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Abstract

The redox performance of iron oxides containing Mo and/or Rh species (Fe3O4 + 4H2 � 3Fe+ 4H2O) was investigated. The redox cyc
of the reduction of Fe3O4 with hydrogen and the subsequent oxidation of iron metal with water vapor can be applied for the stor
supply of pure hydrogen.Addition of Rh to the iron oxide samples improved the reactivity for the redox at a low temperature. The addition
Rh to iron oxide samples decreased apparent activation energy for the oxidation of iron metal with water vapor. However, Rh spe
to iron oxides promoted sintering of iron species during the redox. The addition of Mo cations to iron oxides containing Rh prevented th
sintering of iron species during the redox. Therefore, iron oxides containing both Rh and Mo species could form hydrogen repeated
the redox. The local structures of Mo and Rh species added to the iron oxide samples were investigated by Mo and RhK-edge XANES and
EXAFS. Mo cations added to the iron oxide samples were always stabilized in the ferrites MoxFe3−xO4 during the repeated redox reaction
Rh species added to the iron oxide samples were present as Rh–Fe alloys after the reduction with hydrogen, while they were pr
metal after the oxidation with H2O.
 2004 Elsevier Inc. All rights reserved.

Keywords: Iron oxides added with Mo and Rh;Redox of iron oxides; Hydrogen
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1. Introduction

The redox property of a metal oxide is one of the f
tors which determine its catalytic activity and selectivity
for a catalytic reaction. Frequently, various foreign metal
or metal oxides, which are often termed as promoters
added into the metal oxide catalysts in order to improve t
redox performances[1–3]. In general, the surface areas
metal oxides decrease due to the sintering when they
used continuously in the catalytic reactions. The promote
sometimes prevent the sintering of the host metal oxide
alysts[4–6]. Therefore, the promoters are indispensable
the design of the catalysts for many catalytic reactions.

* Corresponding authors. Fax: +81-3-5734-2879.
E-mail address: stakenak@o.cc.titech.ac.jp(S. Takenaka).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.08.027
Previously, we have proposed a new method for the s
age and supply of pure hydrogen by applying the redox
tween Fe3O4 and iron metal[7]:

Fe3O4 + 4H2 � 3Fe+ 4H2O. (1)

Fe3O4 is reduced with hydrogen into iron metal by elim
inating water from the system and subsequently the m
is oxidized with water vapor into Fe3O4 to form hydrogen
Hydrogen is stored chemically as Fe metal in this meth
By means of this method, 1 mol of Fe can store and
generate 1.33 mol of H2, which corresponds to 4.8 wt%
of Fe metal. However, iron oxide sample without any p
moters was deactivated quickly for the hydrogen forma
through the oxidation of iron metal with water vapor d
to the sintering of Fe3O4 and/or iron metal[8]. In addi-
tion, the redox reaction of iron oxide sample without a
promoters required relatively high temperatures (> 673 K).
It is desirable to perform the redox reactions of iron ox

http://www.elsevier.com/locate/jcat
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samples at temperatures as low as possible from an eco
ical viewpoint. Thus, the redox performances of the i
oxide samples added with various metal species were
vestigated[8,9]. Iron oxides added with Mo cations cou
form hydrogen repeatedly through the redox, while ir
oxide without any promoterswas deactivated quickly fo
the redox. The addition of Rh into iron oxides enhanc
hydrogen formation through the oxidation of iron me
with water vapor at low temperatures. However, the r
of these promoters on the redox of iron oxides has b
unclear. The role of these promoters on the redox sh
be investigated on the bases of the local structures an
electronic states of metal species added into the iron ox
ides.

In the present study, the local structures and the e
tronic states of Rh and Mo species added into the iron o
samples were investigated by Rh and MoK-edge XANES
and EXAFS. On the bases of these results, the roles o
and Mo species added into the iron oxide samples on
redox reactions between Fe3O4 and Fe metal will be dis
cussed.

2. Experimental

Iron oxide without any promoters (denoted as FeOx here-
after) was prepared by precipitation of Fe(OH)3 from an
aqueous solution of Fe(NO3)3 by using hydrolysis of urea
at 363 K. The iron oxides added with Rh and/or Mo spec
(denoted as Rh–FeOx , Mo–FeOx and Rh–Mo–FeOx here-
after) were prepared by coprecipitation of the correspond
metal hydroxides from mixed aqueous solutions contain
these metal cations by using hydrolysis of urea at 363
RhCl3 and (NH4)6Mo7O24 were used as metal source
The precipitates were dried at 373 K for 12 h and c
cined at 773 K for 10 h in air. The amount of Rh or M
species added into iron oxides (Rh–FeOx or Mo–FeOx)
was adjusted to be 5 mol% (Rh/(Rh + Fe)= Mo/(Mo +
Fe)= 0.05 as mole ratio). When both Mo and Rh spec
were added into iron oxides, the content of Rh and
added was adjusted to be 5 mol% each in total metal at
(Rh/(Rh+Mo+Fe)= Mo/(Rh+Mo+Fe)= 0.05 as mole
ratio).

The reduction of iron oxides with hydrogen and the s
sequent oxidation of iron metal with water vapor were c
ried out with a conventional gas-flow system with a fixe
bed reactor. Iron oxide sample was packed in a tubular r
tor made from quartz (an inner diameter and lengths= 1.8
and 60 cm, respectively). The amount of the iron oxide s
ples packed in the reactor was 0.20 g as Fe. For the re
tion, hydrogen diluted with Ar (P (H2) = P(Ar) = 50.7 kPa,
total flow rate= 100 ml min−1) was contacted with the
iron oxide sample at 573 K. The temperature at the re
tor was increased linearly with time to 823 K at a rate
7.5 K min−1 and the temperature was kept at 823 K until
consumption of hydrogen due to the reduction of iron
-

-

ides could not be observed. After the hydrogen remainin
the reactor was purged out with Ar, water vapor balan
with Ar (P (H2O) = 5.0 kPa, total pressure= 101.3 kPa,
total flow rate= 100 ml min−1) was contacted with th
reduced iron oxide samples at 373 K. The temperatur
the reactor was increased linearly with time to 873 K a
rate of 4 K min−1. The oxidation of the iron oxide sam
ples with water vapor was continued at 873 K until t
formation of hydrogen was not observed. During the o
dation with water vapor, a part of effluent gases from
catalyst bed was sampled out and analyzed by GC. Th
duction with hydrogen and the subsequent oxidation w
water vapor for the iron oxide samples were carried out
peatedly under the same conditions. XRD studies sho
that iron species in all the fresh iron oxide samples u
in the present study were Fe2O3 mainly, irrespective of
the kind of promoters added into the iron oxide samp
The Fe2O3 in the fresh samples was reduced with hyd
gen into iron metal at the first reduction. Subsequently
metal was oxidized into Fe3O4 at the first oxidation with
water vapor. The oxidation of iron metal with water v
por to Fe2O3 was thermodynamically impossible. After th
first cycles, the redox was performed between Fe3O4 and Fe
metal.

X-ray absorption spectra (XANES, X-ray absorpti
near-edge structure; and EXAFS, extended X-ray abs
tion fine structure) were measured on the beam line BL-
at the Photon Factory in the Institute of Materials Struct
Science for High Energy Accelerator Research Organ
tion at Tsukuba in Japan (Proposal Number 2002G108)
and RhK-edge XANES and EXAFS of iron oxides add
with Rh and Mo were measured with a transmission m
with a Si(311) channel-cut monochromator at room te
perature. Mo–FeOx and Rh–Mo–FeOx were reduced with
hydrogen at 823 K and they were subsequently oxidi
with water vapor at 873 K prior to the measurement
XANES and EXAFS. After the redox reactions, the sam
was packed in a bag made from polyethylene under Ar.
analysis of EXAFS data was performed by using an EXA
analysis program, REX (Rigaku Co.). For EXAFS ana
sis, the oscillation was extracted from the EXAFS data
a spline-smoothing method. The oscillation was normali
by the edge height around 70–100 eV above the thresh
The Fourier transformation ofk3-weighted EXAFS oscil-
lation was performed over ak-range of 3.5 to 14.5 Å−1.
Inversely Fourier-transformed data for each Fourier p
were analyzed by a curve-fitting method, using theoretic
phase-shift and amplitude functions derived by FEFF8 p
gram[10].

X-ray diffraction (XRD) patterns of iron oxide sample
were recorded with a Rigaku RINT 2500V diffractome
using Cu-Kα radiation at room temperature under air.

SEM images of the iron oxide samples were measu
with a Hitachi FE-SEM S-800 (field emission gun scann
electron microscope).
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3. Results and discussion

3.1. Redox of iron oxides

The redox performances of FeOx , Rh–FeOx , Mo–FeOx ,
and Rh–Mo–FeOx were examined. For the reduction
these samples, hydrogen was contacted with these sam
at 573 K and the temperatures at the reactor were incre
to 823 K. After the reduction, the reduced samples w
contacted with water vapor at 373 K and the temperatur
creased to 873 K. Five redox cycles were repeated for al
samples except for Rh–FeOx . Fig. 1shows change of the fo
mation rate of hydrogen as a function of temperature at
reactor during the first oxidation, the third oxidation, and th
fifth oxidation with water vapor of each sample. Iron ox
sample without promoters (FeOx) produced hydrogen in th
first oxidation with water vaporwhen temperatures becam
higher than 550 K. The formation rate of hydrogen for Fex

increased with a rise of temperatures and it attained the m
imum at around 780 K. However, the formation rates of
drogen for FeOx in the temperature range from 550 to 800
became slower gradually with the repeated cycles. The d
tivation of FeOx for the oxidation with water vapor resulte
from the sintering of iron species, as will be described be
in detail. The deactivation of FeOx for the hydrogen forma

Fig. 1. Change of the formation rate of hydrogen as a function of t
peratures during the oxidation of reduced iron oxides with water vapo
", FeOx ; !, Mo–FeOx ; 2, Rh–FeOx ; 1, Rh–Mo–FeOx .
s
d

-

-

tion through the oxidation with water vapor was mitiga
by the addition of Mo cations. The oxidation of Mo–FeOx

with water vapor produced hydrogen at temperatures hi
than 550 K and the formation rate of hydrogen attaine
maximum at around 650 K at the first oxidation with w
ter vapor. The formation rate of hydrogen in the tempera
range of 600 to 700 K for Mo–FeOx was significantly highe
than that for FeOx . It should be noted that the kinetic curv
of hydrogen formation for Mo–FeOx did not change appre
ciably from the first oxidation to the fifth oxidation; i.e., th
formation rates of hydrogen attained a maximum at aro
650 K for every cycle of Mo–FeOx, while the oxidation of
FeOx with water vapor required higher temperatures w
the repeated cycles. On the other hand, the addition o
species into FeOx enhanced the formation rate of hydrog
at low temperatures. The first oxidation of the Rh–FeOx with
water vapor formed hydrogen at temperatures higher
500 K and the formation rate of hydrogen attained a m
mum at ca. 600 K. The formation rates of hydrogen in
temperature range of 500 to 600 K at the first oxidation
Rh–FeOx with water vapor were considerably higher th
those at the first oxidation of FeOx and Mo–FeOx . How-
ever, the Rh–FeOx was deactivated quickly for the hydrog
formation with the repeated cycles. The formation rate of hy
drogen at the third oxidation of Rh–FeOx with water vapor
was very slow over the whole temperature range. As wil
described below, the addition of Rh only into the iron oxid
promoted the sintering of Fe3O4 and/or iron metal during
the redox. Thus, the reactivity of Rh–FeOx for the hydro-
gen formation in the third oxidation with water vapor w
lower than that of FeOx in the third oxidation with water va
por. In contrast, the addition of both Mo and Rh species
FeOx improved the durability for the redox as well as t
reactivity of hydrogen formation at low temperatures. O
dation of Rh–Mo–FeOx with water vapor formed hydroge
at temperatures higher than 500 K. In addition, the pea
the formation rate of hydrogen for Rh–Mo–FeOx was posi-
tioned at a lower temperature (ca. 620 K), compared to th
for Mo–FeOx (at 660 K) and for FeOx (at 700 K). The reac
tivity of Rh–Mo–FeOx for the hydrogen formation throug
the oxidation with water vapor was kept high from the fi
oxidation to the fifth oxidation. These results implied th
the addition of Mo cations into FeOx prevented the sinter
ing of Fe3O4 and/or iron metal during the repeated redox
is likely that Rh species added into the iron oxides wor
as the active sites for water molecules during the oxida
with water vapor, because the addition of Rh species
FeOx enhanced hydrogen formation at low temperatures

Apparent activation energies for the oxidation with wa
vapor of the iron oxide samples (FeOx , Mo–FeOx , and Rh–
Mo–FeOx) that had been reduced with hydrogen at 673
were estimated. The redox reactions were performed w
gas-closed and gas-circulation system. The formation r
of hydrogen at the early period of the first oxidation w
water vapor were measured at different temperatures in
range of 453 to 583 K. The apparent activation ener
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Fig. 2. XRD patterns of Rh–Mo–FeOx before and after the oxidation wit
water vapor and the reference samples (Fe2O3 and Fe3O4). (a) Fe2O3 ref-
erence; (b) fresh Rh–Mo–FeOx ; (c) Rh–Mo–FeOx after the first oxidation;
(d) Rh–Mo–FeOx after the third oxidation. (e) Fe3O4 reference.

for the first oxidation with water vapor of the FeOx , Mo–
FeOx , and Rh–Mo–FeOx were estimated to be 62, 59, a
37 kJ mol−1, respectively. The addition of Rh species in
the Mo–FeOx decreased the apparent activation energy
the oxidation of iron metals with water vapor, while the ac
vation energy did not change appreciably by the additio
Mo cations into FeOx . These results implied that Rh spec
added into the iron oxides activated water molecules du
the oxidation, while Mo cations in the samples could not
tivate them.

3.2. Characterization of Rh–Mo–FeOx

Fig. 2 shows XRD patterns of Rh–Mo–FeOx before
and after the redox reactionsand of the reference sampl
(Fe2O3 and Fe3O4). The XRD patterns of the used Rh–Mo
FeOx were measured after the first oxidation and after
third oxidation with water vapor. The diffraction peaks d
to Fe2O3 and Fe3O4 were observed in the XRD pattern
the fresh Rh–Mo–FeOx sample (spectrum b), although th
peaks due to Fe3O4 were significantly smaller than those d
to Fe2O3. Any diffraction peaks assignable to compoun
containing Mo or Rh species were not observed for the fr
Rh–Mo–FeOx. These results implied that Rh and Mo spec
in the fresh Rh–Mo–FeOx were highly dispersed. XRD pa
terns of Rh–Mo–FeOx after the first oxidation (spectrum c
and after the third oxidation (spectrum d) were consis
with that of Fe3O4 (spectrum e). These Rh–Mo–FeOx sam-
Fig. 3. MoK-edge XANES spectra of Mo–FeOx after the redox and of the
reference samples (MoO3 and Mo foil). (a)–(d) Mo–FeOx samples: (a) afte
the first reduction; (b) after the firstoxidation; (c) afterthe third reduction;
(d) after the third oxidation. (e) MoO3. (f) Mo foil.

ples were reduced with hydrogen at 823 K and they s
sequently were oxidized with water vapor at 873 K pr
to the XRD measurements. Thus, iron metals which
been formed by the reduction of Rh–Mo–FeOx with hydro-
gen were oxidized with water vapor completely into Fe3O4.
A very weak peak due to crystallized Rh metal was obser
at 2θ = 41.5◦ for the XRD pattern of Rh–Mo–FeOx after the
third oxidation. In contrast, no diffraction signals due to
compounds containing Mo cations appeared in the XRD
terns of the Rh–Mo–FeOx samples after the redox.

As described earlier, the addition of Mo cations in
FeOx prevented the deactivation for the hydrogen format
through the oxidation of iron metals with water vapor. T
structure of Mo cations in Mo–FeOx could not be clarified
by XRD studies. Thus, MoK-edge XANES and EXAFS
for Mo–FeOx were measured in order to examine the lo
structures around Mo atoms added in FeOx . Fig. 3shows Mo
K-edge XANES spectra of Mo–FeOx after the redox and o
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the reference samples (MoO3 and Mo foil). The spectra o
Mo–FeOx were measured after the reduction with hydrog
at 823 K or after the subsequent oxidation with water va
at 873 K.Fig. 3B shows the threshold of XANES spect
of these samples in an energy range of 19990 to 20020
XANES spectra for all the Mo–FeOx samples (spectra a–
were similar to one another regardless of different treatm
for the samples (after the reduction with hydrogen or a
the oxidation with water vapor). These spectra of Mo–Fex

were not consistent with that of MoO3 (spectrum e) or tha
of Mo foil (spectrum f). It is well accepted that the po
tion of threshold for XANES spectra of any metal specie
sensitive to the oxidation states of the corresponding m
species; i.e., the threshold of XANES spectra of the m
species is shifted to higher energy with the higher oxida
state of the metal species[11–13]. The threshold of XANES
spectra shown inFig. 3B was positioned to higher energy
the following order of Mo foil< Mo–FeOx < MoO3, sug-
gesting that the oxidation number of Mo cations in the M
FeOx after the redox was lower than 6+ (VI) and higher than
zero[14,15]. It was reported that Mo cations were stabiliz
on the B sites in the ferrites of the formula MoxFe3−xO4

when Mo cations were added into Fe3O4 [16,17]. The oxida-
tion number of Mo cations in the ferrites was evaluated to
3+ (III) or 4+ (IV). The present results of the XANES spe
tra of Mo–FeOx were consistent with these previous repo
It should be noted that the threshold of XANES spectra
the Mo–FeOx after the reduction with hydrogen was p
sitioned at slightly lower energy compared to that for
Mo–FeOx after the oxidation with water vapor. Thus, t
fraction of Mo3+ in all the Mo cations (Mo3+ and Mo4+)
in the Mo–FeOx after the reduction with hydrogen wou
be higher than that in the Mo–FeOx after the oxidation with
water vapor.

Fig. 4 shows MoK-edgek3-weighted EXAFS of Mo–
FeOx after the redox. The EXAFS spectrum for Mo–Fex
after the first reduction (spectrum a) was similar to tha
Mo–FeOx after the third reduction (spectrum c). In additio
the EXAFS spectrum for Mo–FeOx after the first oxidation
(spectrum b) was consistent with that of Mo–FeOx after the
third oxidation (spectrum d). The spectra of Mo–FeOx after
the reduction were different from those of Mo–FeOx after
the oxidation. Thus, the local structure around Mo atom
Mo–FeOx after the reduction with hydrogen was chang
by the oxidation with water vapor; however, it was rec
ered again by the subsequent reduction of the Mo–FeOx with
hydrogen, i.e., the reversible change of the local struc
around Mo cations during the repeated redox of Mo–Fex .
XANES spectra of Mo–FeOx showed that the fraction o
Mo3+ in all the Mo cations (Mo3+ and Mo4+) depended
on the state of the Mo–FeOx (after the oxidation with wa
ter vapor or after the reduction with hydrogen). The cha
of the local structures around Mo cations in Mo–FeOx dur-
ing the repeated redox must result from the redox betw
Mo3+ and Mo4+ in the ferrites MoxFe3−xO4.
.

l

Fig. 4. Mo K-edgek3-weighted EXAFS of Mo–FeOx after the redox.
(a) After the first reduction; (b) after the first oxidation; (c) after the th
reduction; (d) afterthe third oxidation.

Fourier transforms for MoK-edgek3-weighted EXAFS
of Mo–FeOx after the redox were performed in order to o
tain radial structural functions (RSFs) of the spectra.
RSFs for Mo–FeOx are shown inFig. 5. The RSFs for Mo–
FeOx after the reduction with hydrogen (spectra a and
were different from those of Mo–FeOx after the oxidation
with water vapor (spectra b and d). Bouet et al. repo
Fourier transforms of MoK-edge EXAFS for the ferrite
of the formula MoxFe3−xO4 [17]. The RSFs of the ferrite
MoxFe3−xO4 were quite similar to ones shown inFig. 5.
Thus, Mo cations in Mo–FeOx were always stabilized in th
ferrites MoxFe3−xO4 during the repeated redox. It is like
that changes of the RSFs for Mo–FeOx during the redox re
sulted from the change of the fraction of Mo3+ and Mo4+ in
the ferrites MoxFe3−xO4.

Fig. 6 shows RhK-edge XANES spectra of Rh–Mo
FeOx after the redox, and the spectrum of Rh foil. T
spectra of the Rh–Mo–FeOx were measured after the r
duction with hydrogen at 823 K or after the oxidation w
water vapor at 873 K. The XANES spectrum of Rh–M
FeOx after the first oxidation with water vapor (spectrum
was consistent with that of Rh–Mo–FeOx after the third ox-
idation (spectrum d). These spectra of Rh–Mo–FeOx after
the oxidation with water vapor were similar to that of R
foil (spectrum e), suggesting that Rh species in the Rh–M
FeOx after the oxidation with water vapor were present
Rh metal. On the other hand, XANES spectra of Rh–M
FeOx after the reduction with hydrogen (spectra a and
were different from that of Rh foil. Thus, Rh species in
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Fig. 5. Fourier transforms of MoK-edgek3-weighted EXAFS of Mo–FeOx
after the redox. (a) After the first reduction; (b) after the first oxidation;
(c) after the third reduction;(d) after the third oxidation.

Fig. 6. RhK-edge XANES spectra of Rh–Mo–FeOx after the redox and of
Rh foil. (a–d) Rh–Mo–FeOx : (a) after the first reduction; (b) after the first
oxidation; (c) after the third reduction; (d) after the third oxidation. (e) Rh
foil.

Fig. 7. RhK-edgek3-weighted EXAFS of Rh–Mo–FeOx after the redox
and of Rh foil. (a–d) Rh–Mo–FeOx : (a) after the first reduction; (b) afte
the first oxidation; (c) after the thirdreduction; (d) afterthe third oxidation.
(e) Rh foil.

Rh–Mo–FeOx after the reduction with hydrogen were n
crystallized Rh metal. It should be noted that the thresh
for XANES spectra of the Rh–Mo–FeOx after the reduction
with hydrogen was consistent with that of Rh foil. This res
implied that Rh species in the Rh–Mo–FeOx after the reduc-
tion with hydrogen were of zero valent, although they w
not Rh metal crystallite itself. As will be described belo
in detail, Rh species in the Rh–Mo–FeOx after the reduc-
tion with hydrogen were present as Rh–Fe alloys. Theref
Rh K-edge XANES spectra of the Rh–Mo–FeOx after the
reduction with hydrogen were assignable to that of Rh
alloys.

Fig. 7 shows RhK-edgek3-weighted EXAFS of Rh–
Mo–FeOx after the reduction with hydrogen or after the su
cessive oxidation with water vapor, and EXAFS of Rh fo
Fourier transforms of these EXAFS spectra (RSFs) w
shown inFig. 8. Fourier transforms were performed ov
a k range of 3.5 to 14.5 Å−1. EXAFS oscillations for the
Rh–Mo–FeOx after the first oxidation (spectrum b inFig. 7)
and after the third oxidation (spectrum d) were compat
with that for Rh foil (spectrum e), although the intensity
EXAFS oscillation for the Rh–Mo–FeOx was smaller than
that for Rh foil. In addition, the RSFs of the Rh–Mo–FeOx

after the oxidation with water vapor (spectra b and d
Fig. 8) were similar to that for Rh foil (spectrum e). Thu
Rh species in the Rh–Mo–FeOx after the oxidation with wa
ter vapor were present as Rh metal crystallites. On the o
hand, EXAFS spectra of Rh–Mo–FeOx after the reduction
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Fig. 8. Fourier transforms of RhK-edge k3-weighted EXAFS of Rh–
Mo–FeOx after the redox and of Rh foil. (a–d) Rh–Mo–FeOx : (a) after
the first reduction; (b) after the firstoxidation; (c) afterthe third reduction;
(d) after the third oxidation. (e) Rh foil.

with hydrogen (spectra a and c inFig. 7) were different from
that of Rh foil (spectrum e). The envelope function of
EXAFS for the Rh–Mo–FeOx after the reduction had th
maximum at ak value of 7–9 Å−1, while the maximum
of the envelope function for Rh foil was positioned a
k value of 9–12 Å−1. This result implied that Rh atoms
the Rh–Mo–FeOx after the reduction with hydrogen we
surrounded by lighter atoms than Rh, i.e., Fe atoms. R
of the Rh–Mo–FeOx in Fig. 8 also supported this idea. Th
intense peak was observed at 2.1 Å in the RSFs of the
Mo–FeOx after the reduction with hydrogen (spectra a an
in Fig. 8), while a strong peak due to a specific Rh–Rh bo
appeared at 2.3 Å in the RSF of Rh foil. Thus, Rh ato
in the Rh–Mo–FeOx after the reduction with hydrogen we
surrounded by Fe atoms, i.e., the formation of Rh–Fe all

The local structures around Rh atoms in the Rh–M
FeOx during the redox were examined furthermore
curve fitting for Rh K-edge EXAFS. Inversely Fourie
transformed data for the Fourier peak at aR range of 1.7–
2.9 Å on the RSFs of Rh–Mo–FeOx in Fig. 8were analyzed
by a curve-fitting method. The structural parameters ev
ated by the curve fitting are listed inTable 1. The strong peak
in the RSFs for the Rh–Mo–FeOx after the reduction with
hydrogen could be assigned to a specific Rh–Fe bond.
result indicates the formation of Rh–Fe alloys in the R
Mo–FeOx after the reduction with hydrogen. On the oth
hand, the peak in the RSF of the Rh–Mo–FeOx after the
oxidation with water vapor could be assigned to a spe
Table 1
Curve-fitting results for RhK-edge EXAFS of Rh–Mo–FeOx

Condition Shell C.N.a Rb (Å) σ c (Å)

After the first reduction Rh–Fe 6.6± 1.0 2.55 0.057
After the first oxidation Rh–Rh 5.9± 0.4 2.66 0.058
After the third reduction Rh–Fe 7.4± 0.6 2.55 0.056
After the third oxidation Rh–Rh 6.2± 0.5 2.67 0.056

a Coordination number.
b Interatomic distance.
c Debye–Waller factor.

Table 2
Results of adsorption of H2 and N2 on the iron oxide samples

Samples Surface areaa (m2 g−1) H2 ads.b

(µmol g−1)Fresh Reduced

FeOx 36 11 54
Mo–FeOx 77 54 46
Rh–Mo–FeOx 63 40 40

a Specific surface area estimated by N2 adsorption at 77 K with BET
methods.

b Hydrogen was adsorbed on the samples reduced with hydrogen. Ad
sorbed amounts of H2 were estimated from the isotherm assuming t
hydrogen was adsorbed atomically on a metal atom with Langmuir-ty
adsorption.

Rh–Rh bond in Rh metal crystals. The coordination num
of Rh–Rh bond for the Rh–Mo–FeOx after the first oxida-
tion was estimated to be 5.9. The coordination numbe
Rh–Rh bond did not change significantly after the third o
dation with water vapor. Thus, Rh metal crystallites pres
on the Rh–Mo–FeOx after the oxidation with water vapo
were not aggregated seriously during the repeated redo
cles.

In order to estimate the fraction of the metallic surfa
of FeOx , Mo–FeOx, and Rh–Mo–FeOx after the first reduc
tion with hydrogen, the adsorption of nitrogen and hyd
gen on these samples was performed. These samples
reduced with hydrogen at 673 K prior to the adsorption
periments. The specific surface areas of the samples
evaluated by BET methods of nitrogen adsorption at 77
Hydrogen adsorption on these samples was performe
273 K. On the basis of these results, the fraction of
metallic surface area to the specific surface area of t
samples after the reduction with hydrogen was evalua
The results are shown inTable 2. Specific surface area
of the fresh FeOx , Mo–FeOx and Rh–Mo–FeOx were esti-
mated to be 36, 77, and 63 m2 g−1, respectively. The spe
cific surface areas for all the samples decreased after t
first reduction with hydrogen. Nevertheless, the decreas
the surface areas of Mo–FeOx and Rh–Mo–FeOx after the
first reduction with hydrogen was not so serious as
of FeOx ; that is, the specific surface areas of Mo–Fex

(54 m2 g−1) and Rh–Mo–FeOx (40 m2 g−1) were signif-
icantly larger than that of FeOx (11 m2 g−1). This result
suggests that Mo cations added into FeOx prevented the
sintering of iron metal particles during the reduction w
hydrogen.
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Fig. 9. SEM images of FeOx , Rh–FeOx , Mo–FeOx , and Rh–Mo–FeOx
samples before and after the redox.

Fig. 9shows SEM images of FeOx , Rh–FeOx , Mo–FeOx,
and Rh–Mo–FeOx before and after the redox. All the fres
iron oxide samples shown inFig. 9were composed of Fe2O3

particles with diameters of 20 to 30 nm. After the third
dox cycles of FeOx , particles of Fe3O4 and/or iron metal in
FeOx were aggregated significantly to form particles lar
than 200 nm. The aggregation of iron species (Fe3O4 and/or
iron metal) after the third redox cycles was more seriou
the case of Rh–FeOx . The particle size of Rh–FeOx after
the third redox cycles was significantly larger than that
FeOx after the third redox cycles. These results implied t
the addition of Rh species into FeOx promoted the sintering
of Fe3O4 and/or iron metal during the redox. As describ
in Fig. 1, Rh–FeOx was deactivated more quickly for th
hydrogen formation through the oxidation with water vap
than FeOx ; i.e., the formation rate of hydrogen in the thi
oxidation of Rh–FeOx with water vapor was lower than th
for FeOx in the third oxidation. This rapid deactivation
Rh–FeOx would result from the serious aggregation of ir
species. In contrast, average particle sizes of the Mo–Fx

and Rh–Mo–FeOx were relatively smaller even after the fif
redox cycles. Thus, we concluded that Mo cations added
FeOx prevented the sintering of iron species during the
peated redox reactions.

The results of the hydrogen adsorption at 273 K
FeOx , Mo–FeOx, and Rh–Mo–FeOx after the reduction with
hydrogen (Table 2) would provide a relative fraction o
metal surface of these samples, while whole surface a
of these samples were estimated by nitrogen adsorptio
77 K. The amounts of hydrogen adsorbed on the Mo–Fx
(46 µmol g−1) and Rh–Mo–FeOx (40 µmol g−1) after the re-
duction with hydrogen were smaller than that on the Fex

(54 µmol g−1) after the reduction with hydrogen, althoug
the specific surface areas for the Mo–FeOx (54 m2 g−1) and
Rh–Mo–FeOx (40 m2 g−1) were significantly larger tha
that for the FeOx (11 m2 g−1). As described earlier, XANES
and EXAFS spectra indicated that Mo species were prese
as the ferrites MoxFe3−xO4 and Rh species were stabilize
as Rh–Fe alloys in the samples after the reduction with
drogen. As for the hydrogen adsorption at 273 K on the i
oxide samples after the reduction with hydrogen, hydro
atoms would be adsorbed on metallic sites of zero val
i.e., Fe-metal sites on the FeOx and Mo–FeOx, and Fe-meta
sites and Rh-metal sites on the Rh–Mo–FeOx. The results in
Table 2implied that the fraction of metal surface area in
whole surface area of the Mo–FeOx and Rh–Mo–FeOx af-
ter the reduction with hydrogen was very low compared w
the fraction of metal surface for the FeOx after the reduction
with hydrogen. Thus, considerable fractions of the surfac
the iron metal particles in the Mo–FeOx and Rh–Mo–FeOx
after the reduction with hydrogen would be covered with
ferrites MoxFe3−xO4. The ferrites MoxFe3−xO4 that are lo-
calized on the surface of iron metal particles in the Mo–Fex

and Rh–Mo–FeOx after the reduction with hydrogen shou
inhibit the contact between iron metal particles during
repeated redox. We believed that this is the main reason
the addition of Mo cations into the iron oxides prevented
sintering of iron species (Fe3O4 and/or iron metal) during
the redox.
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4. Conclusion

We concluded as follows based on the results descr
above:

1. The addition of Rh species to iron oxides enhanced
formation of hydrogen at low temperatures through
oxidation of iron metal with water vapor. The additio
of Rh to the iron oxide samples decreased apparent
vation energy for the hydrogen formation. However,
species in iron oxides promoted sintering of iron spe
during the redox. The addition of Mo cations to R
FeOx prevented the sintering of iron species during
redox. The Rh–Mo–FeOx could produce hydrogen re
peatedly through the redox.

2. Rh species in Rh–Mo–FeOx were present as Rh met
after the oxidation with water vapor, whereas they w
present as Rh–Fe alloys after the reduction with hyd
gen.

3. Mo cations in Rh–Mo–FeOx and Mo–FeOx were al-
ways stabilized in the ferrites MoxFe3−xO4 during the
redox. The surface of iron metal particles in Rh–M
FeOx and Mo–FeOx after the reduction with hydroge
was covered with the ferrites MoxFe3−xO4. The ferrites
MoxFe3−xO4 inhibited the contact between iron me
particles during the redox.
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