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CATALYSTS FOR THERMOCHEMICAL
FUEL PRODUCTION AND METHOD OF
PRODUCING FUEL USING
THERMOCHEMICAL FUEL PRODUCTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit from U.S. Provi-
sional application Ser. No. 61/615,122, filed Mar. 23, 2012,
the contents of which are incorporated herein by reference.

FIELD

[0002] The present invention relates to catalysts for ther-
mochemical fuel production, and a method of producing fuel

using thermochemaical fuel production.

BACKGROUND

[0003] A thermochemical fuel generating method 1s a tech-
nology of producing a chemical fuel from thermal energy that
may be obtained from sunlight and the like, and of storing the
thermal energy as a chemical fuel. The fuel 1s produced by a
two-step thermal cycle (thermochemical cycle) which
includes a step performed under a high temperature (first
temperature) and a step performed under a low temperature
(second temperature). In practice, when a catalyst oxide 1s
reduced at a high temperature, and carbon dioxide that 1s a
raw material gas, water vapor, and the like are itroduced to
the reduced catalyst oxide, the catalyst oxide absorbs oxygen
from a raw material, and thus fuels such as a syngas, methane,
hydrocarbon, alcohol, and hydrogen may be produced.
[0004] As oxide-based catalysts, mainly, ZnO—Z7n,
Fe,O,—FeO, CeO,—Ce, 05, CeO, having a nonstoichio-
metric composition, mixtures thereot, a partially substituted
oxide, and the like have been reported. Water vapor modifi-
cation of methane (CH,+H,O—=6H,+CO) using LaSrMnQO,-
based perovskite oxide has been reported, but this 1s com-
pletely different from thermochemical fuel generation
(H,O—H,+20,, or CO,—C0O+120,) using water or carbon
dioxide, and thermochemaical fuel production using a perovs-
kite oxide AXO, has not been reported until now.

[0005] Among fuels that may be generated by the thermo-
chemical fuel generation method, for example, hydrogen is a
clean energy source that generates only water after combus-
tion, and thus hydrogen 1s expected as renewable energy.
[0006] When hydrogen 1s produced by directly decompos-
ing water (H,O—H,+20,), a high temperature of several
thousands of © C. 1s necessary, but when using the thermo-
chemical fuel generation method, hydrogen may be produced
by decomposing water by a thermal cycle of two-step tem-
perature of relatively low temperature ({or example, refer to
Japanese unexamined Patent Application, First Publication
No. 2004-269296).

[0007] In the two-step thermal cycle (thermochemical
cycle) which includes a step performed under a high tempera-
ture (first temperature) and a step performed under a low
temperature (second temperature), with respect to the high
temperature heating, a technology using solar energy 1s
known (for example, Japanese Unexamined Patent Applica-
tion, First Publication No. 2009-263165).

[0008] Solarenergy 1s, by far, the most abundant renewable
energy source. To fully take advantage of this vast energy
source, 1t must be efliciently stored in a stable form on a
massive scale. To store sunlight mnto chemical forms, solar
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thermochemical fuel production using nonstoichiometric
oxide has been researched. It 1s a two-step thermochemical
cycle that drives redox reaction between the oxide and gas
species. The oxide 1s reduced at a high temperature at which
oxygen 1s released from the oxide. Then, at a lower tempera-
ture at which carbon dioxide and/or water vapor are intro-
duced, the oxide strips oxygen atoms from the introduced gas.
As a result, syngas, methane, and hydrogen fuels are pro-
duced. The thermodynamic efficiency 1s calculated to be 15 to
75% depending on the oxide systems including ZnO—Z7n,
Fe,O,—FeO, CeO,—Ce,O,, nonstoichiometric CeO., sys-
tems, and some combinations between them. Other systems
have been largely unexplored. A record solar-fuel conversion
elficiency 1s 0.8% 1n a solar-thermochemical cycle of 800 to
1,630° C. using undoped ceria, with 1.3 to 1.5 liters of carbon
monoxide and hydrogen production.

[0009] As catalyst oxides that are used in the thermochemi-
cal fuel generation method, cerium oxide (ceria) 1s known as
indicated 1n the specification of US Patent Application Pub-
lication No. 2009/0107044. In the solar thermochemaical etfi-
ciency experiment using undoped ceria, the solar reactor lost
energy of 50% or less as heat, specifically above 1,250° C.,
and energy of 40% or less as solar re-reflection from the
aperture. Thus, the large improvement 1n solar-fuel conver-
sion elficiency can be anticipated. To address this issue, a
mechanical engineering approach and a materials science
approach are possible. A heat recovery system might also be
integrated. The challenge in this route 1s how to choose an
appropriate oxide structure as well as materials chemistry
process Irom millions of candidate oxides that might show the
desired properties. Combinatorial synthesis might be very
usetul to make candidate oxides, but arapid way to check fuel
productivity at high temperatures 1s required.

SUMMARY

[0010] An object of the mnvention is to provide a catalyst,
which 1s formed from a perovskite oxide, for thermochemaical
tuel production, and a method of producing fuel using ther-
mochemical fuel production that 1s capable of allowing a fuel
to be produced 1n a thermochemical manner.

[0011] The mvention proposes catalysts for thermochemi-
cal fuel production, particularly, bio-inspired catalytic per-
ovskite for solar thermochemical water splitting. Natural
photosynthesis, specifically, water oxidation is catalyzed in
the Mn,CaO cluster that possesses the cubic-like frame with
a projection. It 1s anticipated that the artificial water splitting
might occur 1n a similar cubic-like structure containing man-
ganese elements. This hypothesis led to the thermochemical
water splitting experiment using manganese-based perovs-
kite (a cubic-like structure, a structure shown on the right of
graph 1n FI1G. 3). The perovskite splits water and produces
hydrogen with the amount exceeding the amount of hydrogen
the cenia produces. As far as the present mnventors know, this
1s the first demonstration of thermochemical water splitting
using nonstoichiometric perovskite oxides. The Sr-doped
LaMnQO, perovskites were utilized in the steam reforming of
methane, but no thermochemical water splitting has been
demonstrated in perovskite oxides. The black color of the
perovskite, compared with the white color of ceria, would be
beneficial 1n efficient solar absorbance, thus making possible
eificient solar-fuel conversion.

[0012] The two-step thermochemical cycle reaction, which
uses the perovskite oxide as catalyst for hydrogen production
as an example of the catalyst for the thermochemical fuel
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production, includes the following two steps of an oxygen
releasing reaction and a hydrogen generating reaction.

[ANQerReX@king Be¢dgton (High-Temperature Reduction Reaction)]

[HyAd$Een (Fetestd AR oR (] ow-Temperature Oxidation Reaction)]

[0013] Inaddition, the entire reaction 1s represented as fol-
lows.

OH-,O—0H,+(6/2)0O, |[Entire Reaction]
[0014] In addition, the two-step thermochemical cycle

reaction, which uses the perovskite oxide as a catalyst for
thermochemical methane production as an example of the
catalyst for the thermochemaical fuel production, includes the

following two steps of an oxygen releasing reaction and a
methane generating reaction.

[ANQgrReX@king B¢dgtion (High-Temperature Reduction Reaction)]

[M&Bhene (Feoetpfias Red2idpQewXompérdnditlxidation Reaction)]

[0015]
lows.

In addition, the entire reaction 1s represented as 1ol-

(8/4)CO,+(5/2)H,0—(8/4)CH,+(8/2)0,

[0016] In addition, the two-step thermochemical cycle
reaction, which uses the perovskite oxide as a catalyst for
thermochemical methanol production as an example of the
catalyst for the thermochemaical fuel production, includes the
following two steps of an oxygen releasing reaction and a
methane generating reaction.

| ARQgmrReXaking R¢astdon (High-Temperature Reduction Reaction)]

[Entire Reaction]

[M&MDg| (Fn& ¥ iap-Reach i DovARihpd e DXadhtion Reaction)]

[0017]
lows.

In addition, the entire reaction 1s represented as 1ol-

(8/3)CO,+(26/3)H,0—(8/3)CHL,OH+(8/2)0,

[0018] To accomplish the above-described object, the
invention provides the following means.

[0019] (1) A catalyst for thermochemical fuel production,
which 1s used for producing the fuel from thermal energy by
using a two-step thermochemical cycle of a first temperature
and a second temperature that 1s equal to or lower than the first
temperature, wherein the catalyst 1s formed from a perovskite
oxide having a compositional formula of AXO,_ . (provided
that, 0=0<1). Here, A represents one or more of a rare-earth
clement (excluding Ce), an alkaline earth metal element, and
an alkali metal element, X represents one or more of a tran-
sition metal element and a metalloid element, and O repre-
sents oxygen.

[0020] (2) The catalyst for thermochemical fuel production
according to (1), wherein the element A 1s one or more
selected from a group consisting of La, Mg, Ca, Sr, and Ba,
and the element X 1s one or more selected from a group
consisting of Mn, Fe, T1, Zr, V, Cr, Co, N1, Cu, Zn, Mg, Al, Ga,
In, C, S1, Ge, and Sn.

[0021] (3) The catalyst for producing thermochemaical tuel
production according to (2), wherein the element A 1s La, and
the element X 1s Mn.

[0022] (4) The catalyst for thermochemical fuel production
according to (3), wherein the element A 1s partially substi-
tuted with one or more of Sr, Ca, and Ba.

[0023] (5) The catalyst for thermochemical fuel production
according to (3), wherein the element X 1s partially substi-
tuted with one ormore of Fe, N1, V, Cr, Sc, T1, Co, Cu, and Zn.

[Entire Reaction]
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[0024] (6) The catalyst for thermochemical fuel production
according to (1), wherein the element A 1s La, the element X
1s Mn, La 1s partially substituted with Sr.

[0025] (7) The catalyst for thermochemical fuel production
according to (6), wherein the substituted concentration (x; X
represents an amount with an amount of La before substitu-
tion being set to 1) of Sr1s 0.1 or more to less than 1.0.
[0026] (8) The catalyst for thermochemical fuel production
according to (7), wherein Mn 1s partially substituted with Fe.
[0027] (9) The catalyst for thermochemical fuel production
according to (8), wherein the substituted concentration (x; X
represents an amount with an amount of Mn before substitu-
tion being set to 1) of Fe 1s 0.35 or more to 0.85 or less.
[0028] (10) The catalyst for thermochemical fuel produc-
tion according to (1), wherein the element A 1s Ba, the ele-
ment X 1s T1, T11s partially substituted with Mn.

[0029] (11) The catalyst for thermochemical fuel produc-
tion according to (10), wherein the substituted concentration
(X; X represents an amount with an amount of T1 before
substitution being set to 1) of Mn 1s more than 0 to 0.5 or less.
[0030] (12) A method of producing fuel using thermo-
chemical fuel production, wherein the catalyst for thermo-
chemical tuel production according to any one of (1) to (11)
1s used.

[0031] (13) A method of producing fuel using thermo-
chemical fuel production, which produces the fuel from ther-
mal energy by using the catalyst for thermochemical fuel
production according to any one of (1) to (11) and by using a
two-step thermochemical cycle of a first temperature and a
second temperature that 1s equal to or lower than the first
temperature, wherein the first temperature 1s 600 to 1,600° C.,
and the second temperature 1s 400 to 1,600° C.

[0032] (14) The method of producing fuel using thermo-
chemical fuel production according to (13), wherein the first
temperature 1s attained by irradiation of condensed sunlight
energy and heating, or by heating using waste heat.

[0033] (15) A method of producing fuel using thermo-
chemical fuel production, which produces the fuel from ther-
mal energy by using a two-step thermochemical cycle of a
first temperature and a second temperature that 1s equal to or
lower than the first temperature, the method including: a
process of heating a perovskite oxide having a compositional
formula of AXO,, (provided that, 0=0<1) to the first tem-
perature to reduce the perovskite oxide; and a process of
bringing a raw material gas into contact with the reduced
perovskite oxide and oxidizing the perovskite oxide to pro-
duce the fuel.

[0034] (16) The method of producing fuel using thermo-
chemical fuel production according to (135), wherein the fuel
1s any one ol hydrogen, methane, and methanol.

[0035] (17) The method of producing fuel using thermo-
chemical fuel production according to (15), wherein the raw
materal gas includes water vapor.

[0036] (18) The method of producing fuel using thermo-
chemical fuel production according to (15), wherein the raw
material gas includes carbon dioxide and water vapor.
[0037] Inaddition, in this specification, the “thermochemi-
cal fuel production” 1s a concept broadly extending to a con-
cept of “thermochemical hydrogen production” in which
water 1s decomposed into oxygen and hydrogen in relatively
mild thermal conditions by combination of a plurality of
chemical reactions to fuels including hydrogen.

[0038] Inaddition, the case of “partially substituted with” 1s
that 1n which the concentration (x) of the substituted element
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1s 1n the range of more than O to less than 1 when the amount
ol the element to be substituted before substitution 1s setto 1.
[0039] In addition, even when the “second temperature” 1s
the same as the “first temperature”, thermochemaical fuel pro-
duction 1s possible by changing an atmosphere, but 1n a case
where the atmosphere 1s the same 1n each case, the “second
temperature” represents a temperature lower than the “first
temperature”.

[0040] In addition, 1n regard to “0” 1n the “compositional
formula AXO;, s (provided that, 0=0<1)", it 1s preferable that
0=0=0.35, more preferably 0=0=0.3, and still more prefer-
ably 0=0=0.2.

[0041] According to the imvention, 1t 1s possible to provide
a catalyst, which 1s formed from a perovskite oxide, for ther-
mochemical fuel production, and a method of producing fuel
using thermochemical fuel production that 1s capable of
allowing a tuel to be produced 1n a thermochemical manner.
[0042] The present mvention provides a new catalyst for
thermochemical fuel production by using perovskite oxide
AXQO,.

[0043] According to the mvention, elements such as 1ron
and manganese, which are, at present, abundantly found 1n
the Farth’s crust, are used, and thus the used amount of
rare-earth elements may be reduced. Therefore, 1t 1s possible
to provide a catalyst for thermochemical fuel production and
a method of producing fuel using thermochemical fuel pro-
duction, in which significant cost reduction may be antici-
pated, and this will enable the conversion of solar energy into
chemical fuel 1n lugh efliciency and the storage thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] FIG. 1 1s a graph illustrating X-ray diffraction
results of La, ,Sr, ,Mn,_Fe O, . (x=0to 1).

[0045] FIG. 2 1s secondary electron microscope photo-
graphs of La, {Sr, -Mn,_Fe O, .

[0046] FIG. 3 1s a graphillustrating a hydrogen production
amount in the case of using Laj .Sr, .Mn,_Fe O, . as a
catalyst for thermochemical fuel (hydrogen) production.

[0047] FIG. 4 1sagraphillustrating dependency of a hydro-
gen production (generation) amount on an 1ron concentration
(X) 1n the case of using La, .Sr, ,Mn,_Fe O, . as a catalyst
for thermochemical fuel (hydrogen) production.

[0048] FIG.51sagraphillustrating a cycle characteristic of
the hydrogen production amount in the case ofusing La,, .Sr,
>Mn,_Fe O, .

[0049] FIG. 6A 1s a graph illustrating a cycle characteristic
of the hydrogen production amount and an oxygen produc-
tion amount 1n the case of using La, .Sr, .Mn,_ Fe O, ., and
FIG. 6B 1s a graph 1llustrating a cycle characteristic of the
hydrogen production amount and the oxygen production
amount.

[0050] FIG. 7 1s a graphillustrating a hydrogen production
amount 1n the case of using (La, 4Sr, ,)MnO, ., (Lag Srg »)
(Mng 55115 15)O05.6,  (Lag g5r5 5)(Mng gsFeq 1 5)05..  (Lag,

89 5 )(Mng gsNig 1 5)O5.8, (Lag 851 5))(Mng gsMgg 1 5)03 .6,

and La(Mn, Mg, -)O,.s as a catalyst for thermochemical
hydrogen production, respectively.

[0051] FIG. 81sa graphillustrating a cycle characteristic of
the hydrogen production amount 1n the case of using (La,

351 »,)MnO; s, (La[}.BSID.E)(MHD.SSTiD.15)93:&: (Lag 510 5)
(Mng gsFeq 15)05.s,  (Lag 510 5)(Mng gsN1p 15)05.5,  and
(Laj ¢Sr, »)(Mn, s-Mg, )05, as a catalyst for producing
thermochemical hydrogen, respectively.
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[0052] FIG. 91sa graph illustrating a hydrogen production
amount and an oxygen production amount in a case where
(Laj ¢Sr, ,)CrO, 4 as a catalyst for producing thermochemi-
cal hydrogen 1s used, a first temperature 1s set to 1,300° C.,
and a second temperature 1s set to 800° C.

[0053] FIG.101sagraphillustrating a hydrogen production
amount and an oxygen production amount in a case where
(Laj ¢Sr, »)CrO, 4 as a catalyst for producing thermochemi-
cal hydrogen 1s used, a first temperature 1s set to 1,500° C.,
and a second temperature 1s set to 800° C.

[0054] FIG. 111sagraphillustrating a hydrogen production
amount in the case of using Ba(11, ;Mn, ,)O; . as a catalyst
for thermochemical hydrogen production.

[0055] FIG. 12 15 a graph illustrating a cycle characteristic
of a hydrogen production amount 1n the case of using La,_
xor MnQO, . (x=0, 0.1, 0.2) as a catalyst for thermochemaical

hydrogen production.

[0056] FIG.131sagraphillustratinga hydrogen production
amount 1n the case of using (La, (Sr,,)MnO,, . and (La,
sBa, ,)MnO, ., as a catalyst for thermochemical hydrogen
production.

[0057] FIG.141sagraphillustrating a hydrogen production
amount 1n the case of using (La, {Ba, ,)(Mn, ,-Fe; )05, 5
as a catalyst for thermochemical hydrogen production.

DETAILED DESCRIPTION

[0058] Hereinatter, a catalyst for thermochemical fuel pro-
duction and a method of producing fuel using thermochemi-
cal fuel production, to which the invention 1s applied, will be
described with reference to the attached drawings. In addi-
tion, 1n the drawings that are used 1n the following descrip-
tion, characteristic portions are sometimes enlarged for easy
understanding of the characteristics, and the ratio of dimen-
sions or the like of each constituent element 1s not limited to
an actual value. In addition, in the following description,
exemplified examples are for illustrative purposes only, and
the mvention 1s not limited thereto, and may be executed 1n a
state ol being approprately changed without departing {from
a gist of the invention.

[0059] The catalyst for thermochemical fuel production
according to the invention 1s a catalyst for thermochemical
tuel production, which 1s used for producing the fuel from
thermal energy by using a two-step thermochemical cycle of
a first temperature and a second temperature that 1s equal to or
lower than the first temperature. The catalyst 1s formed from
a perovskite oxide having a compositional formula of
AXO,, s (provided that, 0=0<1). Here, A represents one or
more of a rare-earth element (excluding Ce), an alkaline earth
metal element, and an alkali metal element, X represents one
or more of a transition metal element and a metalloid (semi-
metallic) element, and O represents oxygen.

[0060] A value of 0 may be determined in a range not
deteriorating an efifect of the invention.

[0061] Examples of the rare-ecarth element (excluding Ce)
include Sc (scandium), Y (yttrium), La (lanthanum), Pr
(praseodymium), Nd (neodymium), Pm (promethium), Sm
(samarium), Eu (europium), Gd (gadolinium), Tb (terbium),
Dy (dysprosium), Ho (holmium), Er (erbium), Tm (thulium),
Yb (ytterbium), Lu (lutetium), and the like.

[0062] Examples of the alkaline earth metal element
include Be (beryllium), Mg (magnesium), Ca (calcium), Sr
(stronttum), Ba (barium), and Ra (radium).
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[0063] Examples of the alkali metal include Li (lithium),
Na (sodium), K (potassium), Rb (rubidium), Cs (cesium), and
Fr (francium).

[0064] Examples of the transition metal element include
first transition elements (3d transition elements) such as Sc
(scandium), T1 (titanium), V(vanadium), Cr (chromium), Mn
(manganese), Fe (1ron), Co (cobalt), N1 (nickel), Cu (copper),
and Zn (zinc), second transition elements (4d transition ele-
ments) such asY (yttrium), Zr (zirconium), Nb (niobium), Mo
(molybdenum), Tc (technetium), Ru (ruthemium), Rh
(rhodium), Pd (palladium), Ag (silver), and Cd (cadmium),
and third transition elements (41 transition elements) such as
La (lanthanum), Pr (praseodymium), Nd (neodymium), Pm
(promethium), Sm (samarium), Eu (europium), Gd (gado-
lintum), Tb (terbium), Dy (dysprosium), Ho (holmium), Er
(erbium), Tm (thulium), Yb (ytterbium), Lu (lutetitum), Hf
(hainium), Ta (tantalum), W (tungsten), Re (rhemium), Os
(osmium), Ir (iridium), Pt (platinum), and Au (gold).

[0065] Examples of the metalloid element include B (bo-
ron), S1 (silicon), Ge (germanium), As (arsenic), Sb (anti-
mony), Te (tellurtum), Se (selenium), Po (polonium), and At
(astatine).

[0066] A method of producing fuel using thermochemical
tuel production according to an embodiment of the invention
1s a method of producing fuel using thermochemical tuel
production, which produces the fuel from thermal energy by
using the catalyst for thermochemaical fuel production of the
invention and by using a two-step thermochemaical cycle of a
first temperature and a second temperature that 1s equal to or
lower than the first temperature. The first temperature 1s 600

to 1,600° C., and the second temperature 1s 400 to 1,600° C.

[0067] The first temperature and/or the second temperature
are attained, for example, by 1rradiation of condensed sun-
light energy and heating, or by heating using waste heat.
[0068] As the “waste heat”, for example, waste heat of a
power generator, a blast furnace, and the like may be used.
[0069] Inthe case of producing hydrogen as a fuel, the first
temperature may be set to 600 to 1,600° C. (for example,
1,400° C.), and the second temperature may be set to 400 to
1,600° C. ({or example, 800° C.).

[0070] In the case of producing methane as a fuel, the first
temperature may be set to 600 to 1,600° C. (for example,
1,400° C.), and the second temperature may be set to 300 to
1,600° C. (for example, 450° C.).

[0071] Inthe case of producing methanol as a tuel, the first
temperature may be set to 600 to 1,600° C. (for example,
1,400° C.), and the second temperature may be set to 200 to
1,600° C. (for example, 350° C.).

[0072] A method of producing fuel using thermochemical
fuel production according to another embodiment of the
invention 1s a method of producing fuel using thermochemi-
cal fuel production, which produces the fuel from thermal
energy by using a two-step thermochemical cycle of a first
temperature and a second temperature that 1s equal to or lower
than the first temperature. The method includes a process of
heating a perovskite oxide having a compositional formula of
AXO,, s (provided that, 0=0<1) to the first temperature to
reduce the perovskite oxide, and a process of bringing a raw
material gas ito contact with the reduced perovskite oxide
and oxidizing the perovskite oxide to produce the fuel.
[0073] A value of 6 may be determined 1n a range not
deteriorating an effect of the imnvention.

[0074] Examples of the fuel, which may be produced by the
method of producing fuel using thermochemaical fuel produc-
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tion of the invention, include hydrogen, methane, and metha-
nol, but are not limited thereto.

[0075] As an example of the raw material gas, for example,
water vapor may be exemplified, but it 1s not limited thereto.
Hydrogen may be produced by using the water vapor. In
addition, as other examples, carbon dioxide and water vapor
may be exemplified. Methane or methanol may be produced
by using carbon dioxide and water vapor.

[0076] First, an outline of a method of producing a catalyst
for thermochemical hydrogen production, as an example of
the catalyst for thermochemical tuel production of the inven-
tion, will be described.

[0077] Intheproduction of the catalyst for thermochemical
hydrogen, a known method of producing perovskite oxide
may be used. For example, powders of raw materials (oxide,
hydroxide, oxide-hydroxide, and the like) including elements
of a desired perovskite oxide are weighed to obtain a target
compositional ratio, and are mixed and crushed. Then, the
resultant mixture 1s calcined, and then the resultant calcined
material 1s fired to produce the catalyst for producing ther-
mochemical hydrogen.

[0078] More specifically, an example of a method of pro-
ducing La, (S, ,Mn,_Fe O,_ . will be described.

[0079] Porous pellet of La, oSr, ,Mn,_Fe O,, . were syn-
thesized via solid-state reaction. First, raw material oxides
(La,O,, SrCO,, MnCO,, and Fe,O,) were crushed using an
attritor-milling and were calcined at 1,000° C. for three hours
in air. These powders, that were obtained, were put into a die
with 1sopropanol and were sintered at 1,500° C. for 10 hours
to obtain the porous pellets.

[0080] It was confirmed that the pellet of La, (Sr, ,Mn,_
<Fe O, had a perovskite structure by X-ray diffraction (re-
ter to FI1G. 1). The resultant porosity of the pellet was approxi-
mately 60%. In addition, 1t was verified that the resultant
pellets had various sizes of pores, ranging from a few to over
100 um from a secondary electron microscopy image (refer to
FIG. 2).

[0081] Next, an outline of production of hydrogen by using
the catalyst for thermochemical hydrogen production that
was obtained will be described.

[0082] For example, the production of hydrogen may be
carried out as described below by using the catalyst for ther-
mochemical hydrogen production.

[0083] The porous pallet was placed inside an inirared fur-
nace and was heated up to 1,400° C. (corresponding to the
“first temperature” of the two-step thermochemical cycle) in
dry nitrogen containing 10 ppm of oxygen. Atthis time, it was
observed that oxygen was released from the pellet by using
mass spectroscopy. Then, the pellet was cooled down to 800°
C. (corresponding to the “second temperature” of the two-
step thermochemical cycle), followed by flowing 10% water
vapor containing argon gas. Hydrogen evolution was
observed at 800° C. with an amount of 3 ml/g (corresponding
to 60% or less of a hydrogen evolution amount 1n the case of
using undoped ceria). The hydrogen evolution reaction was
completed within 10 minutes as shown in FIG. 3.

[0084] The hydrogen evolution was reproducible over 9
cycles with slight increase 1n the amount, as shown 1n FIG. 4.

[0085] As an attempt to obtain more covalent (relatively
weaker) metal-oxygen bonds in the octahedral perovskite,
La, Sr, ,Mn,_Fe O,,.. in which manganese 1s partially
replaced with 1ron that has a higher electronegativity in the
valence bond theory was synthesized. Analysis results of
La, Sr, ,Mn,_Fe O, . are shown below.
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[0086] FIG. 1 shows a graph illustrating X-ray diffraction
results of La, Sr, ,Mn,_Fe O, .. X represents a concentra-
tion of Fe (that 1s an amount when an amount of Mn before
substitution 1s set to 1), and X-ray diffraction results are
shown 1n the case of x=0 (corresponding to a case of not
containing Fe), in the case of x=0.3 (30 at %), 1n the case of
x=0.5 (50 at %), 1n the case of x=0.75 (75 at %), and 1n the
case of x=1 (100 at %; a case 1n which Mn atoms are entirely
substituted with Fe atoms). As shown 1n FIG. 1, the perovskite
structure 1s maintained at the entire 1iron concentrations (X) of
La, ¢Sr, ,Mn,_Fe O, .. Differential scanning calorimetry
also showed no evidence 1n phase transformation up to 1,400°
C.

[0087] In addition, bold lines represent results before a
thermal cycle and narrow lines represent results after the
thermal cycle, and it can be seen that all of these show a
perovskite structure.

[0088] FIG. 2 shows secondary electron microscope pho-
tographs of La, {Sr, ,Mn,_Fe O, .. In the drawing, (a), (c),
(e), (), and (1) represent the secondary electron microscope
photographs before the thermal cycle, and (b), (d), (1), (h), and
(1) represent the secondary electron microscope photographs
alter the thermal cycle of 800 to 1400° C. In (a) and (b), the
iron concentration x 1s 0, 1n (¢) and (d), the 1ron concentration
x 15 0.3,1n (e) and (1), the iron concentration x 1s 0.5, 1n (g) and
(h), the 1ron concentration x 1s 0.75, and 1n (1) and (3), the 1iron
concentration x 1s 1.

[0089] It can be seen that the porous structure 1s maintained
alter the thermal cycle 1n any specimen.

[0090] FIG. 3 shows a graph illustrating a hydrogen pro-
duction amount in the case of using La, ;Sr, ,Mn,_Fe O, «
as a catalyst for thermochemical hydrogen production. The
first temperature and the second temperature of the thermal
(thermochemaical) cycle were 1,400° C. and 800° C., respec-
tively.

[0091] AsshowninFIG. 3, as the content of Fe increased 1n
the order of the case 1n which the concentration (x) of 1ron
(Fe) was O (corresponding to the case of not containing Fe),
the case of x=0.3 (30 at %), the case of x=0.5 (50 at %), and
the case o x=0.75 (75 at %), the hydrogen production amount
increased, and the hydrogen production amount 1n the case 1n
which x 1s 0.75 was approximately 1.6 times the case of not
containing Fe (x=0). The hydrogen production amount in the
case of x=0.85 (85 at %) decreased by 15% compared to the
case of x=0.75. In a case in which all of the Mn atoms were
substituted with Fe atoms (x=1), the hydrogen production
amount was approximately 10% of that of the case of x=0.75.
[0092] In the case of using La, (Sr, ,MnO, . as a catalyst
for thermochemical hydrogen production, 1n which the first
temperature and the second temperature of the thermal (ther-
mochemical) cycle were 1,400° C. and 800° C., respectively,
the hydrogen production amount was 7.5 ml/g.

[0093] FIG. 4 shows a graph 1llustrating dependency of a
hydrogen production (generation ) amount on an iron concen-
tration (x) in the case of using La, 4Sr, ,Mn,_Fe O, . as a
catalyst for thermochemical hydrogen production. The first
temperature and the second temperature of the thermal cycle
were 1,400° C. and 800° C., respectively.

[0094] Results indicated by a white circle represent first
cycle results, and results indicated by a black circle represent
ninth cycle results.

[0095] As shown i FIG. 4, the hydrogen production
amount 1n a case where x 1s 0.35 to 0.85 was larger than a
hydrogen production amount (4.0 mg/l) of ceria, and the
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hydrogen production amount in the case of x=0.75 was 5.3
mg/l and was larger than the hydrogen production amount of
ceria by 30% or more.

[0096] FIG. S shows a graph illustrating a cycle character-
1stic of the hydrogen production amount 1n the case of using
La, «Sr, ,Mn,_Fe O, . as the catalyst for thermochemical
hydrogen production. The first temperature and the second
temperature of the thermal cycle were 1,400° C. and 800° C.,
respectively.

[0097] Inacase where theiron concentrationx1s0,0.3,0.5,
0.75, and 1, the hydrogen production amount gradually
increased with the cycle. In a case of the 1iron concentration
x=0.85, the hydrogen production amount gradually
decreased with the cycle. In addition, although not shown 1n
FIG. 5, the hydrogen production amount became constant at
fifteen cycles.

[0098] A cycle characteristic, which is stable 1n any case

without being dependent upon the 1ron concentration, was
obtained.

[0099] FIG. 6A shows a graph 1llustrating a cycle charac-
teristic of the hydrogen production amount and the oxygen
production amount 1n the case of using La, (Sr,,Mn,_
Fe O,.s, and FIG. 6B shows a graph illustrating a cycle
characteristic of the hydrogen production amount and the
oxygen production amount. The first temperature and the
second temperature of the thermal cycle were 1,400° C. and
300° C., respectively.

[0100] As shown i FIG. 6B, a ratio (H, amount/O,
amount) of the hydrogen production amount and the oxygen
production amount 1s approximately two, and FIG. 6B shows
results of water splitting.

[0101] FIG. 7 shows a graph illustrating a hydrogen pro-
duction amount 1n the case of using (La, Sr, ,)MnO, .,

(Lag oSt ) (Mng g5115 15)05.5,  (Lag g5t 5)(Mny, gsbeq (5)

Os.e  (Lag 514 5)(Mng ¢5sN1 1 5)O05.5,  (Lag 451, ,)(Mng,
ssMg, )05, and La(Mn, Mg, -)O;,.5 as a catalyst for

thermochemical hydrogen production. The hydrogen produc-
tion amount 1s indicated by a flow rate (ml/min/g) per unit

gram. The first temperature and the second temperature of the
thermal (thermochemical) cycle were 1,400° C. and 800° C.

[0102] As shown in FIG. 7, even when perovskite oxide 1n
which an A site 1s allocated to La, or L.a and Sr, and an X site
1s allocated to Mn, or Mn and at least one of T1, Fe, N1, and Mg
1s used 1n the catalyst for thermochemical hydrogen produc-

tion, hydrogen may be produced 1n a thermochemical man-
ner.

[0103] FIG. 8 shows a graph illustrating a cycle character-

1stic of the hydrogen production amount 1n the case of using
(Lag 315 ,)MnO; 5, (Lag §515 5)(Mng 5115 15)05., (La,

851 ) (Mg gsFeg 15)05.s,  (Lag 551 5)(Mng gsN1g 1 5)O5,6,
and (La, 3Sr, ,)(Mn, s-Mg, ,5)O,.4 as a catalyst for thermo-
chemical hydrogen production. The first temperature and the
second temperature of the thermal cycle were 1,400° C. and
300° C., respectively.

[0104] Inthe case of using (La, (Sr, ,)MnO, . as the cata-

lyst for thermochemical hydrogen production, the hydrogen
production amount gradually increased with the cycle and
became constant at approximately the fourth cycle.

[0105] In the case of using (La, 4Sry »)(Mng o511, )05, 5
as the catalyst for thermochemical hydrogen production, the
hydrogen production amount gradually decreased with the
cycle.
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[0106] In the case of using (La, (Sr, - )(Mng q<Feg )05, 5
as the catalyst for thermochemical hydrogen production, the
hydrogen production amount gradually decreased with the
cycle.

[0107] In the case of using (Laj Sry - )(Mng 4N, )05, 5
as the catalyst for thermochemical hydrogen production, the
hydrogen production amount gradually decreased with the
cycle. At the minth cycle, the hydrogen production amount
became substantially the same as the case of using (La, (Sr,
2)MnO; , 5.

[0108] Inthe caseofusing (La, oSr, ,)(Mn, Mg, 5)O;. s
as the catalyst for thermochemical hydrogen production, the
hydrogen production amount gradually decreased with the
cycle.

[0109] Inthe case of using (La, 3Sry 5 )(Mng o511, )O3, 5.
and (La, (Sr, ,)(Mn, .-Mg, ,:)O,.,, the hydrogen produc-
tion amount was approximately 3 ml/g.

[0110] In the case of using (La, ¢Sr, ,)MnO, ., (La, sSr,
2)(Mny, gskeq ;5)O0;5. and (Lag ¢Sry ,)(Mng gsNig 1 5)05 6,
the hydrogen production amounts at the first cycle were
approximately 5 ml/g, 6 ml/g, and 7 ml/g, respectively, but
approaching the tenth cycle, all of the hydrogen production
amounts became approximately 6 ml/g.

[0111] FIG. 9 shows a graph illustrating a hydrogen pro-
duction amount and an oxygen production amount in a case of
using (La, ¢Sr, ,)CrO,_, as the catalyst for thermochemical
hydrogen production. The production amount is indicated by
a tlow rate (ml/min/g) per unit gram. The first temperature and
the second temperature of the thermal (thermochemical)
cycle were 1,400° C. and 800° C., respectively.

[0112] FIG. 10 shows a graph illustrating a hydrogen pro-
duction amount and an oxygen production amount 1n the case
ofusing (La, Sr, ,)CrO,_ . as the catalyst for producing ther-
mochemical hydrogen similarly to FIG. 9. The first tempera-
ture and the second temperature of the thermal (thermo-
chemical) cycle were 1,500° C. and 800° C., respectively.
[0113] When the first temperature was set to 1,500° C., the
flow rates and the production amounts of hydrogen and oxy-
gen were improved, respectively.

[0114] FIG. 11 shows a graph illustrating the hydrogen
production amount in the case ot using Ba('11, ;Mn,, ,)O,_ as
the catalyst for thermochemical hydrogen production. The
first temperature and the second temperature of the thermal
(thermochemaical) cycle were 1,400° C. and 800° C., respec-
tively.

[0115] AsshowninFIG. 11, even when perovskite oxide 1in
which an A site 1s allocated to Ba, and an X site 1s allocated to
Mn and T1 1s used 1n the catalyst for producing thermochemi-
cal hydrogen, hydrogen may be produced 1n a thermochemi-
cal manner.

[0116] FIG. 12 shows a graph 1llustrating a cycle charac-
teristic of the hydrogen production amount in the case of
using La, _Sr MnO, . (x=0, 0.1, 0.2) as the catalyst for pro-
ducing thermochemical hydrogen. The production amount 1s
indicated by a flow rate (sccm/g) per unit gram. The first
temperature and the second temperature of the thermal (ther-
mochemical) cycle were 1,500° C. and 800° C., respectively.
[0117] The higher the concentration of Sr was, the further
the hydrogen production amount increased, and the hydrogen
production amount in the case of x=0.2 was 3 times that in the
case of x=0.

[0118] FIG. 13 shows a graph illustrating a hydrogen pro-
duction amount in the case of using (La, ¢St ,)MnO;, 5 and
(La, {Ba, ,)MnQO,, , as a catalyst for thermochemaical hydro-
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gen production. The production amount 1s indicated by a flow
rate (ml/min/g) per unit gram. The first temperature and the
second temperature of the thermal (thermochemical) cycle
were 1,400° C. and 800° C., respectively.

[0119] Even when the perovskite oxide in which Sr of
(Laj ¢Sr, ,)MnO, , , was substituted with Ba was used in the
catalyst for thermochemical hydrogen production, the hydro-
gen production amount was not changed too much.

[0120] FIG. 14 15 a graph 1llustrating the hydrogen produc-
tion amount in the case of using (La, {Ba, ,)(Mn, »-Fe, -<)
O,.s as the catalyst for thermochemical hydrogen produc-
tion. The production amount 1s mndicated by a flow rate (ml/
min/g) per unit gram. The first temperature of the thermal
(thermochemical) cycle was 1,400° C., but the second tem-
peratures thereotf were 700° C., 800° C., and 1,000° C.,
respectively.

[0121] In the case where the second temperatures were
700° C. and 800° C., the hydrogen production amount did not
vary largely. However, conversely, 1n the case where the sec-
ond temperature was 1,000° C., the hydrogen production
amount decreased compared to the case 1n which the second
temperatures were 700° C. and 800° C. by approximately
10%.

[0122] In the solar thermochemical hydrogen production,
the concentrated solar energy needs to be absorbed by the
perovskite oxide. The solar spectrum ranges from ultraviolet
to visible and infrared region (250 nm to over 2700 nm). The
absorbed photon excites electrons from the lower-state to the
excited state, which will eventually be converted to heat via
phonon. The solar absorbance measurement shows that the
La, S, ,Mn, ,<-Fe, --0;. s perovskite absorbs solar energy
quite elficiently, at 4 times of cena.

[0123] The elements composed 1n the perovskite are quite
carth abundant. The earth abundance of iron and manganese
are 35 and 0.6 times the earth abundance of carbon, respec-
tively. Strontium (Sr) exists 1n the earth crust 5 times more
than copper (Cu), and the lanthanum (LLa) 1s a half of copper.
[0124] In summary, the present inventors developed cata-
lytic La, ¢Sr, .Mn,_Fe O, perovskites for thermochemi-
cal hydrogen production by mimicking the catalytic center of
Mn,CaQO; cluster 1n photosystem II. Particularly, La, Sr,
>Mn, -Fe, -:0;, 5 produces 5.3 ml/g of hydrogen 1n the ther-
mochemical cycle between 800 and 1400° C. The advantages
of utilizing nonstoichiometric perovskite over undoped ceria
are more ellicient solar absorbance by 4 times or less, the
carth abundant element utilization for scalable solar fuel pro-
duction, and lower temperature operation at 1200 to 1400° C.
The strontium which 1s abundant in the Earth 1n this system 1s
completely soluble 1n lanthanum, and 1t 1s possible to mimic
the rare-earth utilization 1n the catalytic perovskite.

[0125] The invention will allow the conversion of solar
energy mto chemical fuel 1 high efficiency and the storage
thereof, and the obtained chemical fuel will be used as clean
energy in the field of each industry and as clean industrial raw
materials 1n chemical industry.

1. A catalyst for thermochemaical tuel production, which 1s
used for producing the fuel from thermal energy by using a
two-step thermochemaical cycle of a first temperature and a
second temperature that 1s equal to or lower than the first
temperature,

wherein the catalyst 1s formed from a perovskite oxide
having a compositional formula of AXO,_, (provided
that, 0=0<1) (here, A represents any one or more of a
rare-earth element (excluding Ce), an alkaline earth
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metal element, and an alkali metal element, X represents
one or more of a transition metal element and a metalloid
clement, and O represents oxygen).

2. The catalyst for thermochemical fuel production accord-
ing to claim 1,

wherein the element A 1s one or more selected from a group

consisting of La, Mg, Ca, Sr, and Ba, and the element X
1s one or more selected from a group consisting of Mn,
Fe, T1, Zr, V, Cr, Co, N1, Cu, Zn, Mg, Al, Ga, In, C, S1, Ge,
and Sn.

3. The catalyst for thermochemical fuel production accord-
ing to claim 2,

wherein the element A 1s La, and the element X 1s Mn.

4. The catalyst for thermochemical fuel production accord-
ing to claim 1,

wherein the element A 1s partially substituted with one or

more of Sr, Ca, and Ba.

5. The catalyst for thermochemical tuel production accord-
ing to claim 1,

wherein the element X 1s partially substituted with one or

more of Fe, N1, V, Cr, Sc, T1, Co, Cu, and Zn.

6. The catalyst for thermochemical fuel production accord-
ing to claim 1,

wherein the element A 1s La, the element X 1s Mn, La 1s

partially substituted with Sr.

7. The catalyst for thermochemical tuel production accord-
ing to claim 6, wherein the substituted concentration (X; X
represents an amount with an amount of La before substitu-
tion being set to 1) of Sr1s 0.1 or more to less than 1.0.

8. The catalyst for thermochemical tuel production accord-
ing to claim 7, wherein Mn 1s partially substituted with Fe.

9. The catalyst for thermochemical tuel production accord-
ing to claim 6,

wherein the substituted concentration (X; X represents an

amount with an amount of Mn before substitution being
set to 1) of Fe that 1s substituted 1s 0.35 or more to 0.85
or less.

10. The catalyst for thermochemical fuel production
according to claim 1, wherein the element A 1s Ba, the ele-
ment X 1s 11, T1 1s partially substituted with Mn.

11. The catalyst for thermochemical fuel production
according to claim 10,
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wherein the substituted concentration (x; X represents an
amount with an amount of T1 before substitution being
set to 1) of Mn 1s more than 0 to 0.5 or less.

12. A method of producing fuel using thermochemaical fuel
production,

wherein the catalyst for producing a thermochemical fuel

according to any one of claim 1 1s used.

13. A method of producing fuel using thermochemaical fuel
production, which produces the fuel from thermal energy by
using the catalyst for thermochemaical fuel production accord-
ing claim 1 and by using a two-step thermochemical cycle of
a first temperature and a second temperature that 1s equal to or

lower than the first temperature,
wherein the first temperature 1s 600 to 1,600° C., and the
second temperature 1s 400 to 1,600° C.

14. The method of producing fuel using thermochemaical
fuel production according to claim 13,

wherein the first temperature 1s attained by irradiation of
condensed sunlight energy and heating, or by heating
using waste heat.

15. A method of producing fuel using thermochemaical fuel
production, which produces the fuel from thermal energy by
using a two-step thermochemical cycle of a first temperature
and a second temperature that 1s equal to or lower than the first
temperature, the method comprising:

a process ol heating a perovskite oxide having a composi-
tional formula of AXO,, ; (provided that, 0=06<1) to the
first temperature to reduce the perovskite oxide; and

a process of bringing a raw material gas into contact with
the reduced perovskite oxide and oxidizing the perovs-
kite oxide to produce the fuel.

16. The method of producing fuel using thermochemaical

tuel production according to claim 15,

wherein the fuel 1s any one of hydrogen, methane, and
methanol.

17. The method of producing fuel using thermochemaical

tuel production according to claim 15,

wherein the raw matenal gas includes water vapor.

18. The method of producing fuel using thermochemical
tuel production according to claim 15,

wherein the raw material gas includes carbon dioxide and
water vapor.
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