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The present work has demonstrated the large-capacity oxygen storage of various isomorphous lanthanide
oxysulfates, LeO,SO, (Ln = La, Pr, Nd and Sm), which utilize the nonmetallic element (S) as a redox
site instead of metallic cations. The reduction bydf hydrocarbons and subsequent reoxidation by O
between LrO,SO,(S*") and LnO,S(S) achieved an oxygen storage of 2 (mol of)@ol?, which is
8 times larger than that of the conventional Ge@rO, material. Although the reversible redox cycle of
thermostable LyO,SO, with Ln = La, Sm, and Nd was possible only at high temperatures above 700
°C, the Pr system could work at an exceptionally low temperature of ca?®0Burthermore, the redox
of the Pr system could be accelerated in the presence of impregnated noble metals (1 wt % Pd), which
supply activated hydrogen as well as oxygen by spillover. Because the elimination of a large amount of
sulfate species as S/, from the bulk crystallites of sulfate precursors yields the macroporous texture
of Ln,O,SO, and LnO,S with a high specific surface area, the resultant rapid gas diffusion as well as
solid—gas reactions would facilitate the oxygen storage and release processes.

Introduction cesses and H-O, fuel cells?1®which can be improved by
incorporating the oxygen storage material into a cathode. To
gopen up such new applications of the oxygen storage, new
materials with larger storage capacity per unit of solid volume

Oxygen storage capacity is the ability to store oxygen
under an oxidizing atmosphere and release it under a reducin
atmosphere. The role is very useful for regulating oxygen
partial pressure in the gas phase. Recently, oxygen storagé'® Strongly requested.
materials have become significantly important in the field ~ We have recently found a novel oxygen storage mecha-
of solid-state chemistry after being applied to the three-way nism based on the redox of sulfur in a lanthanum oxysulfate/
automotive catalyst to compensate the fluctuation between©oXysulfide (LaO,SQy/La;0.S) systent which is the first
lean (oxidizing) and rich (reducing) exhaust conditiér. successful example that uses a nonmetallic element as a redox
Many metal oxides with a redox property are candidates for site in place of metallic cations. On the basis of the following
this purpose. Practically, however, the Ge@rO, binary redox reaction betweerPSand S~
system is a sole component for the automotive application
due to its reversible and rapid release and sorption of oxygen
at relatively low temperatures<@00 °C)+® Since the
reaction is based on the redox betweer’Cend C&+ and ~ the storage capacity of 2 matol™ is possible, which is
corresponding solidgas oxygen equilibrium, the oxygen the largest value reported so far. Nevertheless, the higher
storage capacity can therefore not exceed 0.25 (mol of OPeration temperature af700 °C becomes a major draw-
0,)-mol~. The oxygen storage materials will be applied to Pack of the present system, comparedst00 °C, which
not only automotive catalysts but also other high-temperature €nough for Ce@-ZrO,. Modifications to reduce the redox
processes, where instant oxygen scavengers are requiredemperature are strongly requested for the practical applica-

Possible processes may include nonaerobic oxidation pro-tion. One possible modification is to replace La by other
lanthanide elements; i.e., a series of the isomorphous
* To whom correspondence should be addressed. Phone#f8%:-96-342- lanthanide (Ln) oxysulfate phases are repoi*feéf‘, which
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the present work is to synthesize a series of lanthanide
oxysulfates (LrO,SOq, Ln = La, Pr, Nd, Sm, Eu, Y, Th,
and Gd) and characterize their thermal stability and redox
property to use them as large-capacity oxygen storage
materials. The effects of different Ln and noble metal
impregnations on the redox property have been examined
by means of X-ray diffraction, temperature-programmed
reduction/reoxidation, thermogravimetry, and microstructure
analysis.

Experimental Section

A series of lanthanum oxysulfates, 0ySO,, were synthesized
by heating commercial Li(SOy)3-nH,O (Ln =Y, La, Pr, Nd, Sm,
Eu, Gd, and Th; Rare Metallic Co., Ltd.) at 90Q for 5 h in a
stream of N or air. Subsequent heating in a stream ofatl 800
°C was conducted to yield corresponding oxysulfidesQJ%. As
a reference, the binary solid solution of Ge€ZrO, was synthe-
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Figure 1. Temperature of decomposition of ¥$0s)3 and LO,SOy in
a flow of Na.

°C for 5 hin N; or air. But further decomposition could not
be accomplished even after heating at 1300The thermal
decomposition of several lanthanide sulfates »(BQy)s:
nH,O, Ln= La, Pr, Nd, Sm, Eu, Gd, and Tb) in flowing,N

sized>1%and used to evaluate the cyclic oxygen release and storageywas studied by TG analysis. The TG curves yielded two
properties. The samples thus obtained were impregnated with anindependent weight losses after dehydratior=800 °C

aqueous solution of hydrogen hexachloroplatinate(lV) or palladium
nitrate and then calcined at 45C to produce Pt- or Pd-loaded
samples (1 wt % loading). The crystal structure was identified by
use of a powder X-ray diffractometer (Rigaku Multiflex) with
monochromated Cu & radiation (30 kV, 20 mA). Energy-
dispersive X-ray fluorescence analysis (Horiba MESA-500W) was
used to determine the S/Ln ratio. The thermal decomposition of
lanthanide sulfates was studied by thermogravimetric (TG) analysis
(Rigaku 8120). The surface microstructure of as-formed samples
was observed by FE-SEM (Hitachi S-4100). The BET surface area
and pore size distribution were calculated from &Hsorption
isotherms measured at 77 K (Belsorp).

The reduction/reoxidation behavior of ™SO, was analyzed
by temperature-programmed reduction and reoxidation (TPR/TPRO)
in a conventional flow reactor connected to a volumetric vacuum
system and to a differential evacuation system. After evacuation at
ambient temperature, the sample (0.2 g) was heated in a flowing
gas mixture of 10% Kand He or 1% gHg and He (20 cri*min™1)
at a constant rate (1TC-min~1) up to 950°C. Effluent gas from
the sample was analyzed by a quadrupole residual gas analyzer
mass spectrometer (Anelva M100). After the TPR measurement
was completed, the sample was cooled slowly to ambient temper-
ature in a stream of 5% #He. This was followed by evacuation
and the second heating in a flowing gas mixture of 5%H®8 (20
cm?min~1) at a constant rate (1-min~1) up to 950°C to measure
the TPRO profiles.

Dynamic reductior-oxidation cycles of LeO,SO, were studied
by the use of a microbalance (TG, Rigaku 8120), which is connected
to a dual-gas-supplying system. The oxysulfate sample (ca. 10 mg)
was first heated in a stream ofNp to 700°C, where the constant
weight was attained within 30 min. Then, the gas feed to sample
was switched between 5%,knd 20% Q balanced by N with
recording of the sample weight at this temperature. During the
measurement, Nflowed through the balance chamber to protect
the weighing mechanism.

Results and Discussion

which correspond to the following two reactions:
Tl
Ln,(SQ,); — Ln,0,S0O, + 250, + O,

T2
Ln,0,S0, — Ln,O, + SO, + 1,0,

Here, the temperaturef and T, were determined from a
peak minimum of a differential TG curve and plotted against
Ln in Figure 1. All these lanthanides exhibited a similar
decomposition behavior, but both and T, tend to decrease
monotonically with increasing atomic number. SinEeis
more dependent on the atomic number in contra3y tehe
resultant stability range of oxysulfate phases is found to be
widest for Ln= La. Yttrium also forms an oxysulfate 0,

SO, which is decomposed to ;05 at ca. 950°C. The
decrease of the thermal stability of sulfate and oxysulfate is
associated with the thermodynamic stability ob0g, which
increases with the atomic number because the lanthanide
contraction yields a larger heat of formation4AH;°) of the
oxides with a similar crystal structure. The only exception
is the sulfate of C¥, which eliminates all of the sulfate
species as SgD, at <700°C to produce Ce® Considering

the instability of LnO,SO, above 1100C, the lanthanides
heavier than Sm should be limited for practical applications.
The following study has therefore been focused on the
oxysulfates of the first four lanthanides (La, Pr, Nd, and Sm)
to evaluate their reduction/reoxidation behavior.

Figure 2 shows the XRD patterns taken after Ln sulfates
were heated in a stream ofldt 900°C. Clearly, LnO,SO,
phases were obtained without precipitation of impurities. For
Ln = La, the observed peaks could be attributed to a
monoclinic La0,SOy (C2/c) with lattice dimensions of =
1.4349 nmp = 0.4285 nmgc = 0.8386 nm, angd = 107°.14

Although the structural analysis of the other Ln phases has

A single phase of lanthanum oxysulfate ,0aSO, could
be synthesized by heating 480,)3-9H,0 powders at 900

(15) Ohmata, T.; Kishimoto, H.; Matsumo, S.; Ohtori, N.; UmesakiJN.
Solid State Chen1999 147, 573.

(16) Tanabe, T.; Suda, A.; Descorme, C.; Duprez, D.; Shinjodh, H.; Sugiura,
M. Stud. Surf. Sci. CataR001, 138 135.

not been reported, all the reflections indexed with @24
space group suggested that their crystal structures are
basically the same as that of the La system. The estimated
lattice parameters, b, andc decreasing with an increase of
atomic number is consistent with the contraction of'Ln
Figure 3 shows the XRD patterns taken after reduction of
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Figure 2. XRD patterns after calcining of LSOy)3-nH0 (Ln = La, Pr,
Nd, and Sm) at 900C in Na.
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Figure 3. XRD patterns after calcining of L®,SOy (Ln = La, Pr, Nd,
and Sm) at 800C in H..

as-prepared LiO,SO, in a stream of H at 800°C. The
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Figure 4. Crystal structure of L#D,SO; and La0,S.
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Figure 5. (a) TPR and (b) TPRO profiles of k®,SO; in a flow of 10%
HJo/He and 5% QHe, respectively. Heating rate 2C-min—1.

by sharing of edge¥.Every sulfate oxygen in Li©,SO; is
coordinated with two Ln atoms. Thus, the phase transforma-
tion from LnO,SO, to Ln,O,S can be approximated as
removal of oxide ions surrounding sulfur as a result of the
reduction. Such a structural similarity between@s50, and
Ln,O,S is believed to be one important factor to attain
reversible reduction/oxidation cycles of the present materials
as described below.

The reduction behavior of several iSO, phases was
evaluated by TPR, which was carried out in a conventional
flow system by heating at a rate of 2G-min~tin a stream
of 10% H/He. As shown in the TPR profiles in Figure 5a,

La,0,SO, phase was converted into a single phase of the consumption of Hover La0,SO, started at ca. 680C

oxysulfide, LaO,S, with a rhombohedral cellP@m1),*”
which is isostructural with the corresponding.0g8. The

and required at ledd h to becompleted at 900C. After
completion of H consumption, the oxysulfate turned into

same crystal structure was basically preserved for different oxysulfide (LaO.S). The oxysulfide thus formed was next

Ln systems, but again, their lattice parameteendc tend

subjected to TPRO measurement in a stream of 5%bl©

to decrease with the contraction of the Ln cations. The S/Ln as shown in Figure 5b. For L# La, oxygen consumption
atomic ratio for the samples appearing in Figures 1 and 2 started at ca. 500C, giving rise to a peak at ca. 80C.

was confirmed to be 0.5.

The crystal structures of oxysulfate and oxysulfide can
commonly be described by alternative stacking of QA"
layer and a layer of anion groups, i.e., sulfate {&SPor
sulfide (S$7), as shown in Figure 4. The L@®,%" layer in
both structures consists of Ln@etrahedra linked together

(17) Zachariasen, W. HActa Crystallogr.1949 2, 60.

After completion of the reoxidation, a single phase ofQa
SO, was restored as evident from the XRD pattern. The
cumulative consumptions of Hand Q in the TPR/TPRO
measurements were estimated to be 3.9 and 1.9mabl’,
respectively, supporting the occurrence of the stoichiometric
reaction between L©,SO, and LnO,S.

Here, it should be noted that the TPR/TPRO profiles are
dependent on Ln. Among L# La, Pr, Nd, and Sm, the La
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system is more difficult to reduce than the others. For the
reoxidation process, the Pr system exhibited an exceptional
behavior. The onset of the main reoxidation peak for=n
Pr was observed at a low temperature of ca. 3@0)
compared to>ca. 600°C required for the other systems. In
addition, a slow oxygen consumption was observed only for
the Pr system at a lower temperature 800 °C. The
characteristic redox property of the Pr system may be related
to the presence of a higher oxidation state f dvhich was
detected by XPS measurement, but the mechanism is not 0 700 200 300 200 500 600 7%00
clearly understood at this stage. Temperature / °C
These results give evidence that oxygen storage in the
present system is accompanied by the redox of sulfur
between oxidation numberst6(SQ,2") and 2- (S*). This
corresponds to a maximal storage capacity of 2 (mol of
0,)-mol™. It is very interesting that the present system
utilizes the redox of sulfur in contrast to the conventional
oxygen storage, which is due to the redox of metallic ions.
The storage capacity of metal oxide systems should generally
be limited to less than 0.5 (mol of ABmol~1, because in
many cases the change of oxidation numbers does not exceed 0 100 200 300 400 500 600 700 800 900
2. By contrast, the present result implies the possibility of a Temperature / °C
much larger capacity for solid materials containing sulfur Figure 6. (a) TPR and (b) TPRO profiles of 1 wt % PdA®SO, in a
redox sites. Such a large-capacity oxygen storage by reversflow of 10% H/He and 5% @He, respectively. Heating rate 1G-min~*.
ible redox of sulfur is only attained by oxysulfates/oxysul-
fides of lanthanide metals, because the formation of a (@ CH, f
thermally stable oxysulfate is not allowed in any other -
system. Sulfates of alkali metals cannot be used due to low ; ;
melting points. Sulfates of alkaline-earth metals possess
thermal stability higher than that of the lanthanide oxy-
sulfates, but their reduction to sulfides is difficult @.000
°C. Other sulfates containing p- and d-block metals were HO A
easily decomposed to evolve $0, at relatively low 7Y 0

temperatures<800 °C). b SOt o
One drawback of the present oxygen storage material is S =
the high operation temperature. The conventional £€0O 0 100 200 300 400 500 600 700 800 900
ZrO, system can work at lower temperatureg}00 °C -8 Temperature / °C
compared to>700 °C required for the present system. To b o
reduce the temperatures for oxygen release as well as storage :
of Lay0,SQOy/Lay0,S, impregnation of noble metals was
found to be effective in our previous repétt is also well-
known that oxygen storage over Ce€ZrO, can be pro-
moted in the presence of impregnated Pt catalysts. In the
case of LaO,SO,, Pd can promote the reduction process
more than Pt. Figure 6 exhibits the effect of impregnated
Pd (1 wt %) on TPR and TPRO profiles of four different
Ln,0,SO, systems. As can be judged from the comparison
with Figure 5, the temperatures for the consumption gf H 0 100 200 300 400 500 600 700 800 900
O, became lower in the presence of Pd. The effect implies Temperature / °C
that spillover of hydrogen and oxygen from the metal Figure 7. (a) TPR and (b) TPRO profiles of 1 wt % Pd#eSOs in a
particles onto the LiD,SOJLN,O,S surface accelerates flow of 1% CsHe/He and 5% QHe, respectively. Heating rate 2@ min~L.
reduction and reoxidation, respectively. It has been suggested
that the reduction of several metal oxides is facilitated by
spillover of hydrogen, because of the higher reactivity of
atomic hydrogen compared to molecular hydro¢emhe
effect was dependent on the loading of Pd; i.e., the onset
temperature of reduction/reoxidation decreased with an
increase of Pd loading from 0 to 1 wt %.

H, concentration / a.u.

O, concentration / a.u.

CO,,.

Concentration/ a.u

Concentration / a.u.

The oxygen storage materials should be capable of
efficiently oxidizing not only hydrogen but also hydrocarbons
to CO; and HO. In this regard, TPR by usingsBs in place

of H, would provide useful information on the reactivity of
the present system. Figure 7 exhibits the effluent gas species
versus the temperature ramp. The onset temperature of
reduction was as high as for the, IPR (Figure 6). As a

(18) Sermon, P. A.; Bond, G. Catal. Re.. 1973 8, 211. primary product, C@and HO were formed above 60T,
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whereas only a small amount of CO was observed &0 12
°C, suggesting the occurrence of nonaerobic oxidation of 4 b l. L \_ L U L L
hydrocarbon. When the TPR experiment was carried out in 4 Lz RN = M LL Mo _—
the absence of Pd, the consumption gHgas well as the 0 100 200 300 400 500 600 700
CO;, yield became extremely small up to 90C. This is Time / min

indicative of catalytic oxidation of §Hs over Pd by oxygen Eiggrg 34- Rgfiltl)t)itilorﬂ‘t)iOﬁSétifg ;yges at 7QﬂCb0\fer (a)i wt % Pd/f

.. . . . . ; Oy an wt % e rO in a microbalance. A mixture o
originated from the oxysulfate solid. The reoxidation in this o "W " o cised for reduction, and a mixture of 20%iOHe was
case took place at a much lower temperature of ca.°850  ysed for oxidation.

compared to that of Pd/RD,SO, after reduction by ki
Table 1. Rate of Oxygen Release and Storage for 1 wt % Pd/

To use the present system as an oxygen storage material, Pr,0,S0; and 1 wt % Pt/CeO,—Zr0,

the stability in redox cycles is a very important factor. As 1wi% 1wi%

described before, the thermal stability of the Pr system is Pd/PEO,SOy Pt/CeQ—ZrO;,

less than that of the La system. Thus, one may consider the™ o,y qen release/(mol of 0.18 0.092

loss of sulfur due to vaporization in the redox cycles. The mol~Lmin~1 (reduction)

X-ray fluorescence analysis of the solid sulfur content was ~ ©xygen storage/(mol of £ 101 0.32
N o mol~1-min! (reoxidation)

conducted after reduction in a stream gf &l 700°C for 1

h and subsequent reoxidation in a stream gfa®800°C considered under the stationary redox treatment as shown
for 1 h were repeated. As shown in Figure 8, the ratio of S in Figure 8. Thus, we have studied the dynamic redox
to Pr of 1 wt % Pd/PO,SQ, was kept constant at ca. 0.5 behavior of 1 wt % Pd/BO,SO, by the use of a flow
during 10 cycles of the redox treatment. Considering tile H microbalance. The representative result of oxygen release/
O, flow rates in these treatments, the concentration £&8/H  storage cycles at 700C is exhibited in Figure 9, in
SO, in the gas effluent should be10 ppm. No precipitation ~ comparison with the result of a Ce©ZrO, material, where
of praseodymium oxides was detected by XRD after the nearly invariant weights were reached on each atmosphere.
redox cycles. With these results taken into consideration, theOn approaching a constant weight in flowing & 700°C,
release of HS/SQ must be negligible. the gas feed was switched to a mixture of 5%tHN,. This

For many sulfide materials, instability in the presence of 9ave rise to a steep weight loss of 15%, which corresponds
water vapor is expected at elevated temperatures, becaust the stoichiometric reduction of #,S0, to PRO,S. A
the reaction with water would form oxides and remove sulfur Subsequent switch to a mixture of 20% i@ N, immediately
from solids. To check this stability, Pd#e:,S was treated caused a weight gain as was observed before the reduction,
in a stream of 10% O balanced by He at 8GC. However, accompanied by a sharp exothermic peak. Following this first
no change was observed in the XRD pattern and S/Pr ratio.redox period, the gas feed was switched every 30 min
The treatment in a stream of 10%® and 10% @balanced ~ between mixtures of 20% LQand 5% H in N, yielding
by He at 800°C converted RO.S to PgO,SO; as in the almost reversible cyclic change of the sample weight. The
absence of bD. Also, it was confirmed that a F,SO, cyclic oxygen storage/release experiment demonstrated very
phase was stable and no adsorption of 8@s observed in  Clearly that the present oxygen storage capacity was ca. 8
a gas stream containing $@t 400-800 °C. The present  times larger than that of Ce©ZrO, at 700 °C. Higher
system is therefore expected to work stably even in the Performance is also evidenced by comparing the rate of
presence of SO This feature may be important, because ©Xygen release and storage as shown in Table 1, which is
the conventional Ce©-ZrO, adsorbs much of the SOn determined from the slope of the weight change in Figure
an oxidizing atmosphere and the accumulatediS@leased 9. The different rates between oxygen release and storage
as noxious HS when it turns to a reducing atmosphere. ~ aré consistent with the result of the TPR/TPRO experiment

It is well-known that the real oxygen storage performance (Figure 6). The oxygen release/storage cycles betweh-Pr

should be evaluated under oscillating feed stream condi- 19) Hol A 2 Catal 1998 178 14

i 19,20 i idizi olmgren, A.; Anaersson, ol. Catal. .

tions, where reducing and oxidizing atmosphereg are (20) Boaro, M.; de Leitenburg, C.; Dolcetti, G., Trovarelli, A. Catal.
cycled, because the rate of phase transformation is not ~ 200Q 193 338.
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SO, and PsO,S can proceed 2 or 3 times faster than that plp
for CeG,—ZrO, when the temperature is high enough for 25 °
the redox of sulfur. This is a very interesting feature (b)
considering that Pt/Ce3ZrO, can work at much lower 20}
temperatures. a
Due to high operation temperatures, textural stability is % 15[ La.0.SO, 18,0,
of crucial importance for the present oxygen storage system. §. 1ok
Microstructural change during transformation from sulfate ° .
to oxysulfate and oxysulfide was observed by FE-SEM as 05l S T
shown in Figure 10. The sulfate ¥&0Oy); consisted of i | o
nonporous columnar crystals with a smooth surface after S T
0 10 20 30 40 50 60 70 80

dehydration at 500C. The oxysulfate L#gD,SO, exhibited Rp/nm

a_S|m|Iar external morpho_logy_, but the interior e"h'l_"te‘_j a Figure 11. (a) Nz adsorption isotherms at 77 K and (b) pore size distribution
highly porous texture, which is formed by skeletonization of | 2,0,50, and La05S.

probably due to the elimination of S(@,. A similar porous
texture was preserved for the oxysulfide,0aS, but the pore

X . X . sulfur in the metal oxide matrix as a redox center. This is
size appears to increase. Accompanied by such a micro- . .
structural change, the surface area increased fram® completely in contrast to the conventional oxygen storage

gt (Lax(SQy)s) to 22 n? g* (La0,SQ;) and 19 M g based on the redox of metal cations. Thermally stable
(La,0,S). lanthanide oxysulfate/oxysulfide systems with +rlLa, Pr,

Figure 11a shows theNdsorptior-desorption isotherms Nd, and Sm e_xhibited a Iarge_z storage Capacity of 2 (mol of
of La,0,SQ;, and L0,S measured at 77 K. In contrast to 0O)-mol%, which required higher operation temperatures
the nonporous nature of LB0y)s, the isotherms of L#D,- (=600 °C) compared to Cef-ZrO,. The reversible redox
S0, and La0,S were very similar to IUPAC type IIl, which is allowed by common structural units of oxysulfate and
was flat up to a relative pressure of ca. 0.8 and then sharplyoxysulfide, which consist of alternative stacking of,02*~
increased near the saturation of vapor pressure. This isand positive divalent layers, SO or . Among the four
indicative of the absence of micropores and mesopores, butLn systems, the redox of ®,SQJ/Pr,0,S takes place at
significant formation of macropores after decomposition of the lowest temperature. Moreover, the redox cycles can be
Lax(SOy)s. The pore size distribution calculated from the facilitated by impregnating Pd because the spillover can
adsorption isotherms (Figure 11b) presents peak maxima atsupply active oxygen as well as hydrogen species onto the
pore radii of ca. 20 and 45 nm for k@,SO, and LaOS, surface of oxysulfate/oxysulfide. The oxygen release and
respectively. Although macropores of more than 100 nm are storage are faster than those of Ge@rO,, when the
visible in the SEM images (Figure 10), the result implies temperature is high enough for the redox of sulfe7Q0
that the pore size of L&®,S0; is increased by the reduction  °C). One promising microstructural feature adequate for the
to La,0,S due to the removal of 4 mol of oxide ions from  oxygen storage/release is the porous texture, which is formed

the structure. Formation of such a porous texture is believed gnontaneously when a mixture of O, is eliminated from
be significantly effective in facilitating the gas diffusion and ¢ nonporous sulfate crystals.

solid—gas reactions in the redox cycles. No textural change

was observed after reduction at 700 and subsequent

reoxidation at 900°C were repeated for 10 cycles. The Acknowledgment. We acknowledge the financial support

textural stability is therefore enough for the high-temperature provided by a Grant-in aid for Scientific Research from the

operation. Ministry of Education, Science, Sports, and Culture, Japan.
In summary, we have found a novel oxygen storage

material, lanthanide oxysulfate/oxysulfide, which utilizes CM0479640



