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Origin of rate bistability in Mn—O/AJO3 catalysts for carbon
monoxide oxidation: role of the Jahn—Teller effect
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Peculiarities in catalytic activity in carbon monoxide oxidation as well as some structure, electronic and magnetic properties of the three
oxide catalysts, MW—O/AI203 (2), Mn3+—O—Fe/Ab03 (Mn-substituted spinel, 2) angd-Fe,O3/Al>,03 (3), were studied by kinetic
measurements and by Mdssbauer spectroscopy. The catalysts 1 and 2 showed a kinetic bistability with a sharp transition towards more
reactive state at200°C (ignition point). In contrast, for catalyst 3, at 200—2%0) the behavior of reaction rate against temperature did
not display noticeable hysteresis. On cooling the catalysts 1 and 2, extinction was observed at about 170 @ncedgectively, i.e.,
at 30-80°C lower than the corresponding ignition points. Proximity of activation energy for the high and low actii~(9 kJ/mol)
for both Mn-containing catalysts suggests an increase in the number of active sites at high temperature with no changes in the reaction
mechanism. The considerable difference between Mn-containing catalysts 1, 2 and Fe-containing catalyst 3 may be caused by Jahn-Teller
(JT) type distortions of the oxygen polyhedron around®¥nA significant spontaneous axial bond stretching within the local polyhedron
seems to diminish Mn—O binding energy, facilitate the participation of surface oxygen spegjes, tbe oxidation of CO by a redox
mechanism and promote oxygen vacancies at the surface that would cause considerable effect on the activity. An increase in the width of
the counterclockwise hysteresis loop for the catalyst 2 compared to the catalyst 1 indicates that clusters of mixed spinel provide more active
sites and more labile §species than clusters of the binary Mn oxide.

KEY WORDS: CO oxidation; Mn-substituted spinel; clustersjofierric oxide; rate bistability (multiplicity); octahedral complexes of
Mn3+ (d%); the Jahn-Teller effect; labile£species; anion vacancies; Méssbauer spectroscopy

1. Introduction structural and electronic data illuminating the origin of rate
multiplicities are still lacking in literature.

The developments concerning new effective exhaust cata—The present vv_ork deals with the peculiarities of_C_O oXi-
lysts are related to an increase of theindow in three-way dation over alumina-supported, manganese-containing cata-
catalysts, to a considerable reduction of the noble metal cd¥StS Showing rate instability. The origin of this effect is dis-
tent in catalysts converting NO and MGnd to a search for cussed in terms of influence of spontaneous deformation of

; 3+ i i
new effective systems for removal of hydrocarbons (HC) addl!”" environments caused by the Jahn-Teller effect. Spe
carbon monoxide (CO). Among a number of temperaturg'-al attention is focused on the formation and participation of

resistant catalysts for CO oxidation, the complex oxides a:?_grface oxygen speciesg(and anion vacancies in the reac-
tjon mechanism. The electronic and magnetic properties of

of considerable interest [1-3]. Among the various redox CE} e iron-containin talvsts are studied by Méssbauer i
alytic processes promoted by these systems, the oxidat gR 'ron-containing catalysts are studied by Vlossbauer spec
of CO and the reduction of NO seem to be interesting ino>coPY:
view of their relevance for auto-exhaust emission control.

A number of correlations of catalytic activity with a vari-2, Experimental

ety of physical-chemical properties of perovskites ABO

have been discussed in [4]. These correlations are relagtl Catalyst preparation and characterization

to the electronic configuration of the B site ion and the B—-O

bond strength. In a series of perovskites, the complex oxide The catalysts were prepared by exchange reactions be-
LaMnOs exhibits multiple steady states which made posgiVeéen organometallic compounds: aluminium isopropylate
ble to suggest two different oxygen states: a chemisorb@§O'Propk, ferric acetylacetonate Fe(acacand man-
atomic species and a more strongly bound oxygen relatedd@1€se stearate Mn{gHssOz)z. The ligand exchange re-
the lattice oxygen [5]. For supported complex metal oxigdstions were carried out in benzene solution with small

and, in particular, for supported Mn-containing catalysts, tlfr'%?oum of acetylacetone foIIowed.by. produpt conde.nsatlo.n.
e manganese stearate was preliminary dissolved in a mix-

* To whom correspondence should be addressed. ture of acetic acid and acetylacetone taken in the ratio 1: 4.
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The obtained sols were boiled for 3 h, diluted in ethanol-
water solution and repeatedly boiled for 3 h. The obtained L o0 OX

gels were dried in air (82C, 5 h), under vacuum (8, e © e® ®
103 Torr, 3 h) and calcined at 50C for 6-8 h in air. El-
emental analysis of the binary Mn—O/83 (1) and Fe-O/

Al>03 (3), and ternary Mn—O—-Fe/AD3 (2) catalysts per- X 80
formed on a Perkin—Elmer AS-400 spectrometer showed the & X 1
following mass composition: Mn 15, Al 45 and O 40% (1), . O 2
Fe 14, Mn 2, Al 45 and O 39% (2) and Fe 14, Al 46 and & ® 3
0 40% (3). o

The room-temperature Mdssbauer spectra were recorded S

on a conventional gamma-resonance spectrometer operating® 40
in a constant-acceleration mode wifCo(Cr) as source. O
Isomer shifts (IS) were reported relativeitéFe. The spectra O
were computer-analyzed using the common fit procedure for

a series of Lorentzians. Phase analysis was performed on a
Philips PW 1700 or DRON-3M X-ray powder diffractometer

with filtered Cu K, or Fe K, irradiation.

2.2. Reaction rate measurements

[l A 1 1 1 L 1 L 1 2
100 200 300 400 500

The reaction of CO oxidation was carried out in the o
temperature range of 120-580 and atmospheric pressure Temperature, C
using a plug-flow l.)ed U-sh_aped q_ugrtz reactor. - The I’Ei_gure 1. Plots of overall CO conversion versus temperature for the cata-
actor was placed in a yertlcal reS|st|v§Iy heated_ th(_armo— lysts 1 (Mn—O/AbO3). 2 (Mn-O—Fe/ApO3) and 3 (Fe—OJAIO3).
programmable oven which made possible to maintain the
temperature of the catalyst with an accuracy not less than

+1°C. The standard loading with the powdered catalyst wasand 3, an extinction is observed at temperatures of about

~0.5 cn?. The ratio CO/GIN, was 1/1/4. Each catalyst was! 70 and 120C, respectively, about 30-8C lower than the
treated with helium with flow rate of 0.06 I/min at 36g 9nitiontemperature. Thus, for both Mn-containing catalysts

for 2.5 h before the reaction. All gases used were purifiéd® counterclockwise hysteresis is typical. Figure 1 shows,
with molecular sieve traps prior to admission into the rea@S @n €xample, the hysteresis loop for the binary catalyst 1.
tor. A flow rate of reagent mixture was between 60 and 1dg'€ difference between the two Mn-containing samples con-
standard crfmin, which corresponds to an hourly space vesists in t_h<=T quth of the hystereS|_s loop: for the ternary cat-
locity of 7200-12000. The analysis of reactor effluent wadySt 2, it is wider than for the binary catalyst 1. Thus, at
carried out byin situ infrared (IR) spectroscopy (Riken Finel70-200°C (catalyst 1) and 120-20C (catalyst 2), the two
RI-500A unit) and by chromatography (Biochrom-1 devicerpangaqese_:—cqntammg_samples eX|s_t in _two different forms,
1.5 m x 3 mm stainless steel column loaded with InertoAN€ Which is highly active for CO oxidation, and the other
RAW + 20% CaA). The catalytic experiments were perWith a lower activity. By kegping the catalysts '1 and .2.at
formed as follows: raising-up the temperature with the rafe fixed temperature either in the low or the high activity
of 5-1C°/min until the necessary temperature was achievd@nge, constant conversion is observed for many hours, con-

and passing the reagents through the catalyst until constfffing that the states of both catalysts are truly stable. It
activity was reached. should be noted that, in agreement with [5], for supported

Mn-containing complex oxides, the hysteresis behavior but

not self-organizing oscillations was obtained. The studied
3. Results and discussion catalysts seem also not to be able to spontaneously organize

themselves spatially and temporally to start oscillating.

Figure 1 presents the overall CO conversion versus tem-At the temperature range of 120-1%D, catalyst 3 also

perature plot for the catalysts 1-3. At the temperatures infiplies negligible activity growth with apparent activation
120-200°C, the catalysts 1 and 2 show negligible activitgnergy of about 19 kJ/mol (figure 1, plot 3). However,
growth with apparent activation energy of about 19 kJ/mebntrary to catalysts 1 and 2, within the temperature range
(figure 1, plots (1) and (2)). However, @t > 200°C, both 180-25C°C, catalyst 3 does not show such a sharp activity
Mn-containing catalysts exhibit an ignition accompanied byrowth as catalysts 1 and 2 do. Moreover, for catalyst 3,
a transient rise in the temperature of the catalyst bed. #tthe temperature range 250-5@) the conversion grad-
T > 240°C, an overall CO conversion reache85-100% ually increases up t6-90% and does not reach 100% (as
showing, on the Arrenius plot (not presented), an apparents occurred for catalysts 1 and 2). The value of apparent
activation energy~15-19 kJ/mol. On cooling the catalystsactivation energy for catalyst 3 is a little higher than that of
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Table 1
MS parameters at 300 K for “paramagnetic” and magnetic spectral compo-

1.00 nents of active catalysts 3 (Fe—O8l3) and 2 (Mn—O-Fe/AlO3).
Catalyst Component IS Qs Hin, Area
(£0.05 mm/s) £0.05 mm/s) £5 T) (%)
Fe—O/AbO3
0.95 “Paramagnetic”  0.35 90 - ~05
Magnetic 0.34 ®2 ~470 ~5
Mn—-O-Fe/AbO3
“Paramagnetic”  0.29 95 - 47
0.90 Magnetic:
(1) Fe-rich 0.34 —0.10 506 22
(2) Mn-poor 0.44 2 470 18
1.00 (3) Mn-rich 0.39 002 426 13

spin Fé* sites in the octahedral surroundings ot Qons
in the iron-substituted spinel Fal,_, O3 [6,7], and to one
six-line magnetic pattern witHi, ~ 47.0 T arising from su-
perparamagnetic clusters ptFe,03 (figure 2(a), table 1).
The large value of quadrupole splitting for “paramagnetic”
Fe** sites is due to lattice disorder in alumina alternating
stackings and significant axial distortion of local polyhedron
Fe(Gs. The spectrum for the ternary catalyst 2 was fitted to
one doublet of octahedral high-spin¥esites, which is sim-
ilar to that in the catalyst 3, and to six-line magnetic patterns
1-3 (figure 1(b)). Pattern 1 witlj; ~ 50.6 T is derived
from the Fe-rich region arising either from A sites of the
. ) ] Mn-containing spinel [8]) or from a hematite-like phase [9].
Figure 2. Room-temperature Méssbauer spectra of active catalysts 3(FeP(21/tterns 2 and 3, Withly, ~ 47.0 and 42.6 T, respectively,
Al,03) (a) and 2 (Mn-O-Fe/AlO3) (b). i ) .

are most likely derived from the Mn-poor and Mn-rich re-
gions of B sites in the Mn-containing spinel [8]. The dif-
ferences in parameters between the Mn-poor and Mn-rich B
site are due to the replacement of one or more iron ions on

e- . . ) .
%% A site by one or more manganese ions. This replacement

sis, i.e., the plots in _flgures 1 a_nd 2 are practically the Salftects the superexchange interaction A—O-B and hyperfine
when measured at rising or falling temperature. field distribution [10]

The above Qata _s_how the strong mfluenc_e of manganes rom the structural results we conclude:

on the catalytic ability of the supported mixed metal ox-

ides. The similarity in the nature of active sites present or{i) All studied catalysts show phase separation: cata-
the supported mixed metal oxides 1 and 2 and on LapinO  lyst 1 contains poorly crystallized clusters of b

[5] is also quite obvious. The analogy became more appar- (0r Mn3Oa) supported on doped amorphguglumina;

ent when in the present work the flow rate of the reagent catalyst 2 includes poorly crystallized clusters of
mixture was increased by a factor of ten (from an hourly ~MnxFe>_.O4 on amorphoug-Fe Al Og; catalyst 3
space velocity of about 7200—72000). Despite this increase, consists of X-ray amorphous clustersjoferric oxide

Absorption [rel.un]

0.95

0.90

5 0 5
Velocity [mm/s]

-10 10

catalysts 1 and 2~25 kJ/mol). At last, again contrary to
catalysts 1 and 2, at 180-290, the behavior of reaction
rate against temperature does not show noticeable hyst

the steady-state multiplicities remained invariable indicating
that the high efficiency of active sites is notinfluenced by thg;)
extent of surface covering.

The X-ray patterns of the initial catalysts 1-3 show
mostly amorphous halo describing poor crystallized struc-
ture of y-Al203. The Mn-containing catalysts 1 and 2
show broadened reflexes from the dopedlumina together
with broadened patterns from poorly crystallized 3 (or .
Mn30g4) and Mn-containing spinel with interplanardistanceg")
d/n (A) =2.70,2.21, 2.20,1.84 antyn (A) = 2.96, 2.51,
2.08, respectively. The Fe-containing active catalyst 3 is
X-ray amorphous. (iv)

The 5’Fe Mossbauer spectrum for the binary catalyst 3
was fitted to one doublet describing “paramagnetic” high-

and amorphoug-Fe,Al>_, O3 as a support.

Catalysts 2 and 3 contain two types of iron atoms: mag-
netic iron atoms which are involved in the magnetic
superexchange within the Mn-substituted spinel or the
y-ferric oxide clusters and “paramagnetic” iron atoms
which are, for both catalysts, octahedraPEesites in
the y-alumina matrix.

The presence of manganese facilitates magnetic phase
separation: for catalyst 2, the fraction of iron in mag-
netic clusters is ten times larger than in catalyst 3.

For catalyst 3,-ferric oxide clusters show superpara-
magnetic behavior which makes possible a tentative es-
timation of mean cluster siz@/) ~ 3-5 nm [7].
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Before discussing the kinetic and structure data we con- This exchange process appears to localize at the interface
sider the following fundamental peculiarity of manganesand leads to a lack of bistability. It should be emphasized
containing oxides. Because trivalent manganesé)(@da that the rate of this exchange, i.e., the rate of the volume lat-
pure Jahn—Teller (JT) ion, and &9 ground orbital term is tice oxygen diffusion, is less than that of the surface oxy-
split into a lower doublet and upper triplet under the influgen diffusion. On the other hand, for catalysts 1 and 2,
ence of a crystal field of six octahedrally coordinated oxy low value of activation energy for the high and low activity
gen anions, the local elastic distortions are especially prakiages {15-19 kJ/mol) suggests surface diffusion as a rate-
able. With an increase in concentration of manganese, a iting step of the overall reaction mechanism. As it was
operative distortion along one of the directioi@91) would mentioned above, for catalyst 3, in the high activity state,
distort the local symmetry of the crystal from cubic to tetragan estimate for activation energy gives slightly higher value
onal. The origin of these site strains is deformation of oxy~.25 kJ/mol). All these considerations allow us to conclude
gen ligands about Mn sites. Thus, due to their specific elagmyt for catalyst 3 mass transfer limitations are quite proba-
tronic configuration, Mn ions exhibitthe JT effects, i.e., theyje Thatis why catalyst 3 does not show 100% conversion.
lower their energy by a spontaneous deformation of the local The apove explanation is in agreement with the mech-
oxygen environment. In the case of Mn-substituted spinelgyism discussed in [5] for LaMngand La_,Sr.MnO3
where both sublattices contain a sufficient amount of J& — 0.2-0.8). The observed bistability on LaMg@nd
active iops, the min?mizqtion of Fhe elastic energy inducqﬁe absence of hysteresis omLaSr,MnO3 was explained
an ordering of the distortions which leads t0 a macroscopig the fact that the substitution of divalent strontium for the
tetragonal deformation of the structure [11]. From the ki o ent janthanum introduces a large number of volume de-
netic and catalytic point of view, an influence of the JT effeg cts (anion vacancies) which results in a much higher ionic

seems to be par_tlcularly important for the reac_:t|on meché‘c’mductivity and faster exchange between bulk and surface
nism. Indeed, this effect leads not only to a noticeable crys:

tallographic distortion of the lattice but also to lowering o xygen.

the energy of the system, causing a significant spontaneous

axial bond stretching [12]. The latter results in lowering of

the binding energy of the particular Mns®ond which, in 4. Conclusion

turn, favors more reactivity and surface mobility of the labile

oxygen @ species. An interaction of a CO molecule with Two types of oxygen, highly reactive and mobile sur-
such Mn-( surface group would result in the creation of afiace species (§) and less mobile volume species (O
anion vacancy, which is in fact the new catalytically activare responsible for carbon monoxide oxidation over Mn-
center, formed upon removal of the oxygen from the surfacgontaining and Fe-containing catalysts. Active sites are sug-
gested to be a complex of transition metal and anion va-
cancy. For Mn-containing catalysts, showing rate bistability,

where \& is an anion vacancy. As the temperature rise@n active site, once formed, is stable even below its tem-
more active sites Me-¥are created by the removal of easyPerature of formation, i.e., below the ignition temperature.

bound surface oxygen. Oxygen from the gas phase can chiftis results in a counterclockwise hysteresis in the conver-
the defects and form weakly chemisorbed, labile and readon versus temperature plot. For the supported spinel clus-

Me—0Os + CO — Me-Vs + CO, (1)

tive surface species: ters Mn.Fe,_, O4, the width of hysteresis loop exceeds that
observed for the supported M@3. The origin of the rate
Me-Vs + Oz — Me-Os + Os (2) instability for Mn-containing catalysts may be caused by

Jahn-Teller (JT) type distortions of the oxygen polyhedron

The low activation energy for both high- and low-p . \g+ A significant spontaneous axial bond stretch-

. . ' ' energy and facilitates the participation of surface oxygen
the width of the hysteresis loop, as compared to catalysté 9y P P Y9

indicates that clusters of mixed spinel M¥e,_ Oy provide sin the omdapon of CO by a redox mgchamsm. A.n In-
o ) . crease in the width of the counterclockwise hysteresis loop
more active sites and more labilg®pecies than clusters of

the binary oxide do in catalyst 1. The surface oxygeyr® for the ternary (spinel) Mn-O-Fe/#; catalyst compared

acts more readily with carbon monoxide than lattice oxyget th_e bmary Mn-07/ _AdOg catalys_t |nd|_cates that cluster_s
mixed spinel provide more active sites and more labile

O does. Indeed, incorporation of the chemisorbed oxyg% . h | f the bi M de. Ab
into the lattice was found to be a rather slow process [5]. ~> species than clusters of the binary Mn oxide. sence

An absence of steady state multiplicity on the Fle hysteresis over the binary Fe-containing catalyst sug.-
containing catalyst 3 may suggest an easy exchange ggsts an easy exchange between surface and volume species,

tween surface oxygengand less active (or inactive) lattice©s @nd Q., respectively. Thus, the present work has empha-
species ©: sized the possible interplay between a JT lattice distortion

of the supported Mn-containing catalysts and their catalytic
Me-Vs + O — Me-Os + V| (3) propertiesin CO oxidation.
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