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ciations of hypervalent radicals produced by neutralization of stable
ions.” Although we have no rigorous explanation of this phe-
nomenon, it appears that 1 is initially formed in a variety of excited
electronic states due to the very fast electron transfer and the
virtually random orientation of the ion and neutral counterparts.
An unbound electronic state of the neutral will dissociate rapidly
on the particular potential energy surface that may be different
from that calculated for 1 that leads to the S-O bond rupture.
In this model, the branching ratio will depend on the initial
electronic state population rather than the dissociation kinetics.

Conclusions

Dimethylhydroxysulfuranyl radical 1 does not survive 4.5 us
after having been formed by vertical neutralization of the di-
methylhydroxysulfonium ion, and dissociates exothermically by
cleavages of the C-S, O-S, and O-H bonds. No stable equilib-
rium structure is found for 1 by ab initio calculations that also
predict exothermic dissociation. 1 thus represents a transition state

rather than an intermediate in the atmospherically important
oxidation of dimethyl sulfide with hydroxyl radicals.
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Formation of LaCoO; Highly Dispersed on ZrO,

Noritaka Mizuno,*' Hiroaki Fujii,’ Hiroshi Igarashi, and Makoto Misono*

Contribution from the Department of Synthetic Chemistry, Faculty of Engineering, The
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. Received February 5, 1992

Abstract: The well-characterized La-Co oxide overlayer was prepared on the surface of ZrO, powder by impregnating ZrO,
with aqueous solutions of the mixtures of La and Co acetates followed by calcination at various temperatures. The preparation
processes and the structure of La—Co oxide overlayers were investigated in detail by IR, XRD, XPS, EDX, TEM, and adsorption
of NO and pyridine. It was concluded that a highly dispersed La~Co oxide overlayer which may have the LaCoO; perovskite
structure was formed. The resulting La~Co/ZrO, catalysts showed very high catalytic activities for complete oxidation of

propane.

Introduction

Metal oxide overlayers on the surface of metal oxides or metals
have attracted much attention in the fields of materials science,
electrochemistry, corrosion, heterogeneous catalysis, and so on,
owing to their specific surface reactivity and electrical or tribo-
logical properties. So, the investigation of the process of growth
of the oxide overlayer is interesting for the better understanding
and precise control of the surface reactivity and electrical or
tribological properties.

Perovskite-type mixed oxides, ABO, (A = La, Ca, Sr, Ba, etc,;
B = Co, Ti, Mn, etc.), have important physical properties such
as ferro-, piezo-, and pyroelectricity, magnetism, electrooptic
effects, and superconductivity. In addition, perovskites are good
catalysts for various reactions: oxidation of CO and hydrocarbons,
reduction of NO and SO,, hydrogenation and hydrogenolysis of
hydrocarbons, etc.! Perovskites containing Co or Mn show high
catalytic activity for the complete oxidation of CO, CH,, and
C,H;;+ 10 e.g., the catalytic activity of LagsSry,Co0; is com-
parative to or higher than that of Pt catalysts and La, ¢Ce, ;Co0O;
was actually used as a commercial catalyst.!!

Although the perovskite catalysts are thermally more stable
and less expensive than noble metal catalysts, the surface area
is low. If the perovskites were directly supported on high surface
area supports, they would be much more attractive catalysts in
practice. However, the solid-state reactions between perovskite
components and the support oxides to form other stable mixed
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oxides often take place. For example, Co-containing perovskites
cannot be directly supported on alumina-based oxides, since cobalt
atoms are incorporated into the bulk of the support to form a spinel
(CoAl,0,),57 so that the majority of cobalt atoms cannot con-
tribute to the catalytic activity.

In earlier works, perovskite particles were supported on cor-
dierite and alumina by using aqueous slurries containing powdered
perovskite, cordierite or alumina, and stearic acid.®® But the
reaction between the perovskite particle and support to form less
reactive mixed oxides was not avoidable. Recently, several new
methods have been attempted,'®12-18 such as precoating of the
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supports with less reactive oxides to avoid the reaction of perovskite
components with supports,'®!314 freeze drying to reduce the
macroscopic inhomogeneities,!!6 and the usage of citrate pre-
cursors to obtain high dispersion.!’

Considerable efforts have also been directed toward the
characterization of these materials by using XPS, XRD, TEM,
EXAFS, NO-NH; reaction, O, chemisorption, and so on, 10141521
However, much remained unelucidated and fundamental studies
are necessary particularly in the case of high-temperature processes
that are needed, for example, for the preparation of catalysts for
combustion such as perovskite-type mixed oxides.

In the previous preliminary communications, we reported that
zirconium dioxide (ZrQ,) is very suitable for supporting La~Co
and La-Sr-Co oxides.!>?? Tt is also known that perovskites are
good electrode materials when ZrO, is used as solid electrolyte.?®
In the present paper, we have attempted to clarify the preparation
processes and the structure of La~Co oxide overlayers in detail
by IR, XRD, XPS, EDX, TEM, and adsorption of NO and
pyridine, and it was concluded that a highly dispersed La~Co oxide
overlayer which very likely had the LaCoO, perovskite structure
was formed. The resulting La-Co/ZrO, catalysts showed very
high catalytic activities for complete oxidation of propane.

Experimental Section

Catalyst Preparation. ZrO, was prepared by the hydrolysis of the
zirconium chloride oxide. The hydrolyzed product was calcined at 1123
K for 5 h in air before use as a support. Two ZrO, samples having
different specific surface areas (15 and 26 m2.g™') were prepared. The
sample with 15 m%g™' was used unless otherwise stated. It was confirmed
by the X-ray diffraction patterns that all ZrO, substances have the
monoclinic structure. The ZrO, samples were impregnated with an
aqueous solution of a stoichiometric mixture of lanthanum and cobalt
acetates (atomic ratio of Co/La = 1) or with that of lanthanum acetate
(La(OAc),) or cobalt acetate (Co(OAc),) by the incipient wetness me-
thod. The aqueous solution concentrations of La(OAc); and Co(OAc),
were about 7 X 1072 mol-dm™. For high levels of loading, the impreg-
nation—drying cycle was repeated several times unless otherwise stated.
After final drying at about 373 K, the samples were calcined at 1123 K
for 5 h in air unless otherwise stated. Hereafter, the resulting catalysts
are denoted by La~Co/ZrO,. Rhombohedral LaCoO, was prepared as
in the previous paper.* Cubic Co,04 or hexagonal La,O; and cubic
La,Zr,0, were obtained by the calcination of metal acetates at 1123 and
1273 K, respectively, for 5 h.

Powder X-ray diffraction patterns were recorded on a powder X-ray
diffractometer (Rigaku Denki, Rotaflex, RU-200) by using Cu K« ra-
diation. Specific surface areas were measured by the BET method using
N, adsorption at 77 K after the pretreatment of the samples in a He
stream at 573 K.

Adsorption of NO and Pyridine. NO chemisorption under an equi-
librium pressure of about 50 mmHg was measured by the pressure de-
crease at room temperature with a high-vacuum static system after an
evacuation at 773 K for 2 h. IR spectra of pyridine adsorbed were
measured as follows. After a self-supporting disk of the sample (40~60
mg, 2 ¢cm in diameter) was treated in an in situ IR cell in circulating O,
(70 mmHg) at 673 K for 1 h and subsequently evacuated at 673 K for
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1 h, it was exposed to pyridine vapor (5~10 mmHg) at room temperature
and then evacuated at 403 K. Next the IR spectra were recorded at 298
K with a JIR-10 FT-IR spectrometer (JEOL). The amounts of pyridine
adsorbed lwere evaluated by the integrated intensities of the IR band at
1446 cm™.

XPS Measurements. Self-supporting disks (about 10 mg, 1 cm in
diameter) were used, and the spectra were recorded with a JEOL JPS-
90SX spectrometer with a MgKa source (1253.6 eV). The pressure in
the chamber was kept at 1078 to 10° mmHg. The binding energies were
corrected by using the values of 285.0 eV for the C 1s peak of the
adventituous carbon as an internal standard as described previously.2
XPS intensity ratios were determined by using the integrated areas of
the Co 2p;/, and La 3d;,, photoelectron lines, and the sum of the inte-
grated areas of Zr 3ds,; and Zr 3d;,, photoelectron lines, considering the
overlapping of the two lines. The surface atomic ratios of Co/La of the
samples were calculated from eq 1.3 For the elements Co and La, the
relationship

1C°2P3/2 _ UCOACodCo
lLagds/z ULn>‘LadLa

(1)

where Ic,, . , and /i, , are the integrated peak intensities of Co 2p;,
and La 3d;, including the satellite line, respectively, o¢, and oy, are the
Scofield photoelectron cross sections for Co 2p;/, and La 3d;),,% re-
spectively, Ac, and A, are the inelastic mean free paths of Co 2p;/; and
La 3ds,,, respectively, and dc, and 4y, are the numbers of Co and La
atoms in unit volumes, respectively, was used. Ag, and A, were assumed
to be the same as those from Co 2p;, and La 3d;, in a LaCoO; per-
ovskite overlayer, respectively (see Discussion). Approximately the same
Co/La ratio was obtained when the peak intensities of La 3d;; and Co
2p,,, lines were used instead of La 3ds;, and Co 2py,,, Tespectively.
l'énergy Dispersive X-ray Measurements. A transmission electron
microscope (JEOL, JEM-2000FX) was used for imaging and energy
dispersive X-ray spectroscopy (EDX) to measure the chemical compo-
sition of each particle (400-800-A diameter) of ZrO, and La-Co/Z1O,.
The measurements were carried out on ca. 800 particles for respective
samples. The observed major families of lines are due to Zr, La, and Co.
The quantitative evaluation of the chemical composition was made by
using the Cliff-Lorimer factor according to the report by Wang et al.”’

Reaction. The catalytic oxidation of propane was carried out at
500~673 K with a flow system, after the catalysts (about 0.1 g) were
pretreated at 723 K in an O, stream, as in previous works.'*'* Complete
oxidation was the only reaction observed. The feed gas was a gas mixture
of propane (0.83%), O, (33.3%), and N, (balance). The steady-state
conversion was kept at less than 20% and the linear correlation was
confirmed between the conversion (£20%) and W(weight of catalyst)/
F(flow rate). The rates were calculated from the slopes.

Other Measurements. The adsorption experiments in aqueous solu-
tions were carried out as follows. After ZrO, (1 g) was stirred for 2 h
in an aqueous solution (5 cm?®) of a mixture of La(OAc); and Co(OAc),
(7.3 X 102 mol-dm™?), the solution was filtered. The amounts of La and
Co ions adsorbed on ZrO, were evaluated by the amounts of La and Co
ions contained in the filtrate measured by ICP (Nippon Jarrell-Ash Co.
Ltd.).

Transmission electron micrographs were obtained with a JEOL JEM
1250 electron microscope (1000 keV; final magnification X 150000).
The fitting of planes between La~Co oxide and ZrO, in La~Co/ZrO,
particles was not identified by the electron microscopy of lattice planes
because of the small magnification.

Results

Formation of LaCoO; on Zr0O,. XRD patterns of La—Co/ZrO,
calcined at 1123 K are shown in Figure 1. Hereafter, the amount
of the substance loaded is calculated and expressed by assuming
the composition of LaCoO,. No phases other than monoclinic
ZrQO, were observed, and the line intensity of ZrO, decreased
linearly until the amount of La~Co oxide loaded reached 5.1 wt
%. At and above the loading level of 7.5 wt %, the additional lines
attributed to the main diffraction lines of LaCoQ, (28 = 32.9 and
33.3°), La,Zr,0, (28.7°), and Co,0, (36.8°) were observed.
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Figure 1. XRD patterns for La~Co/ZrO, calcined at 1123 K for § h:
(a) ZrOy; (b) La~Co(5.1 wt %)/ZrOy; (¢) La=Co(7.5 wt %)/ ZrO,; (d)
La-Co(50 wt %)/ ZtO,.
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Figure 2. Changes in XRD main peak intensities of ZrO,, La,Zr,0;,
Co,0,, and perovskite {LaCoQ;) phases with the amount of La~Co oxide
loaded. The samples were calcined at 1123 K for 5 h: (@) ZrO,; (O)
La,Zr,04; (A) Co;0,: (O) perovskite (LaCoQO;). The main peak inten-
sity of neat ZrO, was taken as unity. The calcination temperature was
1123 K. The broken line indicates the main peak intensity of ZrO,
assuming that the intensity is proportional to the amount of ZrO, in
La-Co/ZrO,.

Figure 2 shows how the XRD intensities of the main peaks of
each phase changed with the amounts of La~Co oxide loaded
(calcined at 1123 K). The peak intensities of La,Zr,0, and Co,0,
appeared at the loading amount of 7.5 wt %, increased with the
loading level up to 50 wt %, and then decreased. On the other
hand, the intensities of ZrQ, and LaCoO; monotonously decreased
and increased, respectively, above 5 wt %.

The formation of La,Zr,0; and Co,0, became clearer as the
calcination temperature was increased. When the La~Co(5.1 wt
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Figure 3. Plot showing the effects of calcination temperature on the
formation of La,Zr,0,, Co,04 and perovskite phases. The symbols are
the same as those in Figure 1. The main peak intensity was used as a
measure of the formation of each phase. The main peak intensity of the
ZrO, phase of La—Co oxide/ZrO, calcined at 773 K was taken as unity.
The amount of La~Co oxide loaded was 30 wt %.

Table I. Formation of LaCoO;, La,Zr,04, and Co,;0,4 Phases by
Calcination at 1123 K¢

phase observed

sample
no. sample LaCoO; La,Zr,0;, Co;0,
1 La/ZrO, (imp?) x¢ X X
2 La,0; + ZrO, (mech?) X X X
3 LaCoO; + ZrO, (mech) o (o) (o)
4 La,0; + Co;0, + ZrO, (mech) (e} (e} (e}
S La-Co/ZrO, (imp/) o] o] o]

¢The amounts of La** and Co** in the samples were set to correspond to
those of La** and Co’* in La—Co(30 wt %)/ZrO,, respectively. *ZrO, was
impregnated with an aqueous solution of La(OAc); by an incipient wetness
method. ©X indicates that no phases other than monoclinic ZrO, were de-
tected. “The two or three oxides were mechanically mixed. €O indicates
that the formation of LaCoOQ;, La,Zr,0,, or Co;0, was detected. /ZrO,
was impregnated with an aqueous solution of a stoichiometric mixture of
cobalt and lanthanum acetates with respect to LaCoO; by an incipient
wetness method.

%)/ ZrO, was calcined at 1173 K, weak peaks appeared at 28.7°
(shoulder, attributed to La,Zr,04), 32.9° (LaCoO,), 33.3°
(LaCo0), and 36.8° (Co;0,). The peak intensities of La,Zr,0,
increased further by the calcination temperature at 1373 K. Figure
3 shows the effect of the calcination temperature for La~Co(30
wt %)/ ZrO,, for which the formation of La,Zr,0; and Co,0, was
distinct in Figure 1d. The XRD patterns were measured for the
same sample after it was calcined for 1 h at each temperature,
where the temperature was elevated stepwise in the range
773-1273 K. The peak intensity of LaCoO; increased with the
calcination temperature up to 1073 K and then decreased in
parallel with the peak intensity of ZrQ,. The peak intensities of
Co0,0,4 and La,Zr,0, increased significantly above 1073 K.

Table I shows the formation of La,Zr,0,, Co;0,, and LaCoO,
phases for five samples. These samples had the same compositions,
but they were prepared by mixing differently the La and Co
compounds with ZrQ,. When ZrO, was impregnated with an
aqueous solution of La(OAc), (sample 1) or was mechanically
mixed with La,O, (sample 2), the La,Zr,0, formation was not
observed after the samples were calcined at 1123 K. The for-
mations of La,Zr,0, and Co,0, were observed only when LaCoO,
coexisted from the beginning or when LaCoO; was formed during
the calcination (samples 3-5).

The formation of LaCoO; perovskite for La~Co(5.1-12.6 wt
%) /ZrO, could not be confirmed by IR spectroscopy because of
the overlapping of the intense IR bands of monoclinic ZrO, (750,
580, 500, 420 cm™!) and LaCoQ, perovskite (595, 565 (shoulder),
425 cm™). The IR spectra of monoclinic ZrO, and LaCoO;
perovskite were approximately the same as those reported by
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Figure 4. Plot showing the changes in the amount of NO adsorbed,
surface area, and amount of pyridine adsorbed with the amount of La-Co
oxide loaded: (®) amount of NO adsorbed; (O) specific surface area of
La-Co/ZrO,; (W) amount of pyridine adsorbed (ZrO,, 15 m%.g™); (O)
amount of pyridine adsorbed (ZrO,, 26 m%g™'). The amount of pyridine
adsorbed was estimated by the integrated IR peak intensity of pyridine
(1446 cm™).

Table II. XPS Binding Energies (eV) for La~Co/ZrQ,*

amount of

La-Co oxide _C° 2P Co 2py;

loaded/wt% BE AS BE AS AE Zr3dy, Ols
0 1824 5303
1.8 796.3 nd® 781.1 nd® 152 1822  530.1
26 796.1 82 7809 64 152 1822 5304
5.1 796.1 7.9 780.8 64 153 1822  530.3
7.5 796.1 85 7807 6.7 154 1820 5300
LaCoO, 7962 7.8 7808 7.4 153 : {gg?g

9BE is the binding energy of the main signal; AS is the energy sep-
aration between the main signal and the satellite signal; AE is the
spin-orbit splitting of the Co 2p level. Error limits are 0.3 eV. ?The
satellite signal was too broad for the splitting to be determined.

McDevitt et al.28 and Singh et al.?® Neither the bands at 660
and 570 cm™ characteristic of Co;0,* nor the bands at 610, 518,
and 412 cm™! of La,Zr,0,* was detected for La~Co(5.1-12.6 wt
%)/ ZrO, samples. Such bands of LaCoO;, Co,0,, and La,Zr,0,
were observed for La~Co(30 wt %)/ZrO, calcined at 1273 K.

Adsorption of Pyridine and Nitrogen Monoxide. The IR spectra
of pyridine adsorbed on ZrQ, and La~Co/ZrO, showed the bands
at 1608 (strong), 1574 (weak), 1488 (weak), and 1446 (strong)
cm™ in the range 1700-1400 cm™ that are assignable to pyridine
coordinated with Zr**, and no band due to protonated pyridine
(e.g., 1535 cm™) was observed. The amounts of pyridine adsorbed
on ZrO, having different surface areas of 15 and 26 m?g™! were
estimated to be 2.0 and 1.9 molecules-nm™2, respectively, using
the absorption coefficient (0.146 cm?umol™) of the 1446-cm™
band.*

Figure 4 shows quantitatively the changes in the amounts of
pyridine adsorbed (estimated by the intensity of the 1446-cm™
band) with the amount of La~Co oxide loaded. The amount of
pyridine adsorbed decreased with the amount of La-Co oxide
loaded, and was almost zero at 5.1 wt %. The band at 1608 cm™
varied in the same manner. The surface area also decreased, but
to a much smaller extent than the decrease in the intensities of
the 1446-cm™ band. Hence, the trend was essentially the same
when the intensities are normalized to the weight of catalysts.
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(29) Singh, K. K.; Ganguly, P. Spectrochim. Acta 1984, 404, 539-545.
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362-371.
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Sendai, Sept 1980.
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Figure 8. Co 2p photoelectron spectra for La-Co/ZrO,: (a) ZrO,; (b)
La-Co(1.8 wt %)/ZrO,; (c) La~Co(2.6 wt %)/ZrO,; (d) La-Co(5.1 wt
%)/ Z1O,.

Table III. Atomic Ratio of Co/La in La~Co/ZrO,*

amount of amount of

La-Co oxide La-Co oxide

loaded/wt %  Co/La/au loaded/wt %  Co/La/au
0 12.6 1.10
1.8 1.10 30 1.00
2.6 1.08 50 0.94
5.1 1.09 70 1.07
7.5 1.06 LaCoO, 0.75

7Estimated by XPS peak intensity using the integrated areas of the
Co 2p;/, and La 3d;, and the sum of the integrated areas of Zr 3d;,,
and Zr 3d;/, photoelectron lines.

In contrast with the pyridine adsorption, the amount of NO
adsorbed increased until the loading level of 5.1 wt % was reached
and then it slightly decreased. The amounts of NO adsorbed on
La~Co(5.1 wt %)/ZrO, and LaCoO, perovskite were 5.4 and 5.2
moleculessnm™2, respectively. It has been reported that the NO
molecule interacts with surface Co, La, and oxide ions on La-
Co0,. 3

Surface and Bulk Composition of Catalyst Particle. Figure 5
shows the Co 2p photoelectron spectra of La~Co/ZrO,. The
spectra exhibited a multiple splitting of 15.2-15.4 eV for Co**
ions (see Table II). In the case of LaCoO;, slight formation of
Co?* by reduction was indicated by the appearance of two satellite
peaks (6-8 eV upscale from the peak for Co’*), which are
characteristic of Co?* in a high-spin state and have been attributed
to the shake-up excitation.’* A similar slight reduction in the
XPS chamber during the outgassing treatment has been reported
previously,>*37 and may be due to the desorption of adsorbed or

(33) Tascon, J. M. D.; Tejuca, L. G.; Rochester, C. H. J. Catal. 1985, 95,
558-566.

(34) Tan, B. J.; Klabunde, K. J.; Sherwood, P. M. A. J. Am. Chem. Soc.
1991, /13, 855-861.

(35) Ichimura, K.; Inoue, Y.; Yasumori, I. Bull. Chem. Soc. Jpn. 1980,
53, 3044-3049.

(36) Marcos, J. A.; Buitrago, R. H.; Lombardo, E. A. J. Catal. 1987, 105,
95-106.

(37) Tejuca, L. G.; Bell, A. T.; Fierro, J. L. G.; Pena, M. A. Appl. Surf.
Seci. 1988, 3/, 301-316.
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Table IV. Composition of La~Co/ZrQO, Particles

composition
of starting
Laangnc:x(i)ge materials/% composition of particles/%
loaded/wt % La Co Zr La Co Zr
0 0 0 100 0 0 100
2.6 1.3 1.3 974 18%£01 1801 964=x0.1
5.1 26 26 948 2702 24£02 94904
7.5 38 38 924 40x05 3505 925%x1.0
LaCoO, 50 50 0 50x3 503 0

lattice oxygen, or the reaction with a small amount of contami-
nated reductants.

The binding energies of Co 2p, Zr 3d;,, and O 1s peaks, energy
separation between the main signal and satellite signal (AS), and
spin—orbit splitting of the Co 2p level (AE) are given in Table
I for La~Co/ZrO, samples and LaCoO,. The observed values
for Co were in general agreement with those of LaCoO; in Table
I1, as reported previously.?3” The positions of Zr 3ds), and O
1s lines changed little among the La~Co/ZrO, samples.

The O 1s spectrum of LaCoO; perovskite consisted of two peaks
at around 532 and 529 eV, as in the literature.3#33° The 532-eV
peak has been assigned to hydroxide,* adsorbed water,* adsorbed
oxygen,’”*® and/or carbonate oxygen,*® while the second peak is
due to the lattice oxide ions.3436-39

The relative intensities of the XPS line of Co or La to that of
Zr are compared in Figure 6. The ratios Ico,, o 12t a5 » and
Tias40/ 21 450410y, (deENOtEd BY e/ 17, and 1,_3/12,, respectively)
increased iineariy with the loading amount up to ca. 5 wt % and
deviated to a lower side at higher loadings.

The surface compositions of the metallic components are
calculated from the integrated intensity of the XPS lines with eq
1 as summarized in Table III. The La content was close to that
of Co in each of the La~Co/ZrO, samples, while the content of
La was a little greater than that of Co in the neat LaCoO;
perovskite as reported previously.*

Table IV summarizes the compositions of five samples that were
measured particle by particle by EDX. For each loading amount
of La~Co oxide, the composition was very close to that calculated
by the composition of starting materials used for the impregnation.
The observed Co/La ratio in LaCoO, perovskite was about unity
in agreement with the Co/La ratio (0.99) determined by atomic
absorption spectroscopy.*t TEM and EDX observation did not

(38) Pena, M. A ; Tascon, J. M. D,; Fierro, J. L. G.; Tejuca, L. G. J.
Colloid Interface Sci. 1987, 119, 100~107.

(39) Lombardo, E. A.; Tanaka, K.; Toyoshima, 1. J. Catal. 1983, 80,
340~349.

(40) Nitadori, T.; Ichiki, T.; Misono, M. Bull. Chem. Soc. Jpn. 1988, 61,
621-626.
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Figure 7. Effects of the amount of La-Co oxide loaded on the catalytic
activity for the oxidation of propane: (O) impregnation was repeated
several times; (®) impregnation was carried out in a single step; reaction
temperature, 548 K.
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Figure 8. Effect of the calcination temperature of La~-Co/ZrO, on the
catalytic activity for the oxidation of propane at 548 K: (0O) La-Co(5.1
wt %)/ ZrO,; (A) La~Co(30 wt %)/ ZrO,.
Table V. Rate of Oxidation of Propane at 548 K

catalyst?

rate/cm* min'.g™!

La-Co (5.1 wt %)/ZrO, 0.85 (0.11)?
Co,0, (1.7 wt %)/ZrOy* 0.11 (0.03)
LaCoO, 0.20 (0.14)

4 Calcination temperature, 1123 K. ®Numbers in parentheses are
the rates per specific surface area (cm*min™m™2). ¢ZrO, was im-
pregnated with an aqueous solution of Co(CH;COO), by an incipient
wetness method.

detect any segregated particles of perovskite in La~Co(0~7.5 wt
%)/ZrO,, but they did detect segregated LaCoO, perovskite
particles in La~Co(230 wt %)/ZrO,.

Catalytic Activity for Oxidation. The catalytic activities for
the complete oxidation of propane over La~Co/ZrO, are shown
in Figure 7. The rate increased linearly at first with the increase
in the amount of La~Co oxide loaded and then gradually decreased
showing a2 maximum at 5.1 wt %.

Figure 8 shows the effect of the calcination temperature for
La-Co(5.1 and 30 wt %)/ZrO, on the catalytic activity at 548
K. La-Co(5.1 and 30 wt %)/ZrO, samples of which the XRD
data are shown in Figure 3 were used for the activity measure-
ments.

The catalytic activity of La-Co(5.1 wt %)/ZrO, for the oxi-
dation of propane at 548 K was compared with that of the LaCoO,

(41) Mizuno, N.; Tanaka, M.; Misono, M. J. Chem. Soc., Faraday Trans
1 1992, 88, 91-95.
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Table VI. Parameters Used in the Calculation of I¢,/Iz,

IMFP of the Co 2ps/, photoelectron in LaCoO3  Aperoc, 0.763 nm
perovskite

IMFP of the La 3ds,, photoelectron in LaCoO; Apy, ., 0.700 nm
perovskite

IMFP of the Zr 3ds,, photoelectron in LaCoO;  Apezr 1.42 nm
perovskite

IMFP of the Zr 3ds,, photoelectron in ZrO, Az;ze 148 nm

no. of Zr atoms in t{le unit volume of ZrO, dz 28.8 nm™

no. of Co atoms in the unit volume of LaCoO; d¢, 17.9 nm™

thickness of the ideal LaCoQO,(100) monolayer ¢ 0.382 nm

weight of the ideal LaCoO,(100) monolayer A 2.80 >(210'3
gm

perovskite in Table V. The activity per weight of La~Co(5.1 wt
%)/ ZrO, was greater than that of Co;04(1.7 wt %)/ZrO, and
LaCoO; perovskite, and comparative to that of LagSr;,Co0;
perovskite. The activity per specific surface area of La~Co(5.1
wt %)/ZrO, was comparable to that of LaCoO; perovskite (see
numbers in parentheses in Table V). The catalytic activities of
Zr0,, La,0,, and La,Zr,0, for the oxidation were much lower
than that of Co,04(1.7 wt %)/ZrO,.

Discussion

Dispersion of La—Co Oxide (<5.1 wt %) on ZrO,. The IR
spectra of pyridine adsorbed on ZrO, and on La~Co/ZrO, showed
the bands characteristic of pyridine coordinated with Zr** (Lewis
acid site) as reported previously.’? As shown by solid squares in
Figure 4, these IR bands decreased with the loading of La-Co
oxide and almost disappeared at 5.1 wt %. This result shows that
as the loading level of La~Co oxide was increased the surface of
ZrO, was covered to an extent approximately proportional to the
loading amount and fully covered at about 5 wt % loading by a
substance inactive to pyridine chemisorption.

By contrast, the amount of NO irreversively adsorbed was small
on ZrO, and increased linearly with the loading level up to 5 wt
% (solid circles in Figure 4). Therefore, the substance covered
the surface in proportion to the loading amount and is not active
for pyridine chemisorption but active for NO chemisorption. XRD
detected no phases other than monoclinic ZrO, for these samples,
and TEM and EDX did not detect any segregated particles of
perovskite up to the loading level of 7.5 wt %. These results
indicate that the supported substance was highly dispersed as fine
particles or thin overlayers on the surface of ZrQ, up to 5.1 wt
%. In accordance with this idea, the loading level of 5 wt %
corresponds to the order of monolayer to bilayer coverage of
LaCoO; perovskite on Zr0,.42

The changes in the XPS peak intensities with the loading
amount are consistent with the high dispersion of LaCoO, per-
ovskite, as in the case of V,0,/Si0,.4* The overlayer is assumed
to have a (100) layer of LaCoQ, perovskite, the coverage and the
thickness being 6 and ¢, respectively. The parameters used in this
calculation are given in Table VI. The values of d¢, or ¢ and
dy, are derived from the crystallographic data of LaCoO, per-
ovskite** and ZrO,,* respectively, and Apero,cos AperoLas Azrzrs and
Aperoz: are calculated according to the literature.* Then the XPS
intensity ratio, Ic,/z,, is expressed by

ICo _ UCO)‘Pero.CodCoe(l - exp(—Nt/)‘Pcro,Co)) (2)
IZr aZr)‘Zr.Zrer(l -0+ exp(—Nt/)‘Pcro,Zr))

where o, and o, are the ionization cross sections for Co and Zr,

(42) Monolayer of (100) layer of LaCoQ; perovskite containin§ Co** and
O2-ions on the surface of ZrO, having the surface area of 15 m%.g™! corre-
sponds to 4 wt % loading of La-Co oxide. If one assumes, for example,
bilayers of (100) plane, the coverage at this loading level becomes 0.5.

(43) Inumaru, K.; Okuhara, T.; Misono, M. J. Phys. Chem. 1991, 95,
4826-4832.

(44) Wold, A.; Post, B.; Banks, E. J. Am. Chem. Soc. 1957, 79,
6365-6366.

(45) Smith, D. K.; Newkirk, H. W. Acta Crystallogr. 1968, 18, 983-991.

(46) Penn, D. R. J. Electron Spectrosc. Relat. Phenom. 1976, 9, 29-40.
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respectively.?® 6 can be expressed by the equation
=w/(SAN) (3

where w, A, S are the weight ratio of LaCoQ, loaded and ZrO,,
the weight of an ideal LaCoO, perovskite (100) monolayer of unit
area, and the specific surface area of the support (15 m2g™),
respectively.

The calculated I¢,/I, and I}, /I, are also given by the dotted
and broken lines in Figure 6, respectively, for ¥ = 1. When N
= 2, Ico/I7; calculated decreases by ca. 20% below the loading
level of 5 wt %. When N varies from 2 to 10, I¢,/Iz, and Iy, /17,
increase by a factor of about 3. Since the loading amount of 5
wt % approximately corresponds to that of monolayer or bilayer
on the surface of ZrO, (15 m?.g™),* the small values of N (1 or
2) supports the high dispersion of La~Co oxide on ZrQ,. Deviation
at higher loading levels (=5.1 wt %) can be explained by the
reaction between LaCoO), formed and ZrO, (see later section).

Structure of La~Co Oxide (<5.1 wt %) on ZrO,. The com-
position of each particle measured by EDX for La~Co(<7.5 wt
%)/ ZrO, (Table 1V) and the XPS data in Table III show that
each ZrO, particle was uniformly impregnated by the substance
having the Co/La ratio of 1.0. The XPS data in Table I are in
general agreement with those of LaCoQO; perovskite, and the
LaCoO; perovskite structure became detectable by XRD when
the loading level slightly exceeded 5.1 wt %. In addition, the
amount of NO adsorbed on La~Co(5.1 wt %)/ZrO, (5.4 mole-
culessnm™?) agreed well with that adsorbed on LaCoQ; perovskite
(5.2 molecules:nm™2). The amount of NO adsorbed was a little
smaller than that reported in ref 33, probably due to the lower
equilibrium pressure of NO in this work. Hence, it may be
concluded that “LaCoO; perovskite or the like” was formed in
highly dispersed states on the surface of ZrQ, below the loading
level of about 5 wt %. The fact that the activity per specific surface
area of La~Co(5.1 wt %) /ZrO, was comparable to that of LaCoO,
perovskite (Table V) is consistent with the formation of highly
dispersed LaCoQ; perovskite on the surface of ZrO,.

The formation of LaCoQ), seems possible, since the structure
of the LaCoO, perovskite fits geometrically the surface of ZrO,
as discussed below. It has been reported that the (100) plane (by
the expression of the cubic structure of LaCoO;*) containing
transition metals is likely an active reaction surface in electro-
catalysis and heterogeneous catalysis.>>47 The (001) plane is the
cleavage plane of monoclinic ZrO,.# Although geometrical fitting
is not found between the (100) plane of LaCoQ;* and either the
(001), (111), (110) plane of monoclinic ZrO,,* good fitting exists
between the (100) plane of LaCoO, perovskite and the (001) plane
of tetragonal®® or cubic® ZrO, as shown in Figure 9, where oxide
ion is located at each apex of the dashed squares and the distance
between neighboring oxide ions is in the range of 2.6-2.7 A. It
is probable that the surface oxide ion of monoclinic ZrO, with
only slight displacement rearranges to that of tetragonal or cubic
ZrO, during the formation of LaCoQ, perovskite on ZrO,. A
similar fitting is also observed between the (200) plane of LaCoO,
perovskite and the (001) plane of cubic ZrO,.

The bonding between cubic ZrO, and LaCoO, may be further
speculated as below. When the dashed square of Figure 9c¢ is
superposed on that of Figure 9b, the Zr atoms of the (001) plane
of cubic ZrQ, are bound to O atoms of the (001) plane of LaCoO,
with the coordination number of 8, the same as that in the ZrO,
bulk, and the bond angles and the bond lengths remain almost
unchanged. On the other hand, the greater changes in the co-
ordination numbers are necessary when the (200) plane of LaCoO,
is placed on the (001) plane of cubic ZrO,. Hence, the former
is the more probable structure.

Solid-State Reaction of La—Co Oxide with ZrO,. The relative
XRD line intensity of ZrO, is calculated by assuming that the
intensity is proportional to the content of ZrO, in La~Co/ZrO,,
as shown by the broken line in Figure 2. The observed intensity

(47) Bokris, J. O'M.; Otagawa, T. J. Electrochem. Soc. 1984, 13|,
290~302.

(48) Wolten, G. M. Acta Crystallogr. 1964, 17, 763-765.

(49) Smith, D. K,; Cline, C. F. J. Am. Ceram. Soc. 1962, 45, 249-250.
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Figure 9. Projection of structures of tetragonal and cubic ZrO, parallel to the z direction onto the x-y plane and LaCoO, parallel to the x direction
on the y-z plane: (a) tetragonal ZrO,, (b) cubic ZrO,, (c) LaCoO, (by the expression of the cubic structure); (@) Zr,(®) Co, (®) La, (0) O. The
numbers represent the z and x coordinates for each atom in terms of ¢ and a, respectively.
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Discussion.

of ZrO, (solid circles) agreed with the calculated value up to the
loading level of 5.1 wt %, indicating that no reaction occurs
between ZrO, support and substance supported up to this loading
level. On the other hand, above 5.1 wt %, the line intensity of
ZrQ, deviated to the lower side of the broken line and the XRD
intensity of the Co;0, phase changed in parallel with that of the
La,Zr,0, phase as shown in Figures 1 and 2, showing that Co,0,
and La,Zr,0; were formed by the concurrent or the same reac-
tion(s).

The peak intensities of above two phases monotonously in-
creased at first, but decreased above 50 wt % as shown in Figure
2. TEM and EDX detected segregated LaCoQO, perovskite
particles for La-Co(=30 wt %)/ZrO,. Therefore, separate La-
CoO, perovskite particles were probably formed above 7.5 wt %.
The formation of separate LaCoO; particles depended on the
amount of La—Co oxide loaded and the calcination temperature
of La-Co/ZrO,.

The catalytic activity for oxidation is in the order of La-
Co/Zr0Q, > Co0,0,/Zr0, >» Zr0,, La,Zr,0, (see Results and
Table V). (The Co content in 5.1 wt % LaCoO; is equal to that
in 1.7 wt % Co,0,.) Therefore, the lower activity of La-Co(5.1
wt %)/ ZrO, calcined at 1373 K than that calcined at 1123 K as

shown in Figure 8 is explained by the greater extent of progress
of the formation of La,Zr,0, and Co,0, on the surface of La—
Co/ZrO, at the higher calcination temperature. The decrease
in the amount of NO adsorbed on La—Co/ZrO, above the loading
level of 5.1 wt % is also consistent with the formation of La,Zr,0,
and/or Co,;0, on the surface if one considers the report that the
amount of NO adsorption on LaCoO, was greater than that on
C0,0,.350

Proposed Model for Formation of La—Co Oxide on ZrO,. The
model of the formation of La—Co oxide on ZrO, is shown in Figure
10 based on the discussion as described above. Here, the amount
and size of each phase or particle formed is not explicitly con-
sidered. In the adsorption experiments in aqueous solution, the
amounts of La and Co ions contained in the filtrate reached a
constant after 1 h and the amounts of La and Co ions adsorbed
on ZrO, were 1.6 and 0.72 molecules-nm™2, respectively, i.e., the
amount of Co ion adsorbed on ZrO, corresponded to about half
the amount of La ion. On the basis of these results, the state of
the surface of ZrO, just after impregnation is speculated as shown
in Figure 10a.

(50) Yao, H. C.; Shelef, M. J. Phys. Chem. 1974, 78, 2490-2496.
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When La~Co/ZrO, was calcined at 1123 K, LaCoO, perovskite
or the like is formed in a highly dispersed state as fine particles
or thin overlayers on the surface of ZrO, below the loading level
of about 5 wt % (Figure 10, b and e).

The reaction between the substance (La-Co oxide) and ZrO,
to form La,Zr,0, and Co;0, occurred by the calcination above
1123 K and at and above the loading amount of 7.5 wt % (Figure
10, c and f). In these models, La,Zr,0; is formed in contact with
ZrO, because the structure of pyrochlore La,Zr,0 is very close
to that of tetragonal or cubic ZrO,. The formation of La,Zr,0,,

Co0,0,, and LaCoO; was observed in the XRD pattern of La~
Co(5.1 wt %)/ ZrO, calcined at 1373 K and the IR spectrum of
La~Co(30 wt %)/ZrO, calcined at 1273 K, suggesting the model
shown in Figure 10c.
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Abstract: Infrared multiple photon dissociation experiments on acetone cation and dg-acetone cation indicate that the hydrogen
atom abstraction resulting in methane loss does not involve tunneling. The large isotope effect arises from a competitive mechanism.
Reaction thresholds and zero point vibrational energy differences indicate that the critical energy for methane loss is up to
0.9 kcal/mol below the threshold for loss of methyl radical in the unlabeled acetone cation system.

Reactions that may involve tunneling through potential barriers
are an exciting area of study.! Tunneling is difficult to investigate
experimentally, as discussed recently by Baer and co-workers;?
classical barriers in the potential-energy surface cannot be mea-
sured experimentally, so that tunneling must be inferred from other
methods such as isotope effect measurements. However, care must
be taken to also consider changes in zero point vibrational energies
(ZPVE) which give rise to “classical” isotope effects.

Recently it was proposed that methane elimination from acetone
radical cation proceeds by a tunneling mechanism.? This reaction
involves a hydrogen atom transfer step, and the metastable ion*
of 1,1,1-d;-acetone cation yields an enormous 70/1 preference for
methane loss by hydrogen atom abstraction as opposed to deu-
terium atom abstraction® (eq 1).

CH,CO+* + CDsH
O+
L, —< g
CHy™ "CDq CD,CO+* + CHgD
It would be surprising if this result arises from a “classical”

isotope effect.® We show here, however, with infrared multiple
photon (IRMP) dissociation’!° experiments on acetone cation

(1) Bell, R. P. The Tunnel Effect in Chemistry; Chapman and Hall Ltd.:
New York, NY, 1980.

(2) Booze, J. A.; Weitzel, K.-M_; Baer, T. J. Chem. Phys. 1991, 94, 3649.

(3) Heinrich, N.; Louage, F.; Lifshitz, C.; Schwarz, H. J. 4m. Chem. Soc.
1988, /10, 8183.

(4) Cooks, R. G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. Metastable
Ions; Elsevier Scientific Publishing Company: New York, NY, 1973,

(5) Lifshitz, C.; Tzidony, E. Int. J. Mass. Spectrom. Ion Phys. 1981, 39,
181.

(6) Recent experiments showing bond-specific reactivity display enormous
isotope effects. (a) Bronikowski, M. J.; Simpson, W. R.; Girard, B.; Zare,
R. N. J. Chem. Phys. 1991, 95, 8647. (b) Sinha, A.; Hsiao, M. C.; Crim,
F. F. J. Chem. Phys. 1990, 92, 6334. (c) Sinha, A.; Hsiao, M. C.; Crim, F.
F. J. Chem. Phys. 1991, 94, 4928.

(7) Lupo, D. W.; Quack, M. Chem. Rev. 1987, 87, 181.

(8) Quack, M. J. Chem. Phys. 1978, 69, 1282.
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and dg-acetone cation, that methane loss does not occur by a
tunneling mechanism.!! The large apparent preference for ab-
straction of hydrogen arises from a phenomenon which we term
a “competitive reaction isotope effect”. Large isotope effects can
be observed in metastable ions because they usually involve a
narrow energy range near threshold. In this case, however, the
large isotope effect arises from a competition between reactions
and is not a consequence of the measurement technique or the
range of energies populated by the experiment.

Systems that involve loose and tight transition states at similar
energies may display competitive reaction isotope effects. In
particular, we expect that this behavior will be encountered in other
ion systems. Considerable evidence indicates that many low-energy
reactions of gas-phase ions involve ion-neutral complexes.!2"1?
Methane elimination from acetone cation belongs to a common
class of reactions' (eq 2) which involve a bond cleavage to form
an ion—neutral complex followed by a hydrogen atom abstraction
by the neutral fragment. Inherent in this mechanism is the
competition between a loose transition state (complete cleavage
to separated products) and a tight transition state (hydrogen atom
abstraction). Hydrogen atom abstraction can be observed if its

(10) Dunbar, R. C. J. Chem. Phys. 1991, 95, 2537.

(11) Truhlar and co-workers have shown that many hydrogen atom
transfer reactions involve aspects that can be attributed to tunneling. See:
Garrett, B, C.; Truhlar, D. G.; Wagner, A. F.; Dunning, T. H., Jr. J. Chem.
Phys. 1983, 78, 4400. Our experiments on acetone cation demonstrate that
the barrier to hydrogen atom transfer lies below the endothermic threshold
for methyl radical loss and that hydrogen atom transfer is not required to occur
by tunneling through a potential barrier.
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