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Decomposition of Water by Cerium Oxide of §-Phase
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Abstract

Reduced cerium dioxide (CeO,_,) can reduce
water, producing hydrogen at 2298 K. Kinetic
studies were focused on the stoichiometric reaction
of &-phase cerium oxide (CeQO,g,3) with water
vapor. Different activation energies of 18.1 and
33.4 kJ mol™! were observed for the reactions at
the temperature ranges above and below ca. 453 K,
respectively. Rate equations observed in the two
temperature ranges were also different. These
results strongly suggest that the rate-determining
steps are different between the two temperature
ranges. Rapid oxygen exchange observed between
H,'®0 and lattice oxygen in cerium oxide of §-
phase at 2298 K indicated that neither the ad-
sorption of water molecules nor the diffusion of
oxygen ions in the bulk of the oxide can be the
rate-determining step. H,—D, exchange occurred
rapidly at 373 K compared to the rate of water
decomposition, suggesting that the recombination
of hydrogen atoms on the surface is not rate-
determining either. A tentative reaction mech-
anism was proposed to explain the results of the
kinetic studies. The rate-determining step at high
temperatures (>>453 K) is the reduction of OH™
by the six-coordinated Ce®* which is present in the
nonstoichiometric cerium oxide, while that at
low temperatures (<453 K) is the subsequent re-
duction of H* by the seven-coordinated Ce®*.

Introduction

The production of hydrogen from water applying
a solid—gas reaction has recently been studied and
developed [1-—5]. There are many metal oxides
which decompose water thermodynamically in the
reduced state, producing hydrogen accompanying
regeneration of the original higher-valent metal
oxides. Preliminary experiments showed that CeQO,
was the only stable metal oxide of the lanthanide
elements which is reduced at <873 K and the
reduced state decomposes water. The decomposition
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of water by reduced cerium dioxide (CeO,_)
has been demonstrated to occur rapidly at <473 K
[5]. However, the detailed chemistry and kinetics
of the reaction have not yet been reported.

There has been considerable interest in recent
years in the oxides of the rare earths Ce, Pr, and
Tb, all of which can be reduced from the dioxide
RO, (R =rare earth) having the fluorite structure,
to compositions over a range extending to R,0;,
which has the A-type or C-type sesquioxide
structure [6]. In each of these systems the non-
stoichiometric defects are believed to be oxygen
vacancies. In the range of compositions between
RO, and R,0,, at relatively low temperatures
(T <773 K), there exists a number of ordered
phases which are generally believed to form a
homologous series of the type R,0,,-,, where
n can take on a number of integer values [7]. In
the CeO,_, system, Bevan and Kordis [8] have
revealed that there are three distinct intermediate
phases at CeOy 714(1), CeO, 575(f) and CeO, 5:5(5)
which correspond to n=7,9 and 11 in the formula
R,0;n 5. Figure 1 shows the phase diagram pro-
posed by Bevan and Kordis [8]. Ray and Nowick
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Fig. 1. Phase diagram of cerium oxides according to Bevan
and Kordis [8].

[9] have shown that there is another phase at
CeO,.500(€) (n=10). These phases are thought to
be formed by ordering of oxygen vacancies in one
way or another, and at high temperatures they
transform to fluorite-type structures in which the
vacancies are disordered.
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High anion mobility in these nonstoichiometric
oxides RO,_, is well recognized [8,10—14]. The
most striking example is the CeO,_, system in
which reoxidation takes place even at room temper-
ature [8,11]. Ray and Nowick [11] reported de-
tailed kinetic studies on the oxidation of single
crystals of CeO,.5 by oxygen at temperatures
296342 K. They suggested that the rate-controlling
mechanism  was  the phase-boundary reaction
between the reduced phase and the metastable
o -phase which was distinguished from the fully
oxidized CeO,(a). Under these circumstances, it
is particularly interesting to elucidate the mech-
anism of reoxidation of CeO,_, by water. The
purpose of this work is to investigate the fundamental
behavior in the oxidation of the partially reduced-
cerium dioxide (CeOy, y is average O/Ce ratio)
with water vapor by kinetic studies on the reaction.
The oxygen-exchange between H,'®0 and CeO,
and H,—D, exchange on CeQO, will also be in-
vestigated to get information about the reaction
mechanism.

Experimental

Materials

The CeO, used was a reagent-grade powder (purity
>99.9%) obtained from the Wako Pure Chemical
Co. The BET surface area of the sample was 14.1
m? g ! which did not change after repeated re-
duction-oxidation cycles. Water was purified three
times by trap-to-trap distillation in a vacuum
apparatus. The !'®0O-labelled oxygen gas was ob-
tained from the Atomic Energy commissariat
(France). The H,'®0 was prepared by the reaction
of H, with 80,. D, was obtained from the Taka-
chiho Chemical Co. Reduction of CeO, to a desired
average ratio of O/Ce was carried out at 873-973
K using hydrogen.

Kinetic Measurements

Kinetic measurements were carried out using
a conventional mercury-free gas-circulation apparatus
of ca. 334 c¢cm® volume, capable of achieving a
vacuum to 1.3 X10™* Pa. Oxidation of the reduced
cerium oxide (CeOy, y is average O/Ce ratio of the
sample) was initiated by adding and circulating
water vapor (2.1 kPa was kept during the reaction
by vapor saturation of water at 291 K). The
quantity of the hydrogen produced was analyzed
by gas-chromatography at appropriate time intervals.
The oxidation with oxygen gas was followed by
measuring the decrease of pressure of oxygen.

The exchange of oxygen between H,;'®0 and
CeO, was measured by analyzing oxygen-isotope
compositions in the gas phase using a quadrupole
mass spectrometer.
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Results and Discussion

Effect cf the Average Ratio of O/Ce on the Rate of
Water-Decomposition

The kinetics of hydrogen formation accompanied
by reoxidation of the CeOy (y, average O/Ce ratio)
with water vapor were measured at 573 K for the
samples with different initial ratios of O/Ce. The
changes in the composition of the samples with time
were calculated on the basis of the quantity of
hydrogen produced, i.e., the corresponding quantity
of oxygen was assumed to be transferred into the
oxygen vacancies of the cerium oxide homogeneous-
ly. Figure 2 represents the kinetic curves of oxidation
thus obtained. The results in Fig. 2 show that the
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Fig. 2. Kinetic curves of oxidation for various starting com-
positions of CeOy: at 573 K.

oxidation seems to cease at a composition of y=
1.993 £0.003. However, when the temperature was
raised to 773 K, the reaction proceeded further
to completion (y =2.000) within the experimental
error of #0.003 in y. Ban and Nowick reported a
similar observation in the case of oxidation by
oxygen [15]. As they suggested, it is probable that
the low temperature-reoxidized cerium oxide may
first come back to a metastable material called o
which then returns to the original stoichiometric
CeO,(a-phase) at high temperatures >623 K. Figure
3 shows the effect of the composition of CeO,
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Fig. 3. Rates of hydrogen formation (Ry) as functions of y

in CeOy: at 573 and 473 K.
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on the rates of hydrogen production. The rates
were calculated from the slopes of the kinetic curves.
The rates are normalized to the quantity of hydrogen
produced per second per gram of CeO,. The closed
circles are the initial rates for the samples dem-
onstrated in Fig. 2. The open circles are the rates
measured from the slopes of the kinetic curves
at corresponding values of y for the sample of
starting composition of CeO; ;4. The fact that
the open and closed circles are on the same line
suggests that the phase reaction proceeds con-
secutively, ie., 1= ¢ -8 —a'. The triangles are the
plot for the starting composition of CeO,¢y4.
Although the reaction was carried out at 473 K,
the initial rate for the sample was too fast to be
measured accurately. Therefore, only the rates for
the y larger than 1.680 are plotted in the figure.
The sudden increases in the rates above the O/Ce
ratio of 1.82, which can be observed for the two
curves in Fig. 3, must be ascribed to the appearance
of {, « or 8 phase according to the composition of
CeQ,. Although the difference in reactivities among
these phases is of interest, the present work will
be focused only on the reaction between the 6-
phase and water vapor. The linear correlation
between the rate and the composition of CeOy
(y <1.82) observed for the data at 573 K shows
that the rate is proportional to the concentration
of the é-phase.

Temperature Effect on the Rate of Water Decompo-
sition

The kinetics of water decomposition of the
starting composition of CeO; 90+ 0.003 Were ob-
served at temperatures 298 to 598 K. Figure 4
represents the Arrhenius plot of the initial rates
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Fig. 4. Rate of hydrogen formation (Ry) as a function of
temperature: starting composition CeQy ggg-

of hydrogen formation. The plot shows two lines
having different slopes. The slopes of the lines give
apparent activation energies of 33.4 and 18.1 kJ
mol™! for the temperature ranges below and above
453 K, respectively. This result suggests that the
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rate-determining step of the reaction at low tem-
peratures differs from that at high temperatures.

Pressure Effect on the Rate of Water Decomposition
The effect of vapor pressure of water on the rate
of hydrogen formation was examined at two differ-
ent temperatures below and above 453 K. The ex-
periments were carried out at 373 and 523 K using
a sample of starting composition of CeOj g9o. The
initial rates observed at the two temperatures were
plotted in Fig. 5 as functions of vapor pressure of
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Fig. 5. Effects of vapor pressure of water on the rates of

hydrogen formation at 373 and 523 K: starting composition
CeOy 900-

water. Figure 5 shows that the rates at 373 K are
proportional to the pressure. On the other hand,
the rates at 523 K are proportional to the square
root of water pressure as indicated in Fig. 6. The
different pressure dependences of the rates observed
between the two temperatures can not be ascribed
to the change in adsorption coverage of water because
the pressure dependence of the coverage is usually
greater at high temperatures than at lower tem-
peratures. The different orders of pressure in kinetic
equations observed at the two temperatures support
the idea that the rate-determining steps between
the two temperatures are different.
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Fig. 6. Relation between the rate of hydrogen formation
and (P,0)'? at S K.

Oxygen Exchange between H, ‘80 and Cerium Oxide
The oxygen exchanges between H,!*0 and
Ce0, 990 or CeO, were observed at low temperatures.
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The initial quantity of water vapor added to the
system was 9.4X107° mol which corresponded
to 8.5 and 8.1% of the quantities of lattice oxygen
in CeOy g9 and CeO, (0.10 g) used for the exper-
iments, respectively. Figure 7 shows the time course
of the decrease in the mole fraction of H,%0
according to the progress of the exchange at the
temperatures indicated in the figure. The ex-
change between H,'0 and CeO, did not occur
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Fig. 7. Oxygen-exchange between H2180 and cerium oxide
(CeO, and starting composition CeQ, ggg) at the temper-
atures indicated in the figure.

at 298 K but proceeded slowly above 373 K. On
the other hand, the exchange reaction for the
initial composition of CeQ; ¢¢¢ took place rapidly
at 298 K. The rate of this exchange is more than
two orders of magnitude greater than that of de-
composition of water at the same temperature.
This fact strongly suggests that the dissociation
of water and the exchange of the oxygen atom
of water with lattice oxygen proceed rapidly before
the reduction of water by Ce®. The faster oxygen
exchange for CeO, 990 compared with CeO, ob-
served in Fig. 7 can be ascribed to the greater number
of anion vacancies for the former sample compared
to the latter.

The reaction scheme for oxygen-exchange which
we have in mind is demonstrated in Fig. 8. The
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Fig. 8. Reaction scheme for the oxygen-exchange between
H,180 and CeOy.

water molecule dissociatively adsorbs on oxygen
ion vacancies (0) and lattice oxygen ions (O;) (step
i). The switch between the oxygen vacancy and
the lattice oxygen occurs on step ii, which results
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in the exchange of oxygen between water and cerium
oxides (step ii?).

Hydrogen Exchange for the Systems H,—D, and
H20—D2 over Ceol‘goo

H,~D, exchange was carried out over CeOy g0
under a pressure of 6.7 kPa (H,/D, =1.00). The
reaction proceeded rapidly at 373 K. The exchange
of hydrogen between H,0 (2.3 X107 mol) and
D, (4.5X107* mol) was also examined over the
starting composition of CeOj 999 at 373 K. The
decomposition of H,0 proceeded at this temper-
ature, but H,0-D, exchange did not take place
at all. These results show that, although both
hydrogen and water can be activated at 373 K,
the hydrogen mixing between them is not allowed.

Reaction Scheme of Water Decomposition

Let us consider the probable elementary steps
for the reaction between water and §-phase cerium
oxide. As described earlier, the rapid oxygen
exchange between H,0' and CeO, 490 (Fig. 7)
suggests that the water molecule is dissociatively
coordinated to Ce3* and lattice oxygen ions on the
surface. Moreover, the coordination and the oxygen
exchange occur rapidly and reversibly compared
to the rate of hydrogen formation, indicating that
neither the adsorption of water molecules nor the
diffusion of oxygen ions in the bulk can be rate-
determining steps. Thus, let us assume first the
equilibrium coordination of water as represented
by eqn. 1 in Fig. 9, where Ce3* (a) and Ce3* (b)
are the six- and seven-coordinated Ce®* ions, re-
spectively, which are present in the nonstoichiometric
cerium oxide of fluorite-based structure. O represents
an oxygen ion vacancy. O is the oxygen ion bridging
Ce** (a) and Ce3* (b). The OH™ may be coordinated
to Ce® (a) through the position of oxygen-ion
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Fig. 9. Reaction scheme of water-decomposition.

vacancy. The OH™ is reduced by Ce3* (a) in step 2.
The H* formed by dissociative adsorption of H,0
in step 1 is subsequently reduced by Ce3* (b), pro-
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ducing hydrogen atoms and lattice oxygen-ions in
step 3. The hydrogen atoms recombine and desorb
to the gas phase in step 4. The kinetic studies de-
scribed earlier suggested that the rate-determining
step of the overall reaction is different for the
temperatures above and below 453 K. Assuming
that the concentrations of OH™ and H' on the
surface are equal and can be expressed by Henry’s
law, the rate of hydrogen formation (Ryg) is written
by eqn. S when step 2 is rate-determining.

Ry = k;Nou~ = k(K 1Pu,0NoNop ) (5)

where, Noyg—, No, Ny, are the numbers of OH™,
oxygen ion vacancies on the basis of fluorite struc-
turé, and lattice oxygen ions, respectively, on the
surface of cerium oxide samples. For a fixed com-
position of CeOy, Ny and Ngy, are constant. Moreover
the ratio Ng; /N5 is three since pairs of oxygen
vacancies are believed to be along the (111) axis
of the original fluorite structure [6]. Hence, Ry
is given as follows:

Ry =kpPy,0'"” (6)
where, k= k,(3K;)""*No. If step 3 is rate-determin-
ing, Ry can likewise be written as follows:
Ry =k3No, yuNu+ = k3K, Noy—Ny+

= k3K2K1NDNoLPH10 (7)
where No;y and Ny+ are the numbers of Op-H

and H*, respecitvely. K, is the equilibrium constant
for step 2. For a fixed composition of CeO,:

Ry =kmPu,0 (8)

where ki = 3k;K,K,No2. When recombination of
hydrogen atoms (step 4) is rate-determining, the
rate equation is given by:

Ry = kaNy® = k4K K,K3NoNo Py o %)
For a fixed composition of CeQO,:
Ry =kwPy,o (10)

where kp; = 3k4K,K,K3No?. The kinetic equation
observed for the reaction at 373 K (which was in
the low temperature range) was first order with
respect to the pressure of water vapor (Fig. 5).
This result suggests that the rate-determining step
is either step 3 or 4. As described earlier the
hydrogen exchange between H, and D, occurred
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rapidly at 373 K which was in the low temperature
range. This fact implies that the recombination of
hydrogen atoms (step 4) is not rate-determining.
The absence of hydrogen exchange between H,0
and D, can be explained when step 3 is rate-
determining. Therefore, the kinetic studies conclude
that step 3 is the most probable rate-determining
step at low temperatures (<453 K). The kinetic
equation obtained at 523 K (which is in the high
temperature range) is in accord with eqn. 6. The
linear increase in the rate of hydrogen-production
with the decrease in y of CeO, (Fig. 3) is also
explained by eqn. 6 which requires proportional
correlation between the rate and the quantity of
oxygen vacancies. Thus, we believe that the rate-
determining step at high temperatures (>453 K)
is step 2 in Fig. 9.
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