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Oxygen storage capacity as a function of temperature was measured for two different monolithic
car exhaust catalysts. Mass spectrometry connected on-line to a flow reactor was used for
quantification of oxygen uptake and reduction, respectively. Both catalysts contained Pt, Rh, and
Ce supported by ALO;. Onc of the catalysts also contained Ni. The amount of oxygen that can be
taken up/reduced away is strongly temperature-dependent in the range investigated (300-900 K).
When present, Ni dominates the oxygen storage capacity at high temperatures. In the catalyst
lacking Ni, Ce dominates the storage capacity at high temperatures. At lower temperatures

chemisorbed oxygen on Pt/Rh seems to play an essential role.

1. INTRODUCTION

The purpose of a car exhaust catalyst is
to simultancously reduce CO, C,H,,, and
NO, emission from automotive exhaust (/).
The requirement that both reduction of NO
and oxidation of CO and C,H,, must occur
simultaneously demands precise control of
the air/fuel ratio and sophisticated compo-
sition of the catalyst. To improve the per-
formance of the catalyst and make it less
sensitive to small temporary variations in
the air/fuel ratio a so-called oxygen ‘‘stor-
age’’ component is frequently added to the
catalyst. This component is usually a metal
(oxide) component which may be reversibly
oxidized and reduced at typical operating
temperatures of the catalyst. Among sev-
eral metal oxide candidates (2) cerium and
nickel (oxides) have been most commonly
used for this purpose (3-35). Additional oxy-
gen storage may be obtained via chemi-
sorbed oxygen on the catalytically active
noble metal particles of the catalyst.

Gandhi er al. (2) found a substantial
oxygen storage capacity in four different
commercial monolithic catalysts when pre-
reduced by 2% CO in He at 500°C. Hertz
(3) made a study of a Ce-containing three-
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way catalyst and found direct evidence that
the oxygen content of the catalyst varied
with engine exhaust composition. The mea-
sured amounts and rates of change of oxy-
gen were found to be sufficiently large to
affect the performance of the catalyst under
dynamic operating conditions. Yao and Yu
Yao (4) examined the oxygen storage ca-
pacities of Ce0O,, CeO,/Al,0;, and PM/
Ce0O,/ALLO; and showed that they were
significant and increased with increasing
temperature in the order from CcO, to
PM/CeO,/Al,O; (PM stands for ‘‘Precious
Metal”’, i.e., Pt, Rh, ctc.). Su et al. (5)
investigated the dynamic oxygen storage
capacity of three-way catalysts using CO
and O, pulses at 500 and 600°C. When CeO,
was added to the PM catalysts a significant
increase in the oxygen storage capacity was
observed. Addition of NiO also enhanced
the oxygen storage capacity but only under
mild thermal pretreatment. Cooper and
Keck (6) also observed that NiO plays a
role in fresh catalyst systems but its effect
disappeared upon aging, probably becausc
highly dispersed nickel forms a surface
nickel-aluminate complex, which mini-
mizes oxygen storage capacity. They found
that catalysts which contain stable NiO arc
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capable of maintaining a higher storage
capacity after aging at 980°C in 10% H,0/
Ns.

In this work we have studied the absolute
oxygen storage capacity as a function of
temperature for two commercial, mono-
lithic, three-way car exhaust catalysts in a
specially developed flow reactor. The abso-
lute oxygen storage capacity was measured
by consecutive cycles of reduction (in CO
and H,, respectively) and oxidation in O,.

Quantitative results are presented for the
oxygen uptake as a function of tempera-
ture, after reduction in H, and CO, respec-
tively.

2. EXPERIMENTAL

The experimental system is shown sche-
matically in Fig. 1. This system is a modifi-
cation of a system described earlier (7).
Four different gases can be injected into the
reaction cell (C, D) via four manually oper-
ated valves (A). The different gases enter
the cell in a mixing volume (B). The reac-
tion cell consists of two quartz tubes (C, D).
The inner tube (D) (outer diameter 12 mm,
inner diameter 10 mm, and length 200 mm)
has a constriction in one end, where the
catalyst (F) is mounted. The inner tube is

VACUUM SYSTEM AND
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enclosed in an outer tube (C) with a length
of 250 mm and an outer diameter of 15 mm.
The reaction cell is connected to the inlet
and outlet systems by vacuum-tight Viton
O-rings. Heating of the gas flow is achieved
by an external heating coil (G). In order to
improve heat transfer and mixing of the
gases, the inner tube is filled with quartz
rods and quartz wool. The gas flow is
measured and controlled by Porter flow
meters. The cell can be used for gas flows
up to 10 liter/min. With valves (H) and (A)
closed, the cell can be evacuated by rough-
ing or diffusion pumps of the vacuum sys-
tem connected via the valve (H). The tem-
perature is measured by a chromel-alumel
thermocouple (diameter 0.1 mm) located in
one of the channels of the monolithic cata-
lyst sample.

A minute amount of the gas flow is
sampled through a quartz tube orifice leak
(7, 8) at (I) mounted in the holder (K) and
fed into the vacuum system where it is
continuously analyzed by a quadrupole
mass spectrometer (O, P, Q). The tempera-
ture and mass spectrometer signals are reg-
istered by a strip chart recorder. A comple-
mentary way to measure the change in gas
temperature is to record the change in the

GAS SAMPLING

F1G. 1. The gas mixture is introduced at A, is preheated by the heating coil (D), and flows through
the monolithic catalyst F. A quartz tube (I) with a small orifice at its tip, samples gas at the catalyst
outlet side (7, 8). The tip is positioned close to the catalyst to optimize the response time. At the gas
flows used in this work the overall response time is determined by the gas flow time from A to F

(approximately 2 s).
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intensity of the Ar signal when the tempera-
ture is changed (7). The tip of the quartz
leak is positioned on the central axis of the
reaction cell, about 4 mm from the catalyst
sample. The system response time for mea-
surements of variations in the partial pres-
sures at the tip of the quartz leak is about 50
ms under 1 atm total pressure (7). The time
required for the gas to reach the catalyst
from the injection valves was measured to
be about 2.0 s at a gas flow of 200 ml/min
(see curve (a) in Fig. 2).

The catalysts investigated in this work
were cut out from two different, fresh,
monolithic, three-way car exhaust cleaners
from Engelhard Industries. The noble metal
content (except for rhodium) and the base
metal content in the catalyst were analyzed
by X-ray fluorescence. The results are pre-
sented in Table 1. According to the manu-
facturers specification the rhodium content
is one-fifth of the platinum content. The
support is cordierite with a wash-coat of
y-alumina. As can be seen in Table 1 the
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F1G. 2. Oxygen concentration vs time at the outlet of
a monolithic car exhaust catalyst (catalyst A), exposed
to a flow of 2% O, in Ar. The O,/Ar mixture was
introduced at ¢+ = 0. Prior to the O, exposure the
catalyst has been reduced in CO at 900 K. The curve
labeled (a) is obtained with an oxygen-saturated cata-
lyst and gives the system response. Curves (b)—(f)
were obtained at catalyst temperatures of 370, 460,
600, 730, and 900 K, respectively. From the area
between a particular curve ((b)—(f)) and curve (a) the
absolute oxygen-uptake amount at that temperature
can be determined. These results are summarized in
Fig. 3 as oxygen uptake vs temperature.

TABLE 1

Composition of the Catalysts

Element Catalyst A Catalyst B
wt%* Rel. atom.%?* wt%* Rel. atom.%*

Ce 0.8 7.3 1.0 34.0
Cr 0.05 1.22 0.08 7.5
Fe 0.5 11.35 0.3 26.0
Ni 3.1 67.35 0.0t 0.8
La 0.03 0.28 0.03 1.0
Pt 0.16 1.04 0.16 4.0
Sm 0.15 1.27 0.15 4.8
Ti 0.37 9.8 0.2 20.5
Rh 0.03 0.37 0.03 1.4
Total 5.19 100 1.96 100

Note. The left column for each catalyst gives the weight percent-
ages of the various constituents. 100% corresponds to the total
catalyst weight (monolithic support + washcoat + base metals +
noble metals). The right columns are the relative atomic concentra-
tions of the elements listed in the table (base metals + noble metals).
The concentrations were determined by X-ray-induced X-ray fluo-

rescence.

Y In percent of the total catalyst weight.
b Relative atomic concentrations of the elements listed in the

table.



342

two catalysts labeled A and B have similar
analyses except in nickel content where
there is a marked difference (3.1 and 0.01
wt%, respectively). The weight, length, and
diameter of the samples were 1.26 g, 20
mm, and 8 mm, respectively. Each sample
consisted of about 30 longitudinal channels.

The gases used were of ultrahigh purity
(99.9997% purity) and the gas flow was 200
ml/min, which corresponds to a space ve-
locity of 12000 hr !. The samples were
oxidized by a gas flow of 2% O, in Ar and
the catalysts were reduced in a flow of 4%
CO in Ar or 4% H, in Ar.

The relative sensitivity for different gases
of the mass spectrometer was determined
by use of known mixtures of CO, O,, etc.,
in Ar. Control runs with the reaction cell
empty (i.e., no catalyst) were performed at
regular intervals to check that wall reac-
tions did not take place.

3. RESULTS

3.1. Oxygen Uptake as a Function of
Temperature after Reduction in CO at
900 K

In the first series of experiments the
Ni-containing catalyst (A) was first reduced
in CO at 900 K. The oxygen uptake was
then measured at different constant temper-
atures. The exact experimental sequence
was the following: The catalyst was first
oxidized in a gas flow of 2% O, in Ar under
1 atm and 900 K for 10 min, to remove
possible carbon contamination. The gas
flow was then changed to a mixture of 4%
CO in Ar, which was allowed to flow for 10
min at 900 K. During this treatment the
surface was reduced, which could be ob-
served via the CO; mass spectrometer sig-
nal. The choice of 900 K as the reduction
temperature was a compromise to avoid
CO disproportionation occurring at lower
temperatures (9) and the structural changes
occurring at considerably higher tempera-
tures.

When the reduction sequence was com-
pleted, the gas flow was changed to pure Ar
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and the temperature of the reaction cell and
catalyst was lowered over a period of 7 min
to the temperature at which the oxygen
uptake measurement was to be made. The
gas flow was then changed from Ar to 2%
0O, in Ar. The O, concentration at the outlet
side of the catalyst was continuously moni-
tored by the mass spectrometer. Figure 2
shows a set of such curves of O, signal vs
time for catalyst A for five different temper-
atures, (b) 370 K, (c) 460 K, (d) 600 K, (e)
730 K, and (f) 900 K, respectively. Curve
(a), which 1s a reference curve showing the
system response, was recorded with an
oxygen-saturated catalyst.

The time delay in the rise of the O; signal
in curves (b)-(f) as compared with curve (a)
is caused by the uptake of oxygen by the
catalyst. The difference [ (I,(t) — I,
(t)dt (i = b, ¢, d, e, f,) between the refer-
ence curve (a) and a specific curve (i), is
proportional to the amount of oxygen up-
take (Io, = mass spectrometer signal for
0O,). The uptake can be quantified by use
of the known concentration of O, in the in-
let gas and the known flow velocity.

Figure 3a shows a plot of the oxygen
uptake determined in this way (crosses and
dashed curve) as a function of the uptake
temperature. The left-hand vertical axis
gives the uptake in micromoles of oxygen
per gram of catalyst and the right-hand axis
gives the estimated O/Ni ratio obtained if
all oxygen is assumed to be bound to Ni.
Guided by the corresponding results with
H, as the reducing gas and by the observa-
tion that the estimated O/Ni ratio is close to
one, we expect that the oxygen uptake at
900 K is close to saturation.

When an oxygen uptake run had reached
saturation the catalyst was again heated in
0, at 900 K and thereafter reduced in CO as
described above. A new uptake run could
then be performed. The reduction in CO
after oxygen uptake could be followed via
the CO, evolution and the delay in the rise
of the CO signal (see Fig. 4). The integrated
amount of CO, and the integrated delay in
the CO signal gave independent measures
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F1G. 3. (a) Oxygen uptake capacity as a function of uptake temperature for two different (A and B)
monolithic car exhaust catalysts. Catalyst A contains Niand Ce, catalyst B contains no Ni. The curves
labeled (x) and (@) were obtained by reducing in CO and H,, respectively, at 900 K and the oxygen
uptake was then measured at the temperature given on the abscissa. The curve labeled (O) was
measured by performing both the reduction in H, and the uptake measurement at the same
temperature. (b) Oxygen uptake vs uptake temperature for catalyst B, without Ni. The oxygen uptake
was measured at each temperature after reduction in CO at 900 K (x) or after reduction in H, at the

same temperature as the uptake temperature (O).

of the oxygen uptake. The three types of
uptake determination agreed within the ex-
perimental errors (<5% of the uptake); i.e.,
mass balance was obtained in the measured
results.

The oxygen uptake by catalyst B (with-
out Ni) was also investigated using CO as
the reducing gas. The result is displayed at
the bottom of Fig. 3a and in Fig. 3b. The
uptake by this catalyst is more than an
order of magnitude smaller than that by
catalyst A, demonstrating the importance
of Ni for the oxygen uptake of the fresh
catalyst.

3.2. Influence of CO Disproportionation
during Reduction

A word of caution is necessary concern-
ing reduction in CO. If it is performed
considerably below 900 K, CO dispropor-
tionates on nickel via the reaction

CO + CO— CO, + C and carbon is de-
posited on the catalyst. (The conclusion
that Ni is responsible for the dispropor-
tionation was drawn from the observation
that little or no disproportionation occurred
on the catalyst without Ni.) The maximum
disproportionation rate occurs around 700
K, and large amounts of carbon can be
deposited (9). During a subsequent oxygen
uptake run of the type shown in Fig. 2,
oxygen is then consumed both due to oxi-
dation of base metals and due to oxidation
of carbon of CO,. If one is not aware of
this, large errors in the determination of the
oxygen uptake capacity may result, both
with volumetric and manometric methods.
The best way to eliminate effects of this
side reaction is to look for CO, production
by the MS during the oxygen uptake mea-
surement or alternatively to use H, as the
reducing gas. The absence of CO, produc-
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Fi1G. 4. Mass spectrometer signals vs time at the
catalyst outlet for CO and CO, during reduction, and
for O, during uptake (oxidation) measurements, re-
spectively, at 900 K. The dashed curves are the system
responses for CO and O,, respectively, in the absence
of reaction. The CO and CO, signals were recorded
simultaneously when 4% CO in Ar was flowed over the
oxidized catalyst. The O, signal was recorded when
2% O, in Ar was flowed over the reduced catalyst.
Flow 200 ml/min. The gas mixtures were introduced at
t = 0. Oxidation and reduction runs were performed
on the same sample. (Note that mass balance is
approximately obtained in that the area under the CO,
curve is equal to the area between the dashed line and
the full curve for CO, and also equal to twice the area
between the dashed line and the full curve for O,.)

tion during oxygen uptake and mass bal-
ance between oxygen uptake after reduc-
tion, and CO, production during reduction,
showed that CO disproportionation was
avoided in this work.

3.3. Oxygen Uptake after Reduction in H,

Exactly the same experimental series as
described in Section 3.1 was performed for
catalyst A with H, replacing CO as the
reducing gas. The resulting oxygen uptake
vs uptake temperature curve is shown in
Fig. 3a (solid circles, full curve). The experi-
mental point measured at 950 K indicates
saturation in the uptake around this temper-
ature. Above 600 K the results obtained
with CO and H; coincide within the experi-
mental uncertainties. A slight but signifi-
cant difference is seen in the temperature
range 430-570 K where the catalyst re-
duced in CO shows a distinct plateau in the
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oxygen uptake. The plateau is replaced by a
change in slope in the results obtained with
H,.

A series of experiments was also per-
formed where both reduction and oxidation
were performed at the same temperature.
(This was not meaningful with CO due
to the CO disproportionation discussed
above.) The oxygen uptake for catalyst A
vs oxidation/reduction temperature from
this experiment is shown by the open cir-
cles and dotted curve in Fig. 3a. At temper-
atures above 500 K these results coincide
with the ones where reduction was per-
formed at 900 K, but below 500 K incom-
plete reduction obviously reduces the oxy-
gen uptake in comparison with the result
obtained after reduction at 900 K. For
catalyst B, without Ni, the results from this
type of experiment coincide only at temper-
atures >830 K but differ considerably at
lower temperatures, again indicating that
incomplete reduction lowers the oxygen
uptake below 830 K. Results from oxida-
tion and reduction at the same temperature
for catalyst B are shown by the open circles
in Fig. 3b.

4. DISCUSSION

4.1. Amounts of Oxygen Uptake and
Distribution of Oxygen among Oxygen-
Carrying Elements

The possible oxygen-carrying elements
that we need to consider are given in Table
1 with their weight percentages relative to
the total catalyst weight and also with their
relative atomic percentages. We restrict the
discussion to Ni, Ce, Pt, and Rh for the
following reasons: Ni is obviously the main
oxygen carrier in catalyst A, as can be seen
by comparing the uptakes of catalysts A
and B. Ce dominates in quantity over La
and Sm, and has previously been identified
as an important oxygen ‘‘storage’’ element.
Concerning Fe and Ti it is obvious from
comparisons of the results from catalyst A
and B that they can be neglected in catalyst
A. Furthermore it is most likely that Fe and
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Cr are contained in the monolith. In the
case of catalyst B we cannot exclude that
Fe and/or Ti contributed to the oxygen
storage. Pt and Rh are considered despite
their small amounts because of their high
dispersion and because they both may
carry significant amounts of chemisorbed
oxygen available for oxidation reactions,
and Rh may also carry oxygen as a bulk
oxide.

Table 2 gives the concentrations of Ni,
Ce, Pt, and Rh and their respective maxi-
mum oxygen storage capacity (in wmol/g),
and also relative concentrations of surface
atoms assuming (somewhat arbitrarily) 50%
dispersion for Pt and Rh and 10% disper-
sion for Ni and Ce. The dispersion assump-
tions are made only for the sake of discus-
sion. However, recent STEM pictures of
noble metal particles on catalysts from the
same manufacturer as catalysts A and B in
this work, indicate a dispersion =30% (12).
Since the smallest particles are probably
not detected, the dispersion is probably
somewhat larger. (Aged catalysts have
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much smaller dispersions.) The assumed
dispersion for Ni is more arbitrary, but is
used only for discussion purposes. For
comparison a dispersion of 1% is also con-
sidered. The maximum experimental up-
takes of oxygen, obtained from the curves
in Fig. 3, are given at the bottom of each
table. The maximum uptake of catalyst A,
240 pmol/g, is very close to the maximum
oxygen storage capacity of Ni in that cata-
lyst, assuming complete oxidation/reduc-
tion. It corresponds to about 80% of the
total oxygen capacity of Ni, Ce, Pt, and Rh
together, assuming complete oxidation of all
elements to NiO, CeO; (from Ce»0;3), PtO,,
and RhO,. (These numbers are given only
for comparative purposes. We do not expect
that Pt oxidizes to PtO.)

The maximum uptake of catalyst B, 20
umol/g, is very close to the total capacity
of Ce for this catalyst and corresponds to
about 60% of the summed capacity of Ce,
Pt, and Rh and to about 80% of the capacity
if bulk oxidation of Pt is excluded. We
conclude that Ni is almost completely re-

TABLE 2

Oxygen Storage Elements

Component Concentration Relative conc. of  Max. oxygen storage Max. exptl. oxygen
(wt%)* surface atoms (%) capacity (umol/g) uptake (umol/g)

Catalyst A

Ni 3.1 82.4 270.6

Ce 0.8 8.9 15.7

Pt 0.16 6.4 9.2

Rh 0.03 2.3 32

Total 4.09 100 298.7 240
Catalyst B

Ni 0.01 1.3 0.9

Ce 1.0 55.5 19.6

Pt 0.16 32.0 9.2

Rh 0.03 11.5 3.2

Total 1.20 100 329 20

Note. The left column gives the weight percentages (of total catalyst weight) of oxygen storage
candidates for catalyst A and B, respectively. The right column gives the maximum oxygen storage
capacity, and the middle column the relative atomic concentrations of surface atoms of the oxygen
storage elements, assuming 10% dispersion for Ni and Ce and 50% dispersion for Rh and Pt. Note the
dominance of Ni in catalyst A and that Pt and Rh together have approximately half the capacity of Ce

in catalyst B.
¢ In percentage of total catalyst weight.
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duced and oxidized, respectively, at 900 K
and above, and is the main oxygen carrier
at high temperatures in catalyst A. For
catalyst B the interpretation is less unam-
biguous. The measured oxygen capacity is
larger than that obtained if we consider
complete oxidation of Pt and Rh alone. We
would not, however, expect complete oxi-
dation of Pt in the present conditions, and
neither do we expect the nearly 100% dis-
persion which would be necessary to asso-
ciate the major part of the oxygen uptake of
catalyst B with Rh and Pt alone. If we in
contrast consider Ce alone, we find that the
measured uptake is almost exactly corre-
sponding to the reaction Ce,O; 2 CeO,.
Complete reduction of CeQ, is, however,
not expected at 900 K but only at tempera-
tures =1075 K (¢). The likely degree of re-
duction of Ce is CeO; 2 Ce0,_, with x =
0.3 (4). We can thus only account for about
60% of the measured oxygen capacity of
catalyst B by attributing it to Ce alone. The
most likely complementary candidate is Rh
which by complete oxidation/reduction ac-
cording to Rh 2 RhO, could account for
about 15% of the capacity. Of the residual
=25% some fraction could be attributed to
oxygen chemisorption on Pt which could
account for at most =5% at 50% dispersion
(1/2 ratio between surface atoms of O and
Pt). It thus seems likely that one or more of
the elements Fe, Cr, and Ti (see Table 1)
also participates. For example, if we assume
that titanium undergoes the same oxidation
reduction cycles as Ce, TiO; =2 TiO,_,, x <
0.3, it can account for about 10% of the
capacity. In summary, for catalyst B, its
maximum oxygen capacity seems to be
dominated by cerium oxide, with signifi-
cant contributions also from Rh, Pt (chemi-
sorption) and Ti, and/or Fe and Cr.

In the temperature range below 900 K
and down to about 500 K the oxygen stor-
age capacity decreases rapidly. For the
Ni-containing catalyst this is attributed to
successively less and less complete oxida-
tion of Ni with decreasing temperature.
Below 500 K the oxygen uptake by che-
misorption on all elements may be signifi-
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cant. Assuming that one oxygen atom can
be chemisorbed at saturation per two sur-
face metal atoms (typical for Ni and Pt),
and the same assumed dispersions as
above, we obtain a maximum chemisorp-
tion capacity on catalyst A of 9 umol/g,
i.e., equal to the total uptake around 350 K.
In this temperature range and below, che-
misorbed oxygen may thus play an impor-
tant role.

On catalyst B chemisorbed oxygen on Pt
and Rh is likely to play a relatively larger
role in the uptake since their maximum
chemisorption capacity corresponds to
=7% of thee total oxygen capacity of this
catalyst.

4.2. Mechanistic Considerations

The oxidation/reduction reactions that
we consider are the following:

(i) Ni + 30, 2 NiO
(ll) CCOz_X + %)C 02 r=d CCOQ
(iii) Pt-surface + O, < Pt + chemi-

sorbed O
Pt + O, 2 PtO,
(iv) Rh + O, 2 RhO,

Dissociative oxygen chemisorption on
Rh may also be important. We are neglect-
ing alloying or inmixing of the actual metal-
lic components in the alumina wash coat,
which may complicate the oxidation/
reduction behavior. Oxidation of Pt and Rh
would not be expected based on their be-
havior as bulk metals in a pure form.
However, both the high dispersion of the
noble metals and the presence of impurities
may change the situation (10, /7). The roles
of Pt and Rh as oxygen carriers are ex-
pected to be important particularly at the
lowest temperatures where chemisorbed
oxygen is much more available for oxida-
tion of CO or hydrocarbons than oxygen in
CeO; or NiO. (Pt and Rh are excellent
oxidation catalysts far below the tempera-
tures where NiO becomes nonreducible.)

At higher temperatures >500 K we attrib-
ute the increasing oxygen uptake of catalyst
A to an increasing oxide thickness on the
surfaces of the Ni particles, until they are
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completely oxidized around 900-1000 K. If
we assume 10% dispersion of Ni and a cubic
particle shape we arrive at a maximum oxi-
dation depth at saturation of 45 A. If we
instead assume 1% dispersion this figure be-
comes 450 A. If a half-spherical particle
shape is assumed the corresponding num-
bers are 33 and 330 A, respectively.

For catalyst B we attribute the increasing
uptake with temperature to increasing oxi-
dation depth of CeO, ,, x = 0.3, toward
CeQO, but with contributions also from oxi-
dation of Rh to RhO, and from oxidation of
partly reduced Ti, Fe, and/or Cr oxides. A
significant difference between catalysts A
and B is that lowering of the reduction
temperature influences the oxygen uptake
only below 500 K for catalyst A, but al-
ready around 800 K for catalyst B (open
circles in Figs. 3a and 3b). This indicates
that Ni is more easily reduced than CeO; in
these catalysts.

4.3. Implications of the Present Results
for Practical Systems

The relatively strong temperature depen-
dences of the oxygen uptake and of the
reduction reaction show that the amount of
oxygen available for CO and hydrocarbon
oxidation, respectively, is much smaller at
lower temperatures. For example, the max-
imum available oxygen amount in catalyst
A under dynamic conditions at 400 K is
sufficient for oxidation of CO and C,,H,
over 3 s under typical engine conditions,
while the corresponding time at 900 K is 20
s. (This estimate was made assuming the
following: (a) catalyst weight of 700 g (b)
engine with a cylinder volume of 2 liters, (c)
1% CO in the exhaust and 0.1% C,,H,,, and
(d) engine revolution of 3000 rpm.) The
observation that a lowering of the reduction
temperature below 900 K influences the
dynamic oxygen storage capacity of CeO,
already at 900 K but that of NiQO at 500 K
would favor Ni as the storage element
below 800 K. However, Cooper and Keck
(6) found that the oxygen storage capacity
of NiO disappeared upon aging, probably
because of nickel-aluminate formation.
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At temperatures below 500 K chemi-
sorbed oxygen on Pt and Rh is expected to
be important in the dynamic oxygen storage
capacity. Their estimated maximum capac-
ity (at 50% dispersion and O/Pt = 1/2) cor-
responds to oxidation of CO and C,H,, over
0.05 s under typical conditions.

An interesting effect is the strong CO
disproportionation around 700 K (9), which
if it occurs under real conditions actually
may help in reducing CO emissions under
fuel-rich conditions and NO emissions un-
der oxygen-rich conditions (since O, and
also NO may be consumed by oxidation of
the deposited carbon).

The composition of engine exhausts en-
tering a ‘‘three-way’’ catalyst oscillates
around the stoichiometric point at frequen-
cies of 0.5 to 2 Hz when the engine is
operating under feedback control (3).
Therefore it is not only the total amount of
oxygen that can be stored and then reduced
away which is important in the dynamic
performance of the catalyst (3). The reduc-
tion and oxidation rates are also important.
Curves (d), (e), and (f), in Fig. 2 show that
the initial oxidation rate in O, is fast enough
to completely consume all O, in the gas
stream. The time required to achieve com-
plete oxidation of the catalyst is not deter-
mined then by the oxidation rate but by the
mass transport of O, to the catalyst. When
the oxidized catalyst is exposed to CO, the
shape of the CO signal curve is approxi-
mately that of the O, signals (see Fig. 4).
The initial reduction rate is thus fast enough
to remove all CO in the gas stream.

In summary this study shows that both
oxygen storage capacity and the oxidation
and reduction rates are large enough to
improve the performance of the two inves-
tigated catalysts under dynamic operating
conditions.

SUMMARY

We have performed quantitative mea-
surements of oxygen storage capacity on
catalysts containing Pt, Rh, Ni, and Ce
supported on ALO;. At high temperatures
Ni is the dominant storage metal and Ce
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dominates over Pt and Rh. At low tempera-
tures chemisorption on Pt and Rh may be
important. The time constant for uptake/
removal of oxygen on all these metals is
sufficiently small at higher temperatures to
make it important in practical systems,
while at lower temperatures chemisorbed
oxygen may be dominant.
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