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By using a three-way catalyst containing a metal oxide, CO is removed as CO, even in the “rich” region
of the air/fuel ratio. In order to elucidate the mechanism of this action of the added metal oxide, the reaction
of CO with O, on a Pt-V,0;/Al,O, catalyst was investigated using a rectangular pulse-reaction apparatus. In
the CO-O, reaction on a Pt/Al,O, catalyst, a significant amount of unreacted CO was exhausted in the ‘“rich”
region of the reactants. Furthermore, the conversion of CO decreased markedly with an increase in the CO/O,
ratio in the reactants. In the CO-O, reaction on the Pt—-V,0,/Al, O, catalyst, on the other hand, the conversion
of CO was high and did not decrease markedly with an increase in the CO/O, ratio in the ‘“rich” region. As
for the reaction on the Pt-V,0;/Al,0, at 558 K and above, the CO was completely removed as CO, at any of
the CO/O, ratios examined. These effects of the added V,05 were found to be due to: (i) the reaction of CO
with an oxygen of V,0; in the Pt-V,0;/ALO; catalyst and (ii) the enhanced oxidation of CO with a gaseous
O, on the Pt/Al,O, catalyst upon the addition of V,0;. On the basis of the kinetics of the oxidation of CO with
the oxygen of V,0; in the Pt-V,0;/Al,0; and Pt black-V,0; mixtures, its mechanism was proposed to be as
follows; the oxygen of V,0; at the Pt—V,0; interface is activated by contact with Pt (this activated oxygen is de-
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noted by [Pt---O---V]).
tures proceeds according to the following two steps.

at the Pt-V,0O; interface, [Pt---O-.-V], to form CO, and a reduced site, [Pt V].
the reduced site with the bulk oxygen in V,0; to reproduce [Pt---O...V].

The oxidation of CO with the oxygen of the Pt-V,0,/Al,O, and Pt black-V,0; mix-
Step I is the reaction of a gaseous CO with the active oxygen

Step II is the oxidation of
The enhanced oxidation of CO

with a gaseous O, caused by the addition of V,0; to Pt/Al,O; was found also to be understandable in terms
of the active site, [Pt---O---V], where the reduced site, [Pt V], is oxidized by the gaseous O, to reproduce

[Pt-.-O---V] instead of the bulk oxygen in V,O;.

The three-way catalyst system is used for the sim-
ultaneous removal of nitrogen monoxide, carbon mon-
oxide, and hydrocarbons in automotive exhaust emis-
sions.1-% Furthermore, attention has been focused on
finding a three-way catalyst containing a metal oxide
in order to deal with the fluctuation in the air/fuel
ratio and broaden the “window” width.%” It has
been found, for the reaction of synthetic exhaust gas,
that the conversion of CO in the ‘“rich” region is
much increased by the addition of a metal oxide to
a three-way catalyst.”8) Although the mechanisms
of the CO-O, reaction on precious metal®'?) and
metal oxidel8-21) catalysts have been the subject of
many investigations, the mechanism of the action of
a metal oxide added to a three-way catalyst in the
CO-0, reaction has scarcely been investigated. The
purpose of this study, then, was to establish the mech-
anism of the action of V,0; in the CO-0O, reaction
on a Pt-V,0;/ALO, catalyst, particularly the mech-
anism of the reaction in the ‘rich” region. The
CO-0, reaction was investigated, since this reaction
is one of the most important reactions involved in
the real three-way catalyst system.22:23) The reason
why V,0, was chosen as the metal oxide has already
been described in a previous paper,??) where a mech-
anism of the action of the V,0; in the NO-H, reaction
on the Pt-V,0;/Al,0O; catalyst has been proposed.
It should also be noted that a rectangular pulse-reac-
tion technique was employed in this study in order
to investigate the kinetics of the reaction more pre-
cisely than the conventional pulse-reaction technique
makes possible. The pulse-reaction technique is con-
sidered to be useful for the investigation of the effect
of the addition of a metal oxide to a three-way cata-
lyst.2) Furthermore, it seemed interesting to compare

the synergistic effect between Pt and V,O; in the
CO-0, reaction with that in the NO-H, reaction.

Experimental

Catalysts. A Pt/ALLO; catalyst (the Pt loading was
0.5 wt%) was purchased from Nippon Engelhard, Ltd. The
Pt-V,0,/A1,0; (the Pt loading was 0.5 wt9,, and, unless
otherwise specified, the content of V,0; in the catalyst was
9wt%, although a catalyst with a 36 wt% V,O; loading
was also used), Pt/AL,O;-V,0;(M) (the ratio of Pt/AL,O,
to V,05 was 1/1 in weight), and Pt black-V,O4(P) (the
ratio of Pt black to V,05 was 1/1 in weight) were the same
as the catalysts used in the previous study.?® The Pt black
and Pd black were purchased from Mitsuwa’s Pure Chem-
icals Co. The Rh black was prepared using the method
employed by Feulgen.?® The precious metal black-metal
oxides(M), that is, Pt black-V,05(M), Pd black-V,0;(M),
Rh black-V,04(M), Pt black-MoO;(M), Pt black-WO4(M),
and Pt black—Cr,04(M), were prepared by mixing powders
of the precious metal black and the metal oxide in a mortar
for 20 min without water.

Characterizations of the catalysts were made by means
of X-ray diffraction on a GFD-35, by scanning-electron mi-
croscope on JSM-T 20, by ESR on JES ME 1X, by IR
on JASCO EDR-31,%6 and by UV on UVIDEC-505. The
number of surface Pt atoms on the Pt/Al,O; catalyst was
determined using a conventional hydrogen adsorption ap-
paratus.

Reagents. Commercial CO (99.9% purity) and O,
(99.9% purity) were used without further purification. The
helium used as a carrier gas was purified with a titanium
metal sponge heated at 1073 K and a Molecular Sieve col-
umn at room temperature.

Apparatus and Procedure. Experiments were conducted
using the rectangular pulse-reaction apparatus shown in Fig.
1. Reactants of given compositions were prepared and stor-
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Fig. 1. A rectangular pulse reaction apparatus.

1: Titanium metal sponge deoxygenizer, 2: Molecular
Sieve, 3: pressure regulator; 4: 200 ml syringes, 5:
cupper tube, 6: 6-way valve for sampling, 7: stainless
steel capillary, 8: thermocouple, 9: reactor, 10: elec-
tric furnace, 11: 6-way valve for O, treatment, 12:
Porapak Q column, 13: Molecular Sieve type 13X
column, 14: TCD for detecting an inlet shape of a
mixture of CO and O,, 15: TCD for detecting the
shape of outlet CO,, 16: TCD for measuring the
amount of the outlet CO or O,, (A), main stream of
the carrier gas; (B), stream of the pusher gas.

ed in two syringes (4), and the sampling loop of a 6-way
valve (6) was filled by means of them. The 6-way valve
was turned so that the reactant gas in the sampling loop
could be pushed out through a stainless steel capillary (7)
to the main stream of the carrier gas (Stream A) and then
carried to the reactor (9). Before all of the reactant gas
in the sampling loop had been pushed out from the sampling
loop, the 6-way valve (6) was returned. In such a way,
the rectangular pulse could be obtained. The concentration
was varied by changing the composition of the sample gas
and the flow rates of the carrier gas and pusher gas. The
pulse width was varied by changing the time interval be-
tween turning and returning the 6-way valve (6). The
shape of the input pulse was recorded by means of a thermal
conductivity detector, TCD, (14). The shape of the CO,
produced by the oxidation of CO was observed by means
of TCD (15). The carrier-gas flow rate and the length of
the Porapak Q column (12) were regulated so that the shape
of the CO, detected by means of TCD (15) gave the best
rectangular pulse. The conversions of the unreacted CO
and O, were also measured by using TCD (16). TUnless
otherwise specified, experiments were carried out under the
following conditions. The carrier gas flow rate was 31 cm3-
STP/min, and the length of the Porapak Q column was 2 m.
The pulse width was 1.5 min, and the total amount of a
single pulse was 5cm3-STP. The concentrations of CO
were 0.26—10.3%,. The reaction temperatures were 341—
773 K.

Results

Shapes of the Inlet Reactants and Outlet CO.,. Figure
2(a) shows an example of the Shape of the inlet mix-
ture of CO and O,. It was almost rectangular except
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Fig. 2. Shapes of the inlet reactants and outlet CO,.

(a): Concentration profile for the inlet mixture of CO
and O, detected by TCD (14) (inlet concentration
of the mixture=1.0%), (b): concentration profile for
the CO, detected by TCD (15) when CO, is intro-
duced (inlet concentration of CO,=1.0%). Carrier
gas flow rate=31 cm3/min. Pulse width=90s (total
amount of a single pulse=5 cm3-STP).

for a small tailing at the front and tail of the pulse.
This indicates a constant concentration of individual
reactants in a pulse, a behavior significantly different
from that of a conventional pulse technique. Figure
2(b) shows the shape of the CO, pulse detected by
TCD (15) when CO, was pulsed instead of a mixture
of CO and O,. The concentration of CO, detected
was independent of the time except for that at the
front and tail of the pulse. This means that the shape
of CO, is not deformed by the Porapak QQ column
[(12) in Fig. 1] except for the front and tail of the
pulse. This also means that the rate of CO, forma-
tion, Rco,, can be measured from the shape of the
outlet CO,; for example, a constant concentration
of CO, indicates a constant Rco,, because the flow
rate of the carrier gas was constant. It was found
that the dispersion at the front and tail of the outlet
CO, is mainly caused when the CO, pulse passes
through the Porapak Q column.

The CO—-0y Reaction on the Pt|Al,04 and Pt-V,04/Al,04
Catalysts. Figures 3 and 4 show the results of
the CO-O, reaction on the Pt/AlL,O; and Pt-V,0O;/
AL O; catalysts at various inlet CO/O, ratios. The
unsupported V,0; or V,0,/Al,O; was inactive for
the CO-0, reaction under the experimental conditions
used in this study. As is shown in Fig. 3, the con-
version of CO (Xco) for the Pt—V,0;/Al,O; catalyst
was larger than that of Xco for the Pt/ALO; catalyst
under any conditions shown in this figure. Although
the Xco for the Pt/AlL,O; catalyst decreased abruptly
in the “rich” region (i.e., CO/O,>2) with an increase
in the CO/O, ratio, the Xco for the Pt—-V,0;/AL,0,
catalyst did not decrease markedly with an increase
in the CO/O, ratio. Even in the absence of gaseous
0O, (CO/Oy=o0), the Xco for the Pt—V,0,/ALO, cata-
lyst was quite high, indicating a significant contribu-
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Fig. 3. Effect of the CO/O, ratio on the conversion
of CO (Xgo) in the CO-0O, reaction on the Pt/Al,O,
and Pt-V,0;/AlL,O; catalysts at various temperatures.
0,@: 558K, N,A: 448K, [J,M: 423 K (open sym-
bols, Pt/AlL,O,; closed symbols, Pt-V,0;/Al,0;). Cat-
alyst weight; Pt/Al,0,=200 mg, Pt-V,0;/Al,0,=218

mg (Pt weight in catalysts=1mg). Concentration
of CO=1.0%.
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Fig. 4. Effect of the CO/O, ratio on the conversion
of O, (X ,) in the CO-0O, reaction on the Pt/Al,O,
and Pt-V,0;/Al,O, catalysts at various temperatures.
0,®: 558K, AA: 448K, [J,M: 423 K (open sym-
bols, Pt/Al,O,; closed symbols, Pt—V,0,/Al,0;). Cat-
alyst weight; Pt/Al,0,=200 mg, Pt-V,0;/Al,0,=218
mg (Pt weight in catalysts=1 mg). Concentration
of CO=1.0%.

tion of the oxygen of V,0; to the oxidation of CO.
For the reaction on this catalyst at temperatures above
558 K, CO was completely oxidized (i.e., Xco=1009,),
irrespective of the inlet COJ/O, ratio. These data
clearly indicate that the added V,0O, plays an im-
portant role in the oxidation of CO on the Pt-V,0Oy/
Al,O; catalyst. As is shown in Fig. 4, the conversion
of O, (Xo,) in the ‘“rich” region for the Pt-V,04/
Al,O, catalyst was higher than Xo, for the Pt/ALO,
catalyst. This indicates that the oxidation of CO
with a gaseous O, on Pt/Al,O; is also promoted by
the addition of V,0; to Pt/Al,O,.

Concentration Profiles of the COy Produced by the Oxidation
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Fig. 5. Shapes of the outlet CO, in the CO-O, reaction
on the Pt/Al,O, and Pt-V,0;/AL,O; catalysts at 423
K.

(a): COJ/0O,=2.0, (b): CO/O,=4.0, (c): CO/Oy=c0

(concentration of CO=1.0%). Catalyst weight; Pt/

Al,0,=200 mg, Pt-V,0;/AL,0,=218 mg (Pt weight

in catalysts=1 mg).

of CO on the Pi|Al,05 and Pt-V,04/Al,0, Catalysts.
Figure 5 shows the concentration profiles of the CO,
produced by the oxidation of CO under various con-
ditions. Since the flow rate of the carrier gas was
constant, the measured concentration of CO, at a
given time is proportional to Rco, at this same time.
As is shown in Fig. 5(a), the Rco, on Pt/Al,O, at the
stoichiometric point (i.e. CO/O,=2) decreased mar-
kedly with the time after its maximum. On the
other hand, the Rco, on the Pt-V,0,/AlL,0, catalyst
decreased only slightly with the time; in fact, it was
almost independent of the time. As for the reaction
in the “rich” region (i.e., CO/O,=4)[Fig. 5(b)], the
Rco, on the Pt/AL,O, catalyst was significantly slower
than the Reo, on the Pt-V,0;/Al,0, catalyst. It is
also noted that the Rco, for the Pt—-V,0,/AL O, catalyst
decreases slightly with an increase in the time. As
for the reaction in the absence of gaseous O,(i.e.,
CO/O,=0)[Fig. 5(c)], the Rco, on the Pt-V,0;f
AL O, catalyst decreased markedly with the time; on
the other hand, no CO, was produced on the Pt/Al,O,4
catalyst, irrespective of the time. It can also be
noted in Fig. 5(c) that the Rco, for the reaction on
Pt-V,0,/ALO, in the absence of O, is independent
of the concentration of CO.2? This can also be seen
in the relationship between the yield of CO,(Yco,)
and the concentration of CO(Cco; 19%,=2.24 pmol/cm3
under the experimental conditions in this study) shown
in Fig. 6; Yco, was independent of Cco at both 341
and 423 K.29

Kinetics of the Oxidation of CO with the Oxygen of Metal
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Fig. 6. Effect of the concentration of CO on the reac-
tion of CO with the Pt-V,0;/ALO; catalyst at various
temperatures.
®: 423K, A: 341 K. Catalyst weight=218 mg.
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Fig. 7. Shapes of the outlet CO, in the reaction of CO

with the 5 wt% Pt black-V,0;(M) catalyst at 504
K.
(1): Concentration of CO=1.0%, (2): concentration
of CO=2.0%, (3): concentration of CO=5.0%, (4):
concentration of CO=6.5%,. Catalyst weight=40
mg.

Oxides. Since the unsupported V,0O; or V,O;/
Al,O, was inactive for the reaction with CO, the
formation of CO, observed for the Pt-V,0;/Al,O,
[Fig. 5(c)] is due to the oxidation of CO with the
oxygen of V,0; promoted by Pt. However, as is
shown in Fig. 5(c), the Rco, for the Pt-V,0;/Al,O,4
catalyst changes greatly with the time, which makes
it difficult to investigate the mechanism of the syner-
gistic effect between Pt and V,0;. This is the reason
why various mixtures of precious metal and metal
oxide were used in this study as catalysts for investi-
gating the mechanism of the reaction of CO with
the oxygen of metal oxides promoted by precious
metals.?®) The Pt/AL,O3V,0;(M) or Pt black-V,0O5
(P) did not oxidize CO to CO, under the present
experimental conditions. Pt black-V,0;(M) was ac-
tive for the oxidation of CO, and, as is shown in Fig.
7, Rco, did not change significantly with the time.
Similarly, the Rco, on Pd black-V,0;(M), Rh black-
V,0,;(M), and Pt black-MoO4(M) was almost inde-
pendent of the time. The Pt black-WO,;(M) or Pt
black—Cr,0O4(M) was inactive for the reaction. There-
fore, the Pt black—V,0,(M), Pd black-V,0O;(M), Rh
black-V,05;(M), and Pt black-MoO4(M) are con-
sidered to be catalysts which can be used for detailed
investigations of the mechanism of the synergistic effect
between a precious metal and a metal oxide on the
oxidation of CO with the oxygen of the metal oxide.

Oxidation of CO
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Fig. 8. Effect of the concentration of CO on the reac-
tion of CO with 1 and 5 wt% Pt black-V,0;(M)
catalysts at various temperatures.

@,A: 581K, O,A: 504 K [circle symbols, 5wt
Pt black-V,0,(M); triangle symbols, 1 wt9%, Pt black-
V,0;(M)]. Catalyst weight=40 mg.

Figure 8 shows some of the findings regarding Rco,
for the reaction of CO with Pt black-V,0;(M) at
various Coo values. Here, Rco, is calculated from the
average value of Rco, at the plateau of the concen-
tration profile shown in Fig. 7. As is shown in Fig.
8, Rco, was of the first order with respect to Cco when
Cco was low(this region will hereafter be referred
to as R1). When Coo was high, Rco, was of the zeroth
order with respect to Coo(this region will hereafter
be referred as R0). The boundary between R1 and
RO for 1wt9% Pt black-V,0O;(M) was located at
Cco, higher than that for 5 wt%, Pt black—V,04;(M).
It may also be noted in Fig. 8 that the boundary be-
tween R1 and RO moves to a lower Ceo with an in-
crease in the reaction temperature. From the ob-
served Rco, values at various Cco levels, the first-
order and zeroth-order rate constants were determined.
These rate constants, measured at various temper-
atures, satisfied the Arrhenius equations, and the ac-
tivation energies(E; and E,) and pre-exponential fac-
tors(4; and A,) were determined to be as is shown
in Table 1. Here, 4, and 4, are normalized to have
a unit weight of the precious metal. The Arrhenius
parameters were also determined for the Pd black-
V,0;(M), Rh black-V,0;(M), and Pt black-MoOj,
(M) catalysts; these are also shown in Table 1. The
E; for 1 wt9%Pt black—V,0,(M) was almost the same
as the F, for 5wt9% Pt black-V,04(M); on the other
hand, both values are larger than the E, for Pd black-
V,0;(M) or Rh black-V,04(M). The E, for 1 and
5wt% Pt black-V,0,(M), Pd black-V,0;(M), and
Rh black-V,0;(M) was almost constant and inde-
pendent of the kind of catalyst. However, the E,
for Pt black-MoO4(M) was larger than the E, for
the former catalysts. The 4, or A4, did not change
markedly with the kind of catalyst; that is, the 4,
and A, changed at the maximum by factors of only
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THE ACTIVATION ENERGIES AND PRE-EXPONENTIAL FACTORS IN THE REACTION

oF CO WITH THE CATALY

R1 RO
Catalyst E, 4, E,
kcal mol-1 cmsd s—! g-metal—? kcal mol-1 mol s~ g-metal—*
1 wt% Pt black-V,0;(M) 17.3 1.4x108 11.5 2.6
5 wt% Pt black-V,0;(M) 16.4 1.7x108 11.8 2.2
1 wt% Pd black-V,0;(M) 13.6 0.2x108 12.2 12
1 wt% Rh black-V,0;(M) 13.7 0.6x 108 12.6 7.1
1 wt% Pt black-MoO,(M) —=2) —=2) 15.0 4.9
Pt-V,0,/AL0, —=a) —=2) 10.3» 400
(10.4)9 (116)

a) The R1 region did not appear under the experimental conditions used in this study. b) Values calculated
from the average Rgo,. c) Values calculated from the maximum Rgo,.

7 and 5 respectively. The A4, and E, for Pt-V,0;/
Al,O; were similarly determined, though these values
are considered not to be correct for the reasons pre-
sented above. The E; for Pt-V,0;/AL,O, was slightly
lower than the E; for Pt black-V,04(M), while the
4, for Pt-V,0,/AL, O, was about 20 times larger than
the 4, for Pt black-V,0;(M).

Characterizations of the Pt~V,04/Al,0, and Pt Black—
V,05(M) Catalysts. The number of surface Pt
atoms on the Pt/Al,Og catalyst was determined, by
using the H, adsorption technique, to be 5.0 umol/g-
cat, which leads to an average Pt diameter of 30 A.
The X-ray diffraction pattern of Pt black-V,04(M)
indicated that it is a mixture of Pt metal and V,O;
crystallines; therefore, no other compound was de-
tected. On the basis of the SEM measurements of
Pt black-V,0O,;(M), the average diameters of Pt and
V,0; in the catalyst were determined to be 5000
and 2000 A respectively. ESR, IR, and UV meas-
urements of Pt-V,0;/Al,0, and Pt black-V,0;(M)
indicated that the vanadium oxides in these catalysts
are mainly in the highest oxidation state, i.e., V5+
The structure of V,0; in V,04/ALO; catalysts with
various contents of V,0; has been determined by
using the NO-NHj; rectangular pulse technique, cou-
pled with the IR, ESR, and UV techniques.2?)

Discussion

Removal of CO in the “Rich” Region Using the Pt—
V,05/Al,04 Catalyst. As is shown in Fig. 3, CO
is almost completely removed in the “lean” region
of the reactants (i.e., CO/0,<2) by using the Pt/ALO,
catalyst. However, the X¢o in the CO-O, reaction
in the “rich” region (i.e., CO/O,>2) decreases mark-
edly with an increase in the CO/O, ratio. This
means that a considerable amount of unreacted CO
is exhausted in the “rich” region. This behavior in
the CO-O, reaction on the Pt/Al,O, catalyst is similar
to that in the reactions of synthetic exhaust gas in
three-way catalysts without metal oxides.?2:28) The
Xco in the reaction on the Pt-V,0;/Al,0, catalyst
is high even in the “rich” region. As for the reaction
at temperatures above 558 K, Xco is 1009, at any
CO/O, ratio, indicating a complete removal of CO.

This behavior in the CO-O, reaction on the Pt-V,0;/
Al,O, catalyst is similar to that in the reactions of
synthetic exhaust gas on three-way catalysts containing
metal oxides.”8)

The Amounts of Gaseous O, and Oxygen of V,0, Consumed
Sor the Oxidation of CO on the Pt-V,05/A41,0, Catalyst.
In addition to a gaseous O,, the oxygen of V,0; par-
ticipates in the oxidation of CO on the Pt-V,Oyf
ALO; catalyst (Fig. 3). Also, as is shown in Fig.
4, the oxidation of CO with a gaseous O, on the Pt/
AL Oy catalyst is promoted by the addition of V,0Oy
to the catalyst. It is, therefore, necessary to cal-
culate the amounts of gaseous O, [Q4(Pt) and Q4
(Pt=V)] and the oxygen of V,0O; [Q.(pt) and Q.
(Pt-V)] consumed for the oxidation of CO on the
Pt/ALLO; and Pt-V,0,/AlL,O, catalysts before discuss-
ing in detail the mechanism of the action of the added
V,0;. In the pulse experiment, material balances
with respect to the oxygen atoms lead to the following
equations:

Qo(Pt) = 203, Xo,(P1), Q)
Qv(Pt) = Qco,(Pt) — Qa(Pt), @)
Qe (Pt-V) = 203, - Xo,(Pt-V), @)
Qv (Pt-V) = Qco,(Pt-V) — Qa(Pt-V), €

where Q , is the number of oxygen atoms in O, con-
sumed for the oxidation of CO; Q. is the number
of the oxygen of V,0; consumed for the oxidation
of CO; Q5. is the number of gaseous O, injected
as a reactant of the pulse experiment; Xo, is the con-
version of Og; O co, is the number of CO, molecules
produced; and (Pt) and (Pt-V) refer to the Pt/Al,O,
and Pt-V,0,/Al,O, catalysts respectively. On the
basis of the experimental results for the Pt/Al,O,
catalyst shown in Figs. 3 and 4, Eq. 2’ is obtained
for Q,(Pt):

Q.(Pt) = 0. 2)

This relationship is reasonable, since the Pt/ALO,
catalyst does not contain V,0;. From Egs. 1 and
3, the increase in Q , caused by the addition of V,0O,
to Pt/ALLO;(AQ,) is given by Eq. 5:

AQe = Qa(Pt-V) — Qqs(Pt). ©)
Similarly, from Egs. 2’ and 4 the increase in Q +(AQ )
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Fig. 9. Relationship between the CO/O, ratio and
Qa(Pt), AQg, and Qy(Pt—V) in the CO-O, reac-
tion on the Pt-V,0;/Al,0; -catalyst.

O: Qq(Pt), M: AQq, A: Qy(Pt-V). Concentration
of CO=1.0%. Catalyst weight=218 mg.

is given by Eq. 6:

AQy = Qy(Pt-V). (6)
Figure 9 shows the results for Q,(Pt), AQ, and
0 (Pt-V), which were calculated from the experi-
mental results shown in Figs. 3 and 4. As is shown
in Fig. 9, Q 4(Pt) mainly contributes to the CO-O,
reaction on the Pt-V,0;/ALLO, catalyst in the “lean”
region (CO/0,<2), and the synergistic effect between
Pt and V,0;, ie, AQ4 or Q(Pt-V), is not im-
portant. As the CO/O, ratio increases in the “rich”
region (CO/0y,>2), Q4(Pt) decreases, but Q ,(Pt-V)
and AQ, become significant. In particular, Q ,(Pt-
V) mainly contributes to the reaction in the ‘“rich”
region. It should also be noted that AQ, plays
an important role in the reaction in the “rich” region
at temperatures as low as 423 K.

Structures of Pt-V,0,;/41,0, and Pt Black—V,05(M).
On the basis of the above-mentioned characterizations
of Pt-V,0;/AL,O,; and Pt black-V,0;(M), the struc-
tures of these catalysts shown in Fig. 10 can be pro-
posed. The average diameter of Pt particles on Pt-
V,0;/AL, 0, is about 30 A, which has been determined
by the H, adsorption measurement. In the V,0yf
Al,O; catalyst(V,Op loading is 9 wt9,), 1—2 layers
of V,0; lamellae cover a small percentage of the
Al,O; surface.?®) Since the content of Pt is very
low (0.5 wt%), the V,0O; in the Pt-V,0;/ALO, cata-
lyst is considered to be almost the same as the V,0;
in the V,0;/AlL,O, catalyst. The coverage of V,0O4
and the particle size of Pt thus determined lead to
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Fig. 10. Structures of Pt-V,0; mixed catalysts.

(a): Pt-V,0;/Al,0;; the average diameter of Pt
particles is about 30 A, 1—2 layers of V,0; lamella
cover a few percentage of the Al,O, surface, (b):
Pt black-V,0;(M); a Pt black particle (about 5000
A in diameter) is surrounded by many V,0; particles
[about 2000 A in diameter (about 500 layers of V,O;
lamella)].

the structure of V,0; and Pt on Al,O,, indicating
that Pt particles are partly in contact with V,0O; and
are partly separated from V,0;. The vanadium ox-
ides in the Pt-V,0;/Al,O; catalyst are mainly in the
highest oxidation state, i.¢., V®*, judging from the
ESR and UV measurements of Pt-V,0;/AL,O,. On
the basis of the SEM and XRD investigations of Pt
black—V,0;(M), the structure shown in Fig. 10(b)
can be proposed; Pt black-V,0,(M) is a mixture
of Pt black(about 5000 A in diameter) and V,O,
particles(about 2000 A in diameter). The V,O; in
Pt black-V,0;(M) is composed of about 500 layers
of V,0; lamellae.

Mechanism of the Oxidation of CO with the Oxygen
of V05 in Pt Black-V,04(M). From the ex-
perimental results shown in Table 1 and in Figs. 7
and 8, the mechanism of the oxidation of CO with
the oxygen of V,0; in Pt black-V,0;(M) shown
in Fig. 11(a) can be proposed. According to this
mechanism, the oxygen of V,0; at the Pt-V,0; in-
terface is activated by contact with Pt; this is a new
type of active site and will hereafter be denoted by
[Pt---O---V]. Also, the oxidation of CO with the
oxygen of Pt black-V,0,(M) proceeds according to
the following two steps. Step I is the reaction of
a gaseous CO with the active oxygen at the Pt-V,0Oq
interface, [Pt---O---V], to form CO, and a reduced
site, [Pt V]. Step II is the oxidation of the re-
duced site, [Pt V], with the bulk oxygen in V,O,
to reproduce [Pt---O---V]. The validity of this mech-
anism can be proved as follows.

Kinetics: Since Step I is the reaction of a gaseous
CO with the activated surface oxygen, its rate will
increase with the increase in the concentration of
CO. Since a gaseous CO does not participate in
Step II, on the other hand, the rate of Step II will
be independent of Cy,. Therefore, the rate of Step
I relative to Step II would decrease with a decrease
in Gy In other words, Step I becomes the rate-
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Fig. 11. Mechanism of the CO-O, reaction on Pt-
V,0; mixed catalysts.
(a): Mechanism of the oxidation of CO with the
oxygen of V,0; in the Pt black-V,0;(M) catalyst,
(b): mechanism of the oxidation of CO with a gaseous
O, caused by the synergistic effect between Pt and
V.05 [AQc]-

determining step when Cy, is low. On the other
hand, when Cy, is high, Step II becomes the rate-
determining step. This is in accordance with the
observed kinetics shown in Fig. 8, because the rate
is of the first order with respect to Cy, when Cg is
low, while it is of the zeroth order when Cg, is high.

Activation Energies: Judging from the above-men-
tioned discussion on the kinetics of the reaction, E;
and E, can be regarded as the activation energies
of Steps I and II respectively. Since a precious metal
plays an important role in Step I of the mechanism
shown in Fig. 11(a), E; should vary depending on
the kind of precious metal used. Step II is the mi-
gration of the bulk oxygen atom of a metal oxide
to its surface, followed by the interaction of the surface
oxygen atom with Pt. Since the adsorption of an
atomic oxygen on the Pt surface is considered to be
a non-activated process, the migration of the bulk
oxygen to the surface may limit the rate of Step II.
This leads to the value of E,, which should be inde-
pendent of the kind of precious metal, but which
should change with the kind of metal oxide. This
inference is in accordance with the experimental re-
sults shown in Table 1.

Boundary between Rl and RO: According to the mech-
anism shown in Fig. 11(a), the boundary between
R1 and RO is determined by the rate of Step I relative
to Step II. Judging from the structure of Pt black-
V,0;(M), the number of [Pt---O---V] sites can be
expected to increase in proportion to the content
of the Pt black. This leads to the increase in the
rate of Step I in proportion to the content of the Pt
black in the catalyst. Since the quantity of oxygen
atoms consumed for the reaction in the RO region
was much larger than the amount of the surface oxygen
atoms of V,0,;,%) the rate in the RO region may refer
to the rate of the diffusion of oxygen in the bulk of
V,0; particles, but not to the rate of the diffusion
of the subsurface oxygen atoms to the reduced active
site, [Pt V]. This means that the rate of Step
IT is less sensitive to the increase in the content of
Pt black than the rate of Step I, suggesting that the
rate of Step I relative to Step II increases with an
increase in the content of the Pt black in the catalyst.
The boundary between R1 and RO for 5wt?% Pt
black—V,05(M) is thus considered to be located at
a Cgo point lower than the Cy, for 1 wt9, Pt black—
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V,0;(M). This is in accordance with the experi-
mental results shown in Fig. 8.

The above discussion indicates that all of the ex-
perimental data shown in Table 1 and Figs. 7 and
8 can reasonably be understood in terms of the mech-
anism shown in Fig. 11(a). In order to establish
the validity of the mechanism, however, a discussion
of possible alternative mechanisms is indispensable.

AM-1: CO is activated on the Pt surface, mi-
grates onto V,0Oy, and reacts with the oxygen of V,0;
to form CO,.30

CO is not dissociatively, but molecularly, adsorbed
on the Pt surface3—3) under the present experimental
conditions. V,Oj; is not active for the reaction with
a molecular CO; CO is scarcely oxidized by the oxy-
gen of V,0;, even at a temperature as high as 773
K. These data indicate that AM-1 does not play
an important role in the oxidation of CO with Pt
black-V,0,(M).

AM-2: The oxygen of V,0; migrates onto the
surface of Pt and reacts with CO to form CO,.

The reaction of CO with an adsorbed oxygen atom
on Pt proceeds so rapidly that the activation energy
for this process is low.%11,35) and every 10 collisions
of CO molecules with the oxygen atom adsorbed
on Pt lead to the formation of one CO, molecule,
even at room temperature.?) This is not consistent
with the observed activation energy shown in Table
1.

AM-3: The CO adsorbed on the Pt surface reacts
with the oxygen of V,0; at the Pt-V,0O; interface;
therefore, the Rco,—Cco curves are determined by the
coverage of CO on the Pt surface.

The amount of CO adsorbed on Pt decreases with
an increase in the temperature.3-3% If the boundary
between R1 and RO is determined by the coverage
of the adsorbed CO, then it should move to a higher
Coo value as the temperature increases. However,
this is not consistent with the experimental results
shown in Fig. 8.

Mechanism of the Oxidation of CO on the Pt-V,0,/Al,0,
Catalyst. As has been mentioned above, the
amount of CO, molecules produced by the CO-O,
reaction on the Pt-V,0,/Al,O, catalyst is determined
by following three factors: Q4(Pt), AQ4, and Q.
(Pt=V). The mechanisms of the reactions responsible
for the individual factors will be discussed below.3%)

The CO-0, Reaction on the Pt Surface[Q (Pt)]: The
mechanism of the GO-O, reaction on the Pt surface
has already been investigated extensively.?-11,13,37)
According to the mechanism, the CO adsorbed on Pt
retards the CO-O, reaction at low temperatures.®:10,38-41)
In accordance with this mechanism, the observed rate
of the CO-O, reaction on the Pt/AL,O, catalyst
decreases markedly with an increase in the CO/O,
ratio at low temperatures, especially at 423 K (Fig.
3). The concentration profile of CO, produced by
the CO-0O, reaction on Pt/Al,O, shows that the rate
of CO, formation decreases significantly with the time
[Fig. 5(a)]. This phenomenon may be interpreted in
terms of the proposed mechanism of the CO-O, reac-
tion on the Pt surface as follows; as the time in-
creases, the coverage of CO on the Pt surface in-
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creases, which then leads to the decrease in the rate
of the reaction with an increase in the time.

The Oxidation of CO with the Oxygen of V,0y Promoted
by Pt [Qy(Pt-V)]: Since the electronic state of V,Oj5
supported on ALO, is almost the same as that of the
unsupported V,QOy, the mechanism shown in Fig. 11(a)
can be applied to the reaction of CO with the oxygen
of V,0; in the Pt-V,0;/Al,O; catalyst. Although
the kinetics for Pt-V,0;/AL,O, is different from that
for Pt black-V,05(M), this difference can be ex-
plained in terms of the structures of Pt-V,0;/ALO;
and Pt black-V,0O,(M) as follows. As is shown in
Fig. 10, both Pt and V,0; for Pt-V,0,/ALLO, are
much better dispersed than those for Pt black—V,Os-
(M). The number of the active sites, [Pt---O---V],
for Pt-V,0;/ALO, is thus considered to be greater
than that for Pt black-V,05;(M). This in turn leads
to a rate of Step I for Pt-V,0;/ALLO, which is faster
than that for Pt black-V,O0;(M). On the other hand,
the amount of V,0;, which can supply oxygen atoms
to the active site, is limited for Pt-V,0,/Al,0;, because
the V,0; on AlLO; is highly dispersed. This is the
reason the rate of CO, formation decreases markedly
with the time for Pt-V,0;/Al,0, [Fig. 5(c)] and
why the R1 region does not appear in the Rco,~Cco
curves for Pt~V,0;/ALO, (Fig. 6). The 4, for Pt-
V,0,/AL,0; is larger than the 4, for Pt black—V,0;(M)
(Table 1). This may also be due to the high dis-
persion of Pt and V,0; on AlL,O; in Pt-V,0,/Al,Os.
The E, for Pt-V,0;/Al,0; is a little lower than the
E, for Pt black-V,04;(M); this difference may be
ascribable to the lack of a supply of the bulk oxygen
in V,0; at high temperatures for Pt-V,0;/Al,O,.
Although the results for Pt-V,0;/Al,O5 can well be
understood on the basis of the mechanism shown in
Fig. 11(a), a discussion of a following alternative
mechanism is indispensable:

AM-4: The oxygen of V,0O, migrates to the Pt
surface through Al,O; and reacts with CO on Pt.

As for Pt/Al,0,~V,0;(M), Pt is considered to be
separated from V,0; by ALO; and CO is not oxi-
dized with the oxygen of this catalyst. Therefore,
AM-4 is not important in the reaction on Pt-V,0;/
AlL,O,.

The Oxidation of CO with a Gaseous Oy Caused by the
Synergistic Effect between Pt and V,0;[AQ z]: According
to the mechanism of the reaction of CO with the
oxygen of V,0; in the Pt black-V,0;(M) and Pt-
V,0;/AL,0; catalysts shown in Fig. 11(a), [Pt V]
is formed by the reaction of CO with the [Pt---O---V]
site. If a gaseous O, is present in the system,
[Pt V] can be expected to be oxidized by the
gaseous O, to reproduce the [Pt---O---V] site, which
may in turn increase the rate of the oxidation of CO
with a gaseous O, on Pt-V,0,/Al,O; more than that
on Pt/Al,O,. This means that AQ 4 can be explained
in terms of the mechanism of the CO-O, reaction
shown in Fig. 11(b). This mechanism is similar to
the mechanism of the oxidation of CO with the oxygen
of V,0; shown in Fig. 11(a), but the reduced site,
[Pt V1, is reoxidized to [Pt---O---V] by a gaseous
O,, not by the bulk oxygen in V,0;. As is evident
from the mechanism shown in Fig. 11(b), the reaction
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of CO with [Pt--O--V] is not retarded by the ad-
sorbed CO, behavior which is different from the be-
havior in the CO-0O, reaction on the Pt surface. This
explains why AQ 4 mainly contributes to the reaction
in the “rich” region at low temperatures (Fig. 9).
In the practical three-way catalyst system, the fluc-
tuation in the air/fuel ratio takes place rapidly with
a frequency of 1—10 Hz;%%43) therefore a part of
the CO adsorbed on Pt on the ‘“‘rich” side may still
remain on Pt even on the “lean” side. This suggests
that the CO-O, reaction on Pt, [Q 4(Pt)], is retarded
by the CO remaining on Pt under practical three-
way catalyst conditions. Since the reaction of CO
at the [Pt--O-V] site, [Q(Pt-V) and AQ,], is
not retarded by CO remaining on Pt, it may play
an important role under certain conditions.

Synergistic Effect between Pt and V,0; in the CO-0,
Reaction as Compared with That in the NO~H, Reaction.
The conversion of CO in the CO-O, reaction on
the Pt/ALO; catalyst in the “rich” region has been
markedly enhanced by the addition of V,0; to Pt/
Al,O;. This effect of V,0O; has been found to be
brought about by the formation of a new type of active
site, [Pt--O---V], at the Pt-V,O; interface, which
plays an important role in the oxidation of CO with
the oxygen of V,0; and the enhanced oxidation of
CO with a gaseous O, on Pt/ALO; caused by the
addition of V,0; to Pt/Al,0,. The mechanism of
the action of V,0, in the oxidation of CO is much
different from that in the NO-H, reaction found
in the previous study.?¥ In the NO-H, reaction on
the Pt-V,0,/AL,O; catalyst, the selective reduction
of NO to N, or N,O in the “rich” region is brought
about by the “hydrogen spillover’’—the dissociation
of H, on Pt, followed by the spillover of the dissociated
hydrogen from Pt to AL,O,; and then to V,0Op and
the subsequent reduction of V,O, with the spilled-
over hydrogen. The synergistic effect between Pt and
V,0; in the NO-H, reaction can, therefore, appear
even if Pt and V,0; are separated from each other
by ALO,; this behavior is different from that in the
CO-0O, reaction. This means that the mechanism
of the action of a metal oxide added to a three-way
catalyst can change greatly depending on the kind
of reaction. Since the real three-way catalyst system
is composed of various types of reactions, the accu-
mulation of investigations such as the present one
can lead to the scientific development of a three-way
catalyst with a sufficiently broad ‘“window”. In ad-
dition, the activity of the Pt/Al,O, catalyst for the
oxidation of CO with the gaseous O, enhanced by
the addition of V,0; suggests the possibility that the
amount the precious metals used for the three-way
catalyst system can be saved by the addition of a
metal oxide to a three-way catalyst.
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