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Mechano-catalytic overall water splitting on some mixed oxides
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Abstract

Simple transition metal oxides such as NiO, Co3O4, Fe3O4 and Cu2O were found to catalytically decompose water into H2

and O2 by mechanical energy. The reaction is regarded as “mechano-catalytic” overall water splitting” and is a quite novel
catalytic reaction. In this paper, some general aspects on the mechano-catalytic overall water splitting are reviewed on simple
oxides. In addition, recent results on the mechano-catalytic activity of a groups of mixed oxides, wolramite-type oxides with a
formula of ABO4 (A = Fe, Co, Ni and Cu, etc., B= W, Mo), are shown. AWO4 (A = Fe, Co, Ni and Cu) decomposed water
into H2 and O2 under the supply of mechanical energy, indicating that mechano-catalytic overall water splitting proceeded
on wolframite-type compounds containing 3d-transition metals. AMoO4 (A = Fe, Co, Ni) also decomposed water into H2

and O2 under supply of mechanical energy. The reaction properties on wolframite-type oxides are discussed. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Production of H2 from water is an attractive candi-
date to establish a clean energy system of the future
without relying on the fossil fuel. Under UV light ir-
radiation, overall water splitting on various heteroge-
neous photocatalysts has been well-established. From
the view point of solar energy utilization, the develop-
ment of the photocatalysts which have response under
visible light irradiation is current research target. Dur-
ing such kind of efforts, we recently have found some-
what different type of overall water splitting reaction,
i.e. mechano-catalytic overall water splitting. An over-
all water decomposition was accomplished when some
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simple oxide powders such as NiO, Co3O4, Cu2O, and
Fe3O4 were suspended in distilled water and rubbed
against the bottom wall of the reaction vessel by mag-
netic stirring [1–5]. The reaction proceeded steadily
without any supply of electric or photon energy as
long as the suspension was stirred by a rotating stir-
ring rod. This implies that the mechanical energy given
by the rotating stirring rod is essential for the reac-
tion to take place. The reaction is thus regarded as
“mechano-catalytic” overall water splitting, which is
a novel catalytic reaction where mechanical energy is
continuously converted into chemical energy [1–5].

In this study, the mechano-catalytic overall water
splitting on some mixed oxides, i.e. wolframite-type
oxides, ABO4 (A = Fe(II ), Co(II), Ni(II) and Cu(II),
etc., B= W and Mo) were investigated. The structure
of ABO4 materials is monoclinic with two formula
unit cells (AO6 and BO6). BO6 is characterized by
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Fig. 1. Schematical structure of ABO4 (A = Fe, Co, Ni and Cu,
etc., B= W, Mo) compounds.

zigzag chains of oxygen octahedral coordinating the
metal ions (A2+) and aligned along thec-axis. There is
a wide variety in wolframite-type oxide since the octa-
hedral framework composed of WO6 or MoO6 can in-
corporate many different kinds of both non-transition
and transition metals (Fig. 1). A systematic survey of
the mechano-catalytic activity on the series of ABO4
compounds would provide some information on the
mechano-catalytic water decomposition in addition to
our previous studies on simple oxides.

2. Experimental

ABO4 was prepared from either MnO, Co3O4, NiO
or CuO as a starting material A, and WO3 or MoO3
as B. The stoichiometric mixture of these metal ox-
ide powders were calcined at 1173 K for 24 h [6–17].
The particle sizes and surface areas of prepared ABO4
compounds were estimated to be about 0.5–10.0mm
by SEM and 0.1–3.0 m2 g−1 by BET measurements,
respectively. Although very weak diffractions’ due to
unreacted WO3 and MoO3 appeared in the XRD pat-
terns for the ABO3, it was confirmed that most part
of the sample was composed of ABO4 structure.

The reaction was carried out in a flat-bottomed re-
action vessel made of Pyrex glass which was attached
to a closed gas circulation system (about 800 cm3)
equipped with an evacuation line and a gas chromato-

graph. 0.1 g of catalyst was suspended in 200 cm3 of
distilled water by a revolving PTFE-sealed triangular
pillar-shaped stirring rod on the flat bottom of reaction
vessel. The stirring rod was revolved by a magnetic
stirrer (F205, Tokyo Garasu Kikai) at the revolution
rate of 1500 rpm. Before the reaction, the gas phase
was completely evacuated for removing dissolved O2
and N2 in distilled water. In order to perform the
reaction in dark, the reaction vessel was completely
shielded from any light by aluminum foils and a black
cloth. The evolved gas was accumulated and was an-
alyzed by gas chromatograph.

3. Results and discussion

3.1. Summary of the mechano-catalytic water
decomposition on simple oxides

Fig. 2 shows typical time courses of H2 and O2 evo-
lution on one of the simple oxides, NiO. The reaction
system was evacuated at 10–15 h intervals. Stoichio-
metric evolution of H2 and O2 was observed, while
the rate of H2 and O2 evolution decreased with the
accumulation of the evolved gas probably due to the
effect of the gas phase pressure. Remarkable point
to be mentioned is that the total amounts of evolved
H2 and O2 reached to 1700 and 850mmol after five
runs, respectively, while the amount of the used NiO
was 1300mmol (0.1 g). Thus, the amounts of evolved
H2 and O2 exceeded that of the used NiO implying
that the reaction proceeded catalytically. Similar time
courses were also observed when either Co3O4, Cu2O,
or Fe3O4 were used. Inductively coupled plasma (ICP)
and pH measurements showed that there was neither
appreciable dissolution of the oxides nor the change
of pH in suspension during the reaction. The origin
of evolved O2 was verified by using a H216O/H2

18O
mixture, and clearly confirmed that the evolved O2
originated from water [5].

The shape of the stirring rod was examined. In one
experiment, 0.1 g of NiO powder was suspended in
distilled water by rotating the stirring rod (a) which
was kept from contact with the bottom wall of the re-
action vessel and there was no evolution of H2 and O2.
In another experiment, ca. 0.01 g of NiO was stuck
onto the bottom face of the stirring rod (b) with a
flat bottom and the rod was rotated on the bottom of
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Fig. 2. Time course of H2 (open circles) and O2 (filled circles) evolution from NiO suspended in distilled water system. The gas phase was
evacuated at 10 h after startup (Run 1) and at 15 h intervals in subsequent runs. Catalyst (NiO): 0.1 g, H2O: 200 cm3, stirring rate: 1500 rpm.

the reaction vessel in distilled water without any sus-
pended powders of NiO. Similarly to the suspension
system shown in Fig. 2, a stoichiometric evolution of
H2 and O2 was observed this time (Fig. 3). These re-

Fig. 3. Change by stirring manner of the rates of H2 (open circles)
and O2 (filled circles) evolution. (a) Stirring NiO (0.1 g)-suspended
distilled water with a floating type stirring rod, the stirring rod was
rotated without contact with the bottom of the reaction vessel. (b)
Both-sided adhesive tape was stuck on the flat bottom of the stirring
rod and ca. 0.01 g of NiO powder was stuck onto the other side
of the tape. Stirring the NiO (ca. 0.01 g)-glued flat-bottomed rod
in suspension-free water. H2O: 200 cm3, stirring rate: 1500 rpm.

sults proved that the reaction was driven by the me-
chanical energy consumed at the interface between the
rotating stirring rod and the bottom of the reaction
vessel.

3.2. Mechano-catalytic water decomposition on
ABO4 compounds

The rates of H2 and O2 evolution by mechano-
catalytic water decomposition on ABO4 are listed in
Table 1. The rates of evolution were measured for
1 day after beginning of the reaction. As shown in
Table 1, stoichiometric H2 and O2 evolution was ob-
served on tungstates containing Fe2+, Co2+, Ni2+ and
Cu2+. It is noted that Cu1+ containing oxides such
as Cu2O and CuFeO2 were active but CuO was not
in our previous work. Although a small amount of
stoichiometric H2 and O2 evolution was observed on
SrWO4 at the early stage of the reaction the rates
of H2 and O2 evolution decreased with time. Among
molybdates, the reaction proceeded on those contain-
ing Fe2+, Co2+ and Ni2+, but Cu2+ was not active.

Fig. 4 shows typical time courses of H2 and O2
evolution by mechano-catalytic water decomposition
on CoWO4 which exhibited a high and stable activity
among the prepared samples. The reaction proceeded
without noticeable decrease in activity by 100 h, while
the rates of H2 and O2 evolution gradually decreased
with reaction time after reaction for ca. 100 h. The
rates in Run 16 decreased to ca. 1/20 of the initial rates.
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Table 1
Rate of H2 and O2 evolution on various ABO4 (A = Mn, Fe, Co, etc., and B= W and Mo) compounds

AWO4 or AMoO4 Transition metal tungstates and molybdates Rate of gas evolution (mmol h−1)

H2 O2

AWO4 MnWO4 Trace 0
FeWO4 28 13
CoWO4 40 19
NiWO4 54 23
CuWO4 36 17
ZnWO4 0 0
MgWO4 0 0
CaWO4 0 0
SrWO4 0 0
BaWO4 2 1

AMoO4 MnMoO4 0 0
FeMoO4 16 4
CoMoO4 13 7
NiMoO4 39 36
CuMoO4 Trace Trace
ZnMoO4 0 0
MgMoO4 Trace 0
CaMoO4 Trace 0
SrMoO4 Trace Trace
BaMoO4 Trace 0

Total amounts of evolved H2 and O2 after the reac-
tion for ca. 400 h were 6.7 and 3.5 mmol, respectively,
which exceeded the amount of CoWO4 used (0.1 g,
330mmol). Such catalytic property was also confirmed

Fig. 4. Time course of H2 (open circles) and O2 (filled circles) evolution from CoWO4 suspended in distilled water system. The gas phase
was evacuated at the interval of 24 h. Catalyst (CoWO4): 0.1 g, H2O: 200 cm3, stirring rate: 1500 rpm.

for all the compounds listed in Table 1. In the reaction
on these ABO4, there was no H2 and O2 evolution
without stirring, and by the restart of stirring the re-
action proceeded in a similar manner before stopping
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Fig. 5. XRD patterns of CoWO4 before (A) and after (B) the reaction.

of stirring. Furthermore, as shown in Fig. 5, there was
no noticeable change in XRD patterns of CoWO4 be-
fore and after the reaction. These results indicate that
these ABO4 catalysts catalytically decomposes water
into H2 and O2 by mechanical energy as well as Cu2O,
Fe3O4, Co3O4 and NiO [2]. We, therefore, conclude
that mechano-catalytic overall water splitting proceeds
on these ABO4 compounds.

Fe2+, Co2+ and Ni2+ which are contained in ac-
tive ABO4 mechano-catalysts are also involved in
mechano-catalytically active Fe3O4, Co3O4 and NiO,
respectively. This suggests that Fe2+, Co2+ and Ni2+
are related to the mechano-catalytic overall water
splitting. In our previous study, we surveyed various
binary metal oxides as mechano-catalysts for overall
water splitting and confirmed that there was no H2
and O2 evolution on CuO and WO3, while CuWO4
mechano-catalytically decomposed water as shown
in Table 1 in this study. In addition , CuMoO4 was
almost inactive for the reaction.

It should be noted that the large decrease of wol-
framite in activity with reaction time. Except CuWO4,
there were no noticeable change in XRD patterns,
XP spectra, particle sizes and surface areas of the
catalysts before and after the reaction (400 h) even
when the rates of H2 and O2 evolution fell to ca.

1/20 of those at the early stage of the reaction. Be-
cause mechano-catalytic overall water splitting pro-
ceeds by rubbing the catalysts, the grinding of cata-
lyst particles may participate in the reaction as well as
mechano-chemical reaction.

Fig. 6 shows the XRD patterns of CuWO4 be-
fore and after the reaction for 100 h. Three new
diffraction peaks (2θ = 36, 48 and 53◦) appeared
in the XRD pattern after the reaction and were at-
tributed to the diffraction of Cu2WO4 composed
of Cu1+. The peak intensities remained unchanged
after 100 h. On the other hand, there was no no-
ticeable difference between the XRD patterns of
CuMoO4 before and after stirring for 100 h, and the
formation of Cu1+-containing species was not ob-
served on CuMoO4. Considering that the reaction
does not proceed on CuO but Cu2O, stoichiometric
H2 and O2 evolution on CuWO4 is attributable to
Cu2WO4 formed by reduction of CuWO4. Although,
we cannot explain why Cu1+-containing wolframite
is not formed on CuMoO4 but on CuWO4, the char-
acteristic structure of CuWO4 may be related to
the reduction of CuWO4. CuWO4 is regarded as a
“distorted” wolframite which should be represented
as CuWO4−x rather than wolframite since CuWO4
has oxygen defects. The distorted structure of CuWO4
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Fig. 6. XRD patterns of CuWO4 before (A) and after (B) the reaction. The diffraction peaks indicated by (a), (b) and (c) are attributed to
Cu2WO4.

might lead to the formation of Cu2WO4 and to the
mechano-catalytic overall water splitting.

From these results, we can conclude that both
binary metal oxide and wolframite-type oxides con-
taining Fe2+, Co2+, Ni2+, and Cu1+ attained the
mechano-catalytic overall water splitting. This sug-
gests that these transition metal cations play an im-
portant role in the reaction. Table 1 also shows that
tungstates containing Fe2+, Co2+ and Ni2+ have
higher catalytic activities for the water splitting than
corresponding molybdates.

Although the gradual decreases of the rates of H2
and O2 evolution with reaction time were observed
on Fe3O4, Co3O4 and NiO, it was confirmed that
the reaction was independent from the grinding of
the catalyst particle. Secondary electron microscope
(SEM) and BET measurements exhibited that the
particles of these wolframite-type oxides were not
ground during the reaction. On the other hand, the
magnetic stirring rod was gradually covered with
some tarry material, probably the worn PTFE, during
the reaction. When the stirring rod was once washed
by hexane, the reactivity was recovered. Therefore,
the catalysts themselves were not regarded as be-
ing deactivated, which is consistent with the long

lifetime of simple oxides as we previously reported
[5].

4. Conclusion

Inevitable conclusion from the experimental results
as a whole is that the simultaneous H2 and O2 evolu-
tion on these oxides was the “mechano-catalytic” over-
all water splitting in which mechanical energy sup-
plied by the “rubbing” of these oxide powders was
somehow converted to chemical energy with a help of
these oxide powders as a catalytic material.

This study revealed that binary metal oxide and
wolframite-type oxides containing Fe2+, Co2+, Ni2+
and Cu1+ worked as mechano-catalyst for overall wa-
ter splitting. Further studies are now being proceeded
to improve the catalytic activity and reveal the whole
reaction mechanism.
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