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a b s t r a c t

Iron oxide (Fe2O3) is a potential substitute for other materials of hydrogen storage by a redox pro-
cess of Fe3O4 (initial Fe2O3) + 4H2 ↔ 3Fe + 4H2O to store and release hydrogen. In order to evaluate
the effectiveness of iron oxides with Mo additive for this purpose, the behaviors of unmodified
and Mo-modified Fe2O3 samples (Fe2O3-none, Fe2O3–5%Mo, Fe2O3–8%Mo and Fe2O3–10%Mo), which
were prepared by hydrothermal synthesis, were investigated for hydrogen production at oxida-
tion step. Of all the samples, Fe2O3–8%Mo was the most effective for improving H2 production at

◦

o-Modified Fe2O3

ydrogen production
xidation kinetics
ctivation energy
ydrothermal synthesis

temperatures < 300 C. The kinetic data at oxidation step obtained by isothermal experiments could
be well fitted by the conventional and Jander equation. The apparent activation energy at oxida-
tion step is about 55.53–65.30 kJ mol−1 for unmodified Fe2O3 and about 36.17–45.19 kJ mol−1 for
Fe2O3–8%Mo based on the conventional and Jander models. The cooperative effect of active Fe
and Mo additive on the H2O decomposition may be the main reason of lowering the activation

energy.

. Introduction

Utilization of hydrogen (H2) as a transportation fuel is encour-
ged in the world because of increasing scarcity and cost of
etroleum and urgent desire for abatement of air pollution [1,2].
owever, one of the major obstacles to the use of hydrogen as
n energy carrier is the lack of safe, efficient and low cost stor-
ge system [3,4]. Otsuka et al. proposed a promising alternative
echnology that can store and supply pure H2 to PEFC vehi-
les by a simple reversible redox process of iron oxide [5–7],
hich can be simply described as H2 storage (the reduction step

: Fe2O3 + 3H2 → 2Fe + 3H2O or Fe3O4 + 4H2 → 3Fe + 4H2O) and H2
eneration (the oxidation step 2: 3Fe + 4H2O → Fe3O4 + 4H2). In
he redox process, a good cation-modified iron oxide sample
repared by urea method, which is also a potential alterna-
ive to other materials of storing hydrogen, can be recycled to
se many times at a relatively low temperature. Based on this
ackground, our group developed a simple, low cost method to

repare various cation-modified samples via impregnating iron
r Fe2O3 powder with an aqueous solution containing corre-
ponding metal cations [8,9]. It is found that the performances
f the Mo-modified samples for H2 production were significantly

∗ Corresponding author. Tel.: +86 029 88363115; fax: +86 029 88303798.
E-mail address: huiwang@nwu.edu.cn (H. Wang).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.03.015
© 2011 Elsevier B.V. All rights reserved.

enhanced in the redox cycles, such as the catalytic activity and
cyclic stability. In addition, the effect of Mo additive in the sam-
ple on improving hydrogen production was also investigated in
our work. The result shows that the improvement of the cat-
alytic activity and stability was attributed to the change of the
Mo valence (Mo(III) ↔ Mo (IV)), namely, MoO2 (initial MoO3) was
reduced by hydrogen to Mo2O3 in H2 storage step and Mo2O3
was oxidized by water into MoO2 again in the subsequent H2
generation step. The change in the repeated redox cycles caused
the variety of the sample structure, which suppressed the sin-
tering of the sample particle [9]. In order to obtain an excellent
modified sample as H2 storage material that employs much
lower H2 production temperature (<300 ◦C) and much higher H2
production rate (>250 �mol min−1·Fe-g−1) at < 300 ◦C in the oxi-
dation step, the unmodified and several Mo-modified samples
with different Mo amounts were synthesized by hydrothermal
method.

At present, there have been some kinetic studies on the
reduction step of modified and unmodified samples [3,10–13],
but fewer kinetic studies on the oxidation step of the reduced
samples in the redox process. In order to evaluate the suit-
ability of different iron oxides as hydrogen storage material,
the performances of the modified and unmodified samples for

hydrogen production were investigated by the repeated redox
cycles and the kinetic researches of the oxidation process were
carried out by isothermal experiment at different operating
temperatures.

dx.doi.org/10.1016/j.tca.2011.03.015
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:huiwang@nwu.edu.cn
dx.doi.org/10.1016/j.tca.2011.03.015
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. Materials and methods

.1. Sample preparation

Pure Fe2O3 and Fe2O3 with various amounts of Mo additive were
repared by hydrothermal synthesis: Fe(NO3)3·9H2O (2.250 g)
as dissolved in distilled water (10 ml) to form a clear solution,

n which NaOH (2.8 M) was added to adjust the pH value until
he Fe(3+) completely precipitated. The precipitate was filtered
nd washed with distilled water at 60 ◦C until the pH value of the
ltrate reached 7 and followed by further decentralize in 20 ml
istilled water with vigorous stirring to form the suspension liquid.
fter ultrasonic treatment for 30 min and stirring for 30 min, the
uspension liquid added a certain amount of (NH4)6Mo7O24·4H2O
as transferred into Teflon-lined stainless-steel reactor with a

apacity of 50 ml, followed by heating at 170 ◦C for hydrothermal
reatment 2 h and subsequently cooled down to room temperature
aturally. The hydrothermal product was washed by filter wash
ith distilled water and absolute ethanol, and then dried at

0 ◦C. The amount of the Mo additives was adjusted to 0. 5 mol%,
mol% and 10 mol% of the total metal cations (Mo/(Mo + Fe) = 0.00,
.05, 0.08 or 0.10). The as-prepared samples were denoted
s unmodified Fe2O3, Fe2O3–5%Mo, Fe2O3–8%Mo and
e2O3–10%Mo.

.2. Sample evaluation

The reaction apparatus used for the redox process of the
amples is similar to that reported elsewhere [6]. The redox
erformances of these samples were evaluated by the WFSM-
012 evaluating device designed by ourselves. The procedure of

ncreasing temperature of the reduction (step 1) and oxidation
step 2) of the samples was similar to the description in Ref.
7,8].

A set of isothermal oxidation experiments to produce hydro-
en were carried out in the temperature range of 320–440 ◦C with
interval of 20 ◦C for each isothermal reaction in order to find

he kinetic parameter for the oxidation of the reduced samples
y water (H2O) vapour. Dynamic experiments were conducted
y the standard experimental conditions described as the previ-
us report [8]. About 1.5 g of as-prepared sample was put into
he reaction tube. The samples tested in this work was firstly
educed to active Fe by 1:1 gas mixture of H2 and Ar with a
ow rate of 40 ml min−1 at 500 ◦C and subsequently oxidized to
elease hydrogen by 1:4 gas mixture of H2O vapor and Ar at
iven isothermal operating temperature. The amount of H2 pro-
uction was detected by on-line gas chromatography (GC). The
eactivity of H2 production of the Mo-modified and unmodified
amples in the repeated redox cycles was evaluated by the fol-
owing parameters: the rate of H2 formation at temperatures
elow 300 or 300 ◦C, the temperature of H2 formation at which
he rate of H2 formation is 250 �mol min−1·Fe-g−1, the time of
xidation termination, the degree of oxidation of the reduced sam-
les (DO), the amount of H2 production and the activation energy

n the oxidation step, i.e., the activation energy of H2 produc-
ion.

.3. Data analysis

In the isothermal experiments the change of hydrogen pro-
uction amount was registered as a function of time (t). The
egree of oxidation of the reduced samples (DO) by H2O vapour

as defined as the ratio of weight addition at any time to

he total weight addition after complete oxidation, which cor-
esponded to the ratio of hydrogen production amount at
ny time to the theoretical total hydrogen production amount
fter complete oxidation of the reduced sample (Fe) fed into
Fig. 1. Variations of formation rate of H2 vs. temperature in the reoxidation of Fe2O3-
none, Fe2O3–5%Mo, Fe2O3–8%Mo and Fe2O3–10%Mo in four repeated redox cycles.

reactor:

DO = mt − m0
m∞ − m0

= mtFe
m0

= moltFe
mol0

== moltH2 (actual hydrogen mole produced at time t)
moltotal(total hydrogen mole produced after complete oxidation)

(1)

where mt is an actual mass of the sample at time t in the oxi-
dation stage (which was mainly composed of Fe and Fe3O4), mtFe
the mass of the reduced sample (Fe) oxidized by H2O at time t, m0
the initial mass of the reduced sample (Fe) fed into the reactor, m∞
the mass after complete oxidation of the reduced sample fed into
reactor, moltFe the mole of oxidation of the reduced sample (Fe) by
H2O at time t and mol0 the initial mole of the reduced sample (Fe)
fed into reactor. The values of mt, mtFe, moltH and moltotal could be
obtained from experimental data.

In this work, the following equations were obtained according

to step 2:

m∞ − mo = mo
1/3MFe3O4 − MFe

MFe
= mo0.3809 (2)
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Fig. 2. The degree of oxidation vs. time in the reoxidation of Fe2O3-none, F

here MFe3O4 is the mol mass of Fe3O4, MFe the mol mass of Fe.from
qs. (1) and (2), the DO as a conversion (˛) also was expressed as
ollows:

= DO = mt − mo

mo × 0.3809
(3)

.4. Conventional kinetic analysis for the oxidation of the sample

A gas–solid reaction equation for step 2 can be described as

aH2O(g) + bFe(s) → cH2(g) + dFe3O4(s) (4)

Accordingly, a conventional rate equation could be introduced
or the oxidation of the reduced sample by H2O under isothermal
onditions, which was based on the assumption of a signal-step
eaction only with chemical reaction control and expressed as fol-
ow:

dmoltFe

dt
= k · Pa

H2O · (mol0 − moltFe)b (4)

here a and b represent the stoichiometric coefficients in step 2, k
s the rate constant and PH2O is the water vapour partial pressure.

Combining Eqs. (3) and (4), a new rate equation (d˛/dt) can be
btained:

d˛

dt
= k · Pa

H2O · (mol0)b−1 · (1 − ˛)b = k · Pa
H2O ·

(
3
4

moltotal

)b−1

· (1 − ˛)b (5)

It is seen that the Pa
H2O and (mol0)b − 1 in Eq. (5) are constant

alues due to a given mol0 with an invariable pressure of 20 kPa
PH2O) for each oxidation in isothermal conditions in this work.

y setting Kc = k · Pa
H2O · (mol0)b−1 = k · Pa

H2O ·
(

3
4

moltotal

)b−1
(6)

he reaction rate Eq. (5) can be simplified as:

d˛

dt
= Kc · f (˛) = Kc · (1 − ˛)n (7)

here n represents the so-called reaction orders in step 2, i.e., Eq.
4)′. The following equations can be obtained by integrating Eq. (7)
n isothermal conditions (˛ → [0,˛] and t → [0,t] interval):

(˛) = − ln(1 − ˛) = Kc · t , n = 1 (8)

(˛) = 1 − (1 − ˛)1−n

1 − n
= Kc · t , n /= 1 (9)

A series of constant values of Kc in isothermal conditions can be
btained by the slope of g(˛) vs. t plots based on a good linearity

or an appropriate kinetic model as the criterion to determine the
inetic function g(˛) best describing the experimental data of the
xidation process, and varying temperature from 320 to 440 ◦C at
ifferent temperature intervals.
Oxidation time  / min

5%Mo, Fe2O3–8%Mo and Fe2O3–10%Mo in the first and fourth redox cycles.

The apparent activation energy of the oxidation reaction in
isothermal conditions can be is introduced by replacing k in Eq. (6)
with the Arrhenius equation, which can be expressed as follows:

ln Kc = − Ea

RT
+ ln

(
A · Pa

H2O · (3/4moltotal)
b−1

)
= − Ea

RT
+ C (10)

where Ea is the apparent activation energy, A the pre-exponential
factor. The slope of ln Kc vs. 1/T can give Ea of the oxidation reaction
at various isothermals.

2.5. Jander kinetic analysis for the oxidation of the sample

A gas–solid non-catalytic reaction occurring during the oxi-
dation of the reduced sample (Fe) by H2O has been described
previously by conventional kinetic analysis. To obtain an appropri-
ate kinetic g(˛) function well described by the experimental data
of the oxidation of Fe by H2O vapour in the isothermal conditions,
a lot of kinetic models were used to investigate various gas–solid
non-catalytic reactions [11–18]. Among them, the Jander equation
g(˛) = [1 − (1 − ˛)0.33]2 = kt, describing a three-dimensional diffu-
sion process of a gaseous phase through a product layer [14,15],
was found to be able to give a good description for the experimen-
tal data examined in isothermal conditions in this work. A set of k
at isothermal operating temperatures of 360, 380, 420 and 440 ◦C
could be obtained by the slope of [1 − (1 − ˛)0.33]2 vs. t plots with
high linearity, and the conversion degree (˛) versus time data for
the oxidation of Fe by H2O in the range of 360–440 ◦C could be well
fitted by Jander equation. The apparent activation energy of the
oxidation reaction could be calculated by the Arrhenius equation
with the rate constant ln k = ln A +(− Ea/RT)

Based on the two analysis methods stated previously, Table 1
summarizes the various kinetic models used to determine the oxi-
dation process of the reduced samples by H2O.

3. Results and discussion

3.1. Hydrogen production of the unmodified Fe2O3 and
Fe2O3–(5%, 8% and 10%)Mo samples in repeated redox cycles

The changes of the rate of H2 formation plotted against tem-
perature for the unmodified Fe2O3, Fe2O3–5%Mo, Fe2O3–8%Mo and
Fe2O3–10%Mo samples in four cycles are shown in Fig. 1(a–d). Com-
paring the kinetic curves in Fig. 1(b–d) with those in Fig. 1(a), it is
obvious that the rate of H2 formation of the modified samples was
higher than that of the unmodified Fe2O3 sample at 300 ◦C and that

the curves in Fig. 1(b–d) overlapped better than those in Fig. 1(a).
The amount of H2 production of Fe2O3–(5% and 8%)Mo in redox
cycles was also larger than that of unmodified Fe2O3. These indi-
cate that Mo cations as additive in Fe2O3 could effectively improve



58 F. Wen et al. / Thermochimica Acta 520 (2011) 55–60

Table 1
Expression of g(˛) functions for some of reaction models based on the two kinetic analyses in gas–solid reaction.

No. Symbol Reaction model g(˛) functions

1 C0 Conventional kinetics (n = 0, zero order) ˛
2 C0.5 Conventional kinetics (n = 0.5, half-order) 2[1 − (1 − ˛)]1/2

3 C1 Conventional kinetics (n = 1, first order) −ln(1 − ˛)
kinetics (n = 1.5, 1.5th order) [1 − (1 − ˛)−1/2]·(−2)
kinetics (n = 2, 2nd order) (1 − ˛)−1/2 − 1
n [1 − (1 − ˛)1/3]2
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It is obvious that the two kinetic models can give the good
description of the experimental data examined in the present
work. The apparent activation energy of the oxidation reaction for
unmodified Fe2O3 is in the range of about 55.53–65.30 kJ mol−1

Table 2
Kinetic parameters based on g(a) function expressions by the conventional kinetics.

Sample n g(˛) functions Ea (kJ/mol) Corr. coeff

Fe2O3-none 0 ˛ – –
0.5 2[1 − (1 − ˛)]1/2 – –
1 −ln(1 − ˛) 40.61 0.9659
1.5 [1 − (1 − ˛)−1/2]·(−2) 65.30 0.9909
2 (1 − ˛)−1/2 − 1 93.67 0.9531

Fe O –8%Mo 0 ˛ – –
4 C1.5 Conventional
5 C2 Conventional
6 J Jander equatio

he activity and stability of the samples for hydrogen production in
epeated redox cycles. However, the modified effects of the addi-
ive on the reoxidation of the reduced samples strongly depended
n the amount of Mo cations added to the samples. It is apparent
rom Fig. 1(b–d) that the modified effect of Fe2O3–8%Mo was the

ost effective. A too big addition of Mo (10%) to Fe2O3 could cause
ecrease in the amount of H2 production such as only the aver-
ge capacity of 4.19 wt%, while a too small amount of 5%-Mo could
ake the oxidation time become long. The result can be observed

rom the changes of DO-time shown in Fig. 2(a–b). E. g., Fig. 2(a)
hows that an approximate 0.80 DO could be achieved in less than
0 min for the re-oxidation of the reduced Fe2O3–8%Mo sample

n the first cycle, but to obtain the same DO for the Fe2O3–5%Mo
nd Fe2O3–10%Mo samples were not less than 100 and 110 min,
espectively. From the comparisons of the kinetic curves for the
nmodified Fe2O3, Fe2O3–5%Mo, Fe2O3–8%Mo and Fe2O3–10%Mo
ample in the first and fourth cycles shown in Fig. 2(a–b), it is
bvious that the order of the DO was Fe2O3–8%Mo > Fe2O3–5%Mo,
e2O3–10%Mo > unmodified Fe2O3, within the same reaction time.
t concluded that Fe2O3–8%Mo was the most effective for increas-
ng the formation rate of H2 and decreasing the temperature of H2
ormation among all the samples.

.2. Isothermal kinetic results of the unmodified Fe2O3 and
e2O3–8%Mo samples

The kinetic studies on the oxidation process of unmodified
e2O3 and Fe2O3–8%Mo in the redox cycle were carried out at
ifferent isothermal operating temperatures. To determine an
ppropriate reaction model for the oxidation of the reduced sam-
le by H2O in this work, two kinds of the kinetic analysis methods
ave been previously proposed to expect to well be described by
he experimental data of isothermal kinetics. The isothermal kinetic
urves of oxidation of the reduced samples for unmodified Fe2O3
n the range of 360–440 ◦C and for Fe2O3–8%Mo in the range of
20–380 ◦C are given in Fig. 3. The changes of DO vs. time are given

n Fig. 4. The DO in Fig. 4 was obtained by Eq. (5) based on the inte-
rated area under the curves in Fig. 3. According to the results of
ig. 4, i.e. the ˛ values at time t, Figs. 5 and 6 were plotted by the
onventional kinetic and Jander models, respectively.

Fig. 5(a–d) and (a′–d′) shows the changes of the function g(�)
n Eqs. (8) and (9) vs. time for b = 0.5, 1, 1.5 and 2, respectively. It is

pparent from Fig. 5 that a relatively higher linearity of 1−(1−˛)1−n

1−n
s. t plot was observed in Fig. 5(c) and (c′) when the reaction
rder was assumed as n = 1.5. This result indicates that the oxi-
ation of the reduced unmodified Fe2O3 or Fe2O3-8%Mo sample
y H2O vapour in Eq. (6)′ was a gas-solid oxidation reaction with
he 1.5th order and can be explained by the conventional kinetic

odels. The apparent activation energies of the oxidation reaction
btained by fitting the experimental data summarized in Table 2
re 65.30 kJ mol−1 for unmodified Fe2O3 and 45.19 kJ mol−1 for

e2O3–8%Mo. This result will be subsequently supported by Jander
quation below.

Fig. 6 (a–b) shows the changes of the function g(�) vs. time
y Jander equation g(�) = [1 − (1 − ˛)0.33]2 = kt. It is clear that the
Fig. 3. The formation rate of H2 vs. time curves for the oxidation of the reduced
samples at isothermal temperatures of 360, 380, 420 and 440 ◦C for Fe2O3-none and
of 320, 340, 360 and 380 ◦C for Fe2O3–8%Mo.

linearity of the plot of [1 − (1 − ˛)0.33]2 vs. time decreases with
increasing isothermal operating temperature. Although being in
the case, the Jander equation still gave the best description. The
apparent activation energies of the oxidation reaction listed in
Table 3 are given by the equations of ln k = 2.8381–6679 T−1 and
ln k = 0.9425–4351 T−1, which are 55.53 kJ mol−1 for unmodified
Fe2O3 and 36.17 kJ mol−1 for Fe2O3–8%Mo, and the frequency fac-
tor A = 17.08 and 2.57 min−1, respectively. The two values are
close to the activation energies (65.30 and 45.19 kJ mol−1) previ-
ously described by conventional kinetic model, indicating that the
Jander equation describes the oxidation process of the reaction
adequately.
2 3

0.5 2[1 − (1 − ˛)]1/2 – –
1 −ln(1 − ˛) 31.63 0.9788
1.5 [1 − (1 − ˛)−1/2]·(−2) 45.19 0.9986
2 (1 − ˛)−1/2 − 1 60.31 0.9538
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Table 3
Kinetic parameters for the oxidation of the reduced sample by the Jander equation.

Sample Temp (◦C) k Corr. coeff. ln k 1/T Ea (kJ/mol)

Fe2O3-none 360 4.951 × 10−4 0.9983 −7.6108 0.001579 55.53
380 5.553 × 10−4 0.9952 −7.4960 0.001531
420 9.842 × 10−4 0.9854 −6.9237 0.001443
440 1.649 × 10−3 0.9569 −6.4075 0.001402

Fe2O3–8%Mo 320 1.632 × 10−3 0.9929 −6.4179 0.001686 36.17
−3 0.987
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he reason for it may be that the cooperative effect of active Fe and
o additive on the H2O decomposition changes the original path

f the oxidation reaction, which needs to be further confirmed in
he next work. This was also mainly the reason why Fe2O3–8%Mo
as a higher rate of H2 formation and a lower temperature of H2

ormation than unmodified Fe2O3.

. Conclusion

Summarily, the unmodified Fe2O3, Fe2O3–5%Mo, Fe2O3–8%Mo
nd Fe2O3–10%Mo samples were prepared by hydrothermal syn-
hesis. The effects of various amounts of Mo cations on the
ydrogen production of the samples were investigated. The
inetic studies on the oxidation process of unmodified Fe2O3
nd Fe2O3–8%Mo were also carried out at different isothermal
perating temperatures. The results show that Fe2O3–8%Mo was
he most effective for enhancing the H2 forming rate at low
emperatures (<300 ◦C) and decreasing the H2 forming temper-
ture. The apparent activation energy of the oxidation process
as about 55.53–65.30 kJ mol−1 for unmodified Fe2O3 and about

6.17–45.19 kJ mol−1 for Fe2O3–8%Mo based on the conventional
nd Jander models. The lower apparent activation energy of
e2O3–8%Mo than that of unmodified Fe2O3 showed the effective
odification effect of Mo cations added to the sample.
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