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Active Sites for the Oxidation of Carbon Monoxide on V,0s Catalysts
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Surface defects such as steps, kinks, or vacancies are active sites for the oxidation of CO on V,05 catalysts;
the activity of surface V=0 species located in the smooth (010) face is much lower than that of the surface

defects.

Surface V=0 species located in the (010) face of V,O; have
been considered to be active sites for various reactions
including the oxidation of hydrocarbons and the reaction of
NO with NH; in the presence of O,.!=% Although much re-
search has been done on the oxidation of CO on vanadium
oxide catalysts, the active site for this reaction has been a
subject of controversy.?:* This is partly because the 180-tracer
technique does not necessarily give decisive evidence, since
the oxygen of CO, can readily exchange with the lattice
oxygen of V,0;.%% In this study, the structure sensitivity of
this reaction and the relationship between the reaction rate
and the amount of V=0 species have been examined in order
to solve this problem.

A V,0,-FRESH catalyst was prepared by the thermal
decomposition of ammonium metavanadate at 773 K in
flowing O,. A V,0;-FUSED catalyst was prepared by fusing
the V,0;-FRESH catalyst at 1073 K for 18 h in air, followed
by gradual cooling to room temperature. A V,0,-REDOX
catalyst was prepared from the V,0,-FUSED catalyst by
reduction—oxidation treatment, i.e. reduction in flowing H,
at 673 K for 1 h followed by reoxidation in flowing O, (20%)
at 673 K for 1 h (this redox cycle was repeated 5 times). The
number of surface V=0 species on the catalyst was determined
using the rectangular pulse technique described previously.®
XPS spectra of the catalysts were measured on a Shimadzu
ESCA 750 electron spectrometer. Kinetic studies were carried
out using the flow technique with 7 = 613—743 K, [CO] =
4.5%, and [0,] = 0—75.2%,. L.r. spectra of the catalysts under
steady state conditions at various concentrations of O, were
measured on JASCO EDR-31 emissionless i.r. diffuse re-
flectance spectrometer using KBr as a diluent.”

Table 1. Rate and specific rate for the oxidation of CO on
vanadium oxide catalysts.*

Density
BET? of surface Specific
surface V=0¢/ Rate/ rate/pmol
Catalyst area/m?g=! pmolm=—2 umolg='s! m-2s-!
V.0;-FRESH 54 4.1 9.65 1.79
V,0;-FUSED 0.8 5.0 0.06 0.08
V,0,-REDOX 0.8 5.0 0.11 0.14

a Reaction condition: temperature, 673 K; concentration of CO,
4.5 mol9%,; concentration of O, 75.2 mol%,. * BET = Brunauer-
Emmett-Teller. ¢ This is defined as the number of surface V=0
species divided by the BET surface area.

Table 1 shows the rate and specific rate for the oxidation of
CO when an excess of oxygen was present, where the rate of
the reaction was zeroth order with respect to [O,], and where
the catalyst was confirmed to be in its highest oxidation state,
i.e. V3 Here, the specific rate is defined as the rate of CO
oxidation per unit surface area of the catalyst. The specific
rate for the V,0,-FUSED catalyst was ca. 20 times smaller
than that for the V,0,-FRESH catalyst (Table 1), indicating
that the specific activity of the V,O,-FRESH catalyst sig-
nificantly decreased on fusion. The specific rate, however, for
the V,0,-REDOX catalyst was ca. twice as large as that for
the V,0;-FUSED catalyst. A similar relationship was also
found to hold for the reaction at temperatures between 673
and 743 K.

Figure 1(a) shows the rate of oxidation of CO and the
amount of V=0 species in the catalyst at steady state at
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Figure 1. Reaction rate and amount of V=0 in the catalyst in the
steady state CO oxidation at various concentrations of O,. (a) The
V,05;-FRESH catalyst. T = 658 K; [CO] = 4.5 mol9%,. (b) The
V,0;-FUSED catalyst. 7 = 743 K; [CO] = 4.5mo0l%. The
amount of V=0 species in the catalyst was evaluated using the
Kubelka—Munk equation from the absorption peak at 1020 cm—*
assignable to the V=0 stretching vibration. O = reaction rate,
@ = amount of V=0.

various concentrations of O,. As shown, the rate increased
linearly with increasing [O,] up to 20 mol%,. Above this
concentration, it was almost constant. The steady state
amount of V=0 species in the V,0,-FRESH catalyst as
measured by i.r. spectroscopy, on the other hand, did not
change with [O,]; in other words, the V,0; catalyst was held
in the highest oxidation state, V5t irrespective of [O,].
Figure 1(b) shows the relationship for the V,0,-FUSED
catalyst. As may be seen, the amount of V=0 species and the
reaction rate changed similarly with [O,]. The reaction on the
V,0,-FUSED catalyst took place even after stoppage of the
gaseous O, supply, indicating participation of the bulk V=0
species in the oxidation of CO. However, reaction on the
V,0;-FRESH catalyst stopped almost immediately after the
stoppage of gaseous O, supply. These data indicate that the
V=0 species located in the smooth (010) face are active sites
for the reaction on the V,0;-FUSED catalyst, but not on the
V,0,-FRESH catalyst.

The specific activity of the V,0;-FRESH catalyst is much
higher than that of the V,0;-FUSED catalyst (Table 1). This
strengthens the conclusion that the V=0 species located in
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the smooth (010) face are not active sites for the oxidation on
the V,0,-FRESH catalyst. If they were, then the specific
activity of the catalyst should be almost the same as that on the
V,0,-FUSED catalyst, because the density of surface V=0
species on the V,0,-FRESH catalyst is almost the same as
that on the V,O;-FUSED catalyst (Table 1). Fusion of a solid
would generally lead to a smooth surface with a decreased
number of surface defects while severe redox treatment of a
solid with few surface defects would tend to increase their
number. No impurity peaks were observed in the XPS
spectrum of the V,0,-FRESH, V,0,-FUSED, or V,0;-
REDOX catalysts except for the C;; peak at 284.6eV. A
significant decrease in the specific rate for the V,0;-FRESH
on fusing and a marked increase in the specific rate for the
V,0;-FUSED on the redox treatment therefore leads us to
the conclusion that the active sites for the oxidation on the
V,0;-FRESH and V,0,-REDOX catalysts are located at the
surface defects (e.g. steps, kinks, or vacancies). In conclusion,
the active sites for the oxidation of CO are oxygen species
located at surface defects for the V,0,-FRESH and V,0;-
REDOX catalysts, but they are the surface V=0 species
located in the smooth (010) face for the V,0;,-FUSED catalyst;
the activity of the former is significantly higher than that of
the latter.
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