
tion corresponds to A = 437 nm only. The volume of
hydrogen evolved was measured using the apparatus
which is schematically shown in Fig. 1. A round bottom
flask (pyrex) was used as the reaction vessel. The front
portion of the flask was flattened through which light was
focused into the vessel. The reaction medium and the
whole apparatus were flushed with argon before the
reaction was started. The gaseous products formed
during irradiation were passed through Fieser’s solution
to remove the oxygen formed and then allowed to enter
into the gas measuring tube. At first, the stopper (1) was
opened and the stoppers (2) and (3) were closed. The gas
was collected in the gas measuring tube slowly by
displacing the water due to the pressure developed
inside the reaction vessel. Since the gas collecting tube
was graduated, the amounts of gas collected at different
time intervals were noted. After the evolution of a
considerable amount of gas, stopper (1) was closed and
stopper (2) was slowly opened and the gas was collected
in the gas collecting unit. The process was repeated until
a considerable amount of gas was collected in the gas
collecting unit for GC analysis.

RESULTS AND DISCUSSION

Photocatalytic experiments carried out with Cu(II)-
loaded WO; powders in the presence of MV** solution
were efficient in hydrogen production. The undoped
WO, powders in presence of MV?* exhibited very poor
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performance in hydrogen production. Blank experi-
ments were also carried out (1) without catalyst powder
in the presence of light and MV2*, (2) without MV** in
the presence of light and catalyst powder and (3) without
light in the presence of MV>" and catalyst powder. No
hydrogen production was observed in any case which
confirms that the evolution of hydrogen could be
achicved only by the illuminated photocatalyst particles
in aqueous solution of MV?*,

Figure 2 shows the plots of the amount of hydrogen
produced with time by Cu(II)-doped WO; powders for
1.0 to 5.0 molar percentages of Cu(II)-ions. In general,
it is found that the amount of hydrogen evolved
increases with increase in time and with increase in the
percentages of Cu(Il)-ions. Undoped WQ; shows very
poor efficiency. Itis a known fact that the energy level of
the conduction band of WOj is not negative enough to
reduce H' to H,. However, it is capable of reducing
MV2* to MV 7 efficiently in the presence of the dopant.
As reported earlier [1], Cu(Il) traps the conduction
band electron and efficiently transfers it to methyl-
viologen dication which is then reduced to radical
cation. This radical cation is capable of reducing H* to
H,. The formation of MV-* from MV>" by photoin-
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Fig. 2. Amount of H, evolved vs time: (a) Undoped WOj;; (b)
1.0% Cu(I1)YWOs3; (¢) 2.0% Cu(I1)/WO;; (d) 3.0% Cu(Il)/
WOs; (e) 4.0% Cu(IIYWO, (f) 5.0% Cu(l1/WOs..



H, FROM WATER WITH VISIBLE RADIATION

duced electron-transfer in the presence of a semiconduc-
tor [28], reduction of H* by MV"* [23] and the catalysis
of this process by metals [29] are already available in
literature. Simultaneous evolution of oxygen from water
is also observed since the valence band level of WO; is
well below the water oxidation level [30]. Based on the
above discussion, the following reaction mechanism is
proposed:

WO, " ht, + et @)

A =437 nm
Cu(1l) + e — Cu(l) (3)
Cu(l) + MV** = Cu(Il) + MV* 4)
h*, + H,O — OH + H* (5)
MVt + HY - MV** + 1o H, (6)
20H — H,0, — 2 0, + H,0. (7

The reactions (2) and (3) are taking place inside the WO,
lattice whereas the reactions (4)-(6) are at the particle—
electrolyte interface. The hydrogen evolved was iden-
tified by gas chromatography and oxygen evolution was
confirmed using an oxygen sensitive electrode. It is
known that MV " radicals are unstable to O, [23]. From
the fact that O, and H, are simultaneously produced in

527

the reactions, it may be pointed out that in presence of
Cu(IT)-doped WOj particles, the reduction of H* to H,
is enhanced over that of the reaction between MV-* and
O,. Although in the absence of any other additive, MV-*
is long lived, as its disproportionation is an endoergic
reaction, in the presence of the dopants it is capable of
reducing water itself to hydrogen and hydroxide ions
[31]. The above explanation could be supported by the
fact that the undoped WOj; particles showed very poor
efficiency and with increased molar percentage of the
dopant, the efficiency is enhanced. As the percentage of
Cu(Il) ions is increased, more and more conduction
band electrons are trapped and utilized for hydrogen
production. In other words, the electron-hole recom-
bination process is reduced by the increased dopant
concentration. Cu(1I) ions are introduced into the WO;
lattices during sintering which has been proved by the
diffuse reflection study [26]. These dopant ions intro-
duce “isolated energy levels” inside the band-gap of the
host molecules and help to increase the absorbance of
WO, particles in the visible region of the solar radiation
[26]. These dopant ions are also present on the surface of
WO; particles, as observed from SEM [27] pictures,
which act as electron-transfering agents and catalyse the
reactions (3) and (4).

Photocatalytic experiments were also carried out with

Table 1. Variation of the catalyst amount

Catalyst amount,

Amount of H, evolved in

mg 60 min, mM

25 0.926

50 1.528

75 1.917
100 1.872
125 1.880

Catalyst. = 5.0% Cu(II)/WOs; [MV2*] = 1.30 x 10~* mol dm™*.

Table 2. Variation of [MV**}

[MV3*] % 10*, mol dm™?*

Amount of H, evolved in

60 min, mM
0.27 1.821
0.53 1.912
0.80 1.879
1.30 1.917

Catalyst = 5.0% Cu(I11)/WO;; Catalyst amount = 75 mg.
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various amounts of catalyst powders keeping constant
[dopant] gS.O molar percentage) and [MV2*] (1.3 x 10™*
mol dm ™) and the results are presented in the Table 1.
With an increase in catalyst amount, the amount of
hydrogen produced increased up to a certain limit and
remained almost constant beyond that level. A max-
imum is reached with 75 mg of the catalyst powder. This
observation is a well known phenomenon in heter-
ogeneous catalysis, namely Langmuir adsorption kine-
tics, which has been explained earlier [32]. Experiments
carried out with various initial concentrations of MV?*
(Table 2) showed that [MV>*] does not influence the
hydrogen evolution rate.

CONCLUSION

Along with noble metal ions {8, 29], Cu(1I) could also
be used as a dopant which is capable of catalysing the
reaction MVZ*/MV-* for the reduction of H' to H,.
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