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The reaction between NO and CO at 325 K on silica-supported Ni has been studied using infrared
spectroscopy and a vacuum microbalance. Adsorbed NO [mainly as Ni(NQO),] reacts with CO to
form adsorbed isocyanate (-NCO) and gaseous CO,. Preadsorbed CO is displaced by excess NO
and no further reaction occurs but with a small dose of NO, CO is only partially displaced and
isocyanate and CO, are generated. Data indicate that the reaction is initiated by the direct
interaction of adsorbed CO and NO and that the rate of reaction is probably inhibited by strongly
adsorbed isocyanate. No definite mechanism can be devised but the apparent overalil reaction
stoichiometry after the reaction has gone to completion (5 hr) is

4(NO), + 3CO — (NCO), + 20, + 3N, + 2CO4(g)

where the subscript a indicates an adsorbed species and at least one step involves adsorbed CO.
During reaction a weakly held form of adsorbed CO is generated which has been attributed to an

(NCO),~«CO0), interaction on adjacent Ni sites.

INTRODUCTION

The transition metal catalyzed reaction
between NO and CO leading to the forma-
tion of adsorbed isocyanate species has
been extensively studied (/-8). In many
cases the reaction occurs to a significant
extent only if the temperature is in the 200-
400°C range, and there is considerable evi-
dence that if supported metal catalysts are
used, the adsorbed isocyanate species
sometimes is attached to the support rather
than the metal (6). Prior to our work, Ru
was the only metal which was found to
catalyze this reaction at ambient tempera-
tures and the isocyanate species is attached
to the metal rather than the support (2, 3).
In a brief early communication (8), and in
the paper preceding this one (/), we also
reported that a similar reaction occurs at
ambient temperatures over silica-supported
nickel. This paper is concerned with a more
detailed study of the reaction between NO
and CO on this catalyst using infrared spec-
troscopy and a vacuum microbalance.

! To whom all correspondence should be addressed.

EXPERIMENTAL

Experimental details are given in the
paper preceding this (/). Several different
catalyst samples were used in this work, all
prepared from the same Ni(NOy),-SiO,
mixture, and no differences were noted
from sample to sample; in one instance the
same catalyst was used for 3 years with
reproducible results.

Reactions were studied at 325 K for
reasons discussed in the preceding paper
(1). Our vacuum microbalance (Sartorius
model 4433) has a symmetrical two pan
arrangement and 130 mg of the same
Ni/SiQ, catalyst was placed on one side
with either tare weights or pure silica (no
differences) on the other side. Both quartz
pans could be heated up to 673 K for
sample regeneration or pyrolysis, and they
were kept at 325 K during NO/CO experi-
ments. The MS-10 mass spectrometer was
connected with about 1 m of pyrex tubing
to the reference side of the balance so that
“‘instantaneous’’ MS analyses were not
possible. A McLeod gage was used for
pressure measurements in the 0.01 to 1.0
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Torr range. The volume of the total isolated
system was 2.355 liter. Weight changes
could be measured to an accuracy of 1 ug.

RESULTS
Spectroscopic Data

As reported in the preceding paper (/),
the infrared spectrum of a large dose of NO
(~192 umole/g of catalyst) adsorbed on
silica-supported nickel has anintense (~1.4—
1.6 absorbance) asymmetric band at 1864
cm~! which has been assigned to surface
Ni(NO), species. When excess CO was
subsequently added, this band slowly de-
creased in intensity over a S5-hr period
(where its intensity was halved) and new
bands appeared at 2201 and 2082 c¢cm™'
which have been attributed to adsorbed
isocyanate (NiNCO) and carbon monoxide,
respectively (see Fig. 3 of that paper). A
mass spectrometric (MS) analysis of the gas
phase after 5 hr showed that only CO, and
CO were present, and when C'®0 was used,
NiNC!'®0, adsorbed C'*0, and an exact
1:2:1 mixture of C'5Q,, C'*Q'®Q, and
C'#0, was detected. We now report further
details of this reaction.
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The intensity of the 1864 ¢cm™! band was
approximately halved (0.7-0.9 absorbance)
when 0.7-1 Torr of NO was added to the ir
cell (300 ml volume). After evacuation and
addition of 0.5-1.0 Torr of CO the intensity
of the 1864 cm™! band sharply decreased
and the same new bands at 2201 and 2082
cm™! appeared, but the latter was accompa-
nied by a shoulder of 2033 cm™'. [Spectra
for adsorbed “N'0 and '*C'%0 are shown
in Fig. 1. The 2033 cm™! band is at 1986
cm™! for 2C'®0 and the other shifts are as
noted in Table 1 of the preceding paper (/).
For conveniences we will continue to label
all bands by their '*C'¢Q/"*N'%Q position.]
After 5 hr reaction the 2201 band had
achieved its maximum intensity, which was
about 60% of that achieved using a satura-
tion dose, but the original 1864 cm~' band
had disappeared. During the course of
these changes, the 2082 c¢cm~' band first
increased in intensity and then decreased in
intensity (Fig. 1). Following evacuation,
only the 2082 cm™! band disappeared and
the shoulder at 2033 c¢cm™! appeared as a
distinct but weak band (Fig. 1F). MS anal-
ysis of the gas phase revealed that only CO,
and traces of CO were present, and when
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Fi1G. 1. (A) Infrared spectrum of adsorbed NO (~ half coverage) on Ni. Spectra after adding 0.5 Torr
of C'*0 to (A) after (B) 2 min, (C) 20 min, (D) 50 min, (E) 180 min. (F) Evacuation of C!'%0.
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C'®0 was used, traces of C'*0 and the
1:2:1 mixture of %0/'%0 labeled CO, was
detected after the reaction was completed.

For a similar small initial dose of NO but
with excess CO (5-10 Torr), the final inten-
sity at 2201 cm ™! was about the same as was
achieved using saturation dose of NO but
the intensity of the 2082 cm™! band (Fig. 2)
was about three times greater than that
shown in Fig. 1, and its intensity contin-
ually increased during reaction. (Curves
showing the intensity vs time profile will be
described later.) Under such conditions the
shoulder at 2033 cm™! was masked, but it
was observed (as in Fig. 1) if the CO was
evacuated briefly. Again, when C'*O was
used, only C'®*0 and 1:2:1 CO, was de-
tected after completion of the reaction.
This was always the case regardless of the
proportions of NO and C'*0 used. How-
ever, a different result was obtained if rapid
MS analyses were obtained.

The NO /C'0 Reaction

Mass spectra were usually obtained after
the reaction had proceeded for several
hours, after which the reaction cell was
removed from the ir spectrometer and it
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was attached to one of the mass spectrome-
ters. In some experiments, we introduced
C'®0 to the pretreated Ni/NO surface and
immediately attached the cell to the mass
spectrometer, but analysis could be carried
out only after about 10 min reaction time.
In this case, again an exact 1:2:1 mixture
of CO, isotopes was detected.

In a different experimental arrangement
the reaction cell was placed in the ir spec-
trometer and was connected to the vacuum
line via a liquid N, trap. Carbon monoxide—
%0 was added to the Ni/NO pretreated
sample and the reaction mixture was evacu-
ated after 40-60 sec reaction time. The
trapped reaction products were then iso-
lated, and analyzed on the MS. In all cases,
the mass 46 peak [C'%0!%0] was about 6-10
times more intense than the peaks at mass
44 and 48, the latter being of equal inten-
sity. This suggests that C'%0'®0 is the initial
reaction product and that the 1:2:1 mix-
ture simply arises from a subsequent fast
exchange.

This point was confirmed in separate
experiments using a 1:1 mixture of C!%Q,
(44) and C'0, (48). After 10 min contact
with a regenerated Ni sample, a 1:2:1

—
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Fi1G. 2. (A) Infrared spectrum of adsorbed NO (~ half coverage on Ni). Spectra after adding 10 Torr
of C'®0 to (A) after (B) 1 min, (C) 3 min, (D) 60 min, (E) 5 hr.
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mixture of CO, isotopes was detected, al-
though no infrared bands were observed in
the 4000-1350 cm~' range. The 1:2: 1 mix-
ture was also generated within 10 min if the
1:1 C*0O-C'®0, mixture was added (after
evacuation of the reactants) to a CO/NO
reacted catalyst regardless of whether the
isocyanate reaction had been under way for
a short time or had gone to completion.
Finally, we have verified that the 1: 1 mix-
ture of C'%0, and C'®*0, does not exchange
on Pyrex or on the silica support.

Adsorption of CO

When 5-10 Torr of CO was allowed to
react for 5 min with our silica-supported Ni
sample, then after evacuation only the well
known (9) bands due to linear and bridged
forms of absorbed CO were observed at
2033 and 1920 cm™!, respectively (see Fig.
3B for the 2033 cm™' band). The band
intensities did not change during evacua-
tion for 1 hr. Only if the CO contact time
was greater than 1 hr and if the initial CO

oo
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FiG. 3. (A) Spectrum of 5 Torr of CO adsorbed
preoxygen treated Ni. (B) Spectrum of CO adsorbed
on bare Ni. (C) Spectrum observed within 1 min of
adding 0.5 Torr of NO to (B); (D) 3 hr later.
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pressure was greater than 25 Torr were
traces of Ni(CO), detected, either by infra-
red (2057 cm™!) or MS analysis. [Ni(CO),
was not detected under our reaction condi-
tions during the NO/CO reaction.] Figure
3A shows the spectrum of CO (in the pres-
ence of 5 Torr of CO) adsorbed on a cata-
lyst which had been previously exposed to
excess O, for 5 min. The more intense band
is at 2082 cm™! and the weaker one is at
2123 cm™'. The low wavenumber shifts
with ®CO or C'0O of both bands were
identical to that of the 2082 cm~! which was
produced during the NO/CO reaction (see
Table 1 of the preceding paper), and these
shifts were similar to those of the 2033 cm™!
band.

Whereas the 2082 cm™! band disappeared
rapidly following evacuation in the case of
the NO/CO reaction, the bands at 2123 and
2082 cm™! required about 1 hr evacuation
before they disappeared when CO was ad-
sorbed on preoxidized Ni.

Adsorbed CO + NO(g)

When a large dose of NO was added to
preabsorbed CO on Ni the infrared bands of
adsorbed CO at 2033 and 1920 cm~! imme-
diately disappeared and a ‘‘saturation”
coverage band due to absorbed NO was
observed at 1864 cm™!. Simultaneously an
extremely weak band was observed near
2201 cm™! (0.01 absorbance) and only CO
plus traces of N, and N,O were detected in
the gas phase. No further changes occurred
after 3 hr except for the normal slow de-
crease in intensity at 1864 cm™' (/).

However, if a low dose of NO was
added, a weak band immediately appeared
at 1864 cm™! (0.4-0.5 absorbance), a new
peak band appeared at 2190 cm™!, the band
at 2033 cm™! decreased in intensity, and a
shoulder developed near 2082 c¢cm~' (Fig.
3C). After 3 hr the 1864 cm~! band had
disappeared, the new feature, now at 2201
cm™!, had intensified to a maximum value,
and the shoulder at 2082 had intensified
(Fig. 3D). Analysis of the gas after 3 hr
when C'*0 was used showed that an exact
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1:2:1 mixture of C'%0,, C'%0!®0, and
C'®0, was present, and that no C!'*O or
C'%0 was present.

Kinetic Data

The infrared cell has a large volume in
relation to the catalyst size and it was
impossible to measure the rate of change in
concentration of gaseous species with time.
However, it was possible to measure the
intensity (absorbance) of the 1864 and 2201
cm™! bands as a function of time. The
intensity at 2082 cm™! could also be mea-
sured but this band was overlapped by the
2033 cm™~! band. In these experiments, the
ir cell was fixed in the spectrometer, a
specific dose of NO was added, excess was
evacuated, and timing began when CO was
added. Approximately 5-10 Torr of CO was
used, about a 10 to 20-fold excess, so that
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FIG. 4. Intensity vs time curves (NO/CO reaction)
for adsorbed NO (1864 cm™") and isocyanate (2201
cm™Y and for the 2082 cm™! band due to adsorbed CO.
The solid and dashed curves are for moderate and near
saturation initial NO coverage, respectively. Time
zero refers to the introduction of CO into the ir cell,
and the solid curve for (NO), from —10 to 0 time
shows the normal slow decay in the absence of CO.
The absorbance values for (NO), are real instrumental
readings and the ‘‘zero’’ or background absorbance at
1864 cm™! is indicated at the left.
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FiG. 5. Intensity vs time curves (NO/CO reaction)
for (A) low and (B) intermediate coverage of NO. The
absorbance values for (NO), are real instrumental
readings, and the ‘‘zero’’ or background absorbance at
1864 cm™! is indicated at the left.

the CO pressure was effectively constant
during the course of the reaction. Some
typical curves showing the absorbance at
1864 (NO), 2082 (CO), and 2201 (NCO)
cm™! for varying initial absorbance at 1864
(i.e., for varying initial coverage of NO) are
shown in Figs. 4 and 5. For moderate initial
NO coverage (0.5-1 absorbance) we could
accurately follow the decay in the 1864
cm~! band during reaction and we have also
plotted the sum of the absorbances of the
bands at 2201 cm™' (NCO) and 1864 cm™!
(NO). For large initial NO coverage (1.4-
1.6 absorbance) the intensity at 1864 cm™!
could not be accurately measured since our
spectrometer operates only in the transmit-
tance mode and we used logarithmetic (ab-
sorbance) chart paper. Further, even after 5
hr reaction when NCO formation had



THE REACTION OF NO AND CO ON NICKEL

ceased, the peak absorbance at 1864 was
still about 0.8-0.9 (see Fig. 3 of the preced-
ing paper). Several general features of these
curves are to be noted:

(1) Although the 1864 cm~' slowly de-
creases in intensity in the absence of CO
[see Fig. 2 of the preceding paper, and the
solid curve for NO in the present Fig. 4
before CO is added] upon introduction of
CO there is a very large increase in the rate
of disappearance of this band.

(2) The initial extent of disappearance of
adsorbed NO exceeded the extent of forma-
tion of adsorbed NCO, but after about 10—
15 min the sum of the absorbances was
linear, indicating a correlation between the
rates of these two processes. That the sum
curve was also nearly horizontal is a coinci-
dence and has no significance without
knowledge of the extinction coefficients. As
far as could be determined, even for a very
large initial coverage of NO, the sum of the
absorbances of these bands was also con-
stant (1.2-1.4 depending on conditions) to
within +0.04 during the period 15 min-5 hr
reaction time,

(3) The initial rate of growth of the 2082
cm~! band, and its maximum intensity, was
larger when the initial coverage with NO
was lower, and in most cases the rate of
growth of this band decreased more rapidly
than that of NCO formation.

(4 For low to moderate initial coverage
with NO [up to about 0.75 of maximum as
judged by the maximum attainable absorb-
ance at 1864 cm™'] the 1864 cm~! band
eventually disappeared, but for higher cov-
erage (~0.90) the intensity was approxi-
mately halved for 5 hr when the reaction
ceased.

It is apparent from the curves shown in
Figs. 4 and S5 that at least after 10 min
reaction there is a correlation between the
rate of disappearance of adsorbed NO
(1864) and the rate of formation of isocya-
nate (2201). We further found (after 10 min)
that the rate of formation of NCO could be
reasonably well fitted to either of the fol-
lowing rate equations;
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(A) rate = k,[NO]?
_ . INOJ]
(B) rate = k, INCO]

where [NO] and [NCO] represent the peak
absorbances at 1864 and 2201 cm™!, respec-
tively, and %, is an apparent rate constant,
However, we believe that this kinetic anal-
ysis is misleading because the reaction rate
is very temperature dependent insofar as
the heat generated by the ir source acceler-
ates the rate where it strikes the sample.
This is, the sample (which is black) is not at
a truly uniform temperature, supposed to
be about 325 K, and small variations in
relative peak heights (6-8%) were observed
if the cell position was moved during the
course of reaction. The variations indicated
that the rate was slightly slower on the
‘“‘cooler’’ portions of the catalyst. Nonethe-
less, in numerous kinetic experiments using
the same spectrometer (which has a low
current Nernst source with a presample
chopper) our results were very reproduc-
ible.

Finally, although we always used an ex-
cess of CO (P = 5-10 Torr), we did verify
that the rate appeared to be independent of
CO pressure in separate experiments where
this was varied from 2 to 400 Torr.

Microbalance Experiments

For reasons stated earlier, both the sam-
ple and reference pans of the balance were
heated to 325 = 3 K in order to duplicate
the temperature which pertained in the in-
frared experiments. A saturation dose of
NO produced a weight increase of about
750 ug (1) and in most NO/CO experiments
we added a dose of NO which would pro-
duce a weight increase in the 400-600 ug
range since the ir experiments indicated
that, under these conditions, the 1864 cm™!
band due to Ni(NO), would have disap-
peared after 5 hr reaction with excess CO.
For measurement of the quantity of CO,
produced during a reaction between pread-
sorbed NO and excess CO, the mixture was
slowly pumped through a glass bead packed
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liquid N, trap and the trapped CO, was
expanded into a known volume for P mea-
surement. Independent experiments with
known CO/CO, mixtures showed that our
trap was 100% efficient. The sample was
then heated in vacuum for 1 hr at 400°C
after evacuation of the CO/CO, mixture,
and the gas phase was analyzed by MS, the
total pressure was measured, and the final
weight (at the original reaction temperature
under vacuum) was recorded.

The results can be summarized as fol-
lows:

(1) The sample weight during reaction
increased by 2-6% relative to the weight, in
vacuum, of adsorbed NO.

(2) The weight after evacuation of excess
CO plus reaction products was 3-5% lower
than the weight, in vacuum, of the initially
adsorbed NO.

(3) The ratio of the number of moles of
NO adsorbed toc CO, produced during reac-
tion was 2.0 = 0.2.

(4) After pyrolysis, only N,and CO, were
detected in the gas phase and the mole ratio
N,/CO, was 2.0 = 0.3. The mole ratio of N,
+ CO, after pyrolysis to NO adsorbed was
0.6 = 0.15.

(5) The weight of the catalyst after pyro-
lysis (in vacuum at the original reaction
temperature) was between 12 and 18% of
the weight of the originally adsorbed NO.

Some experiments were also carried out
using the ir cell where a measured dose of
NO was allowed to react completely with
the Ni/SiO, sample. The reaction was al-
lowed to proceed with the sample in the
furnace region of the cell at 325 K. After
reaction, the infrared spectra were identical
to those described earlier (for similar doses
of NO) and the data obtained under 3 and 4
above were identical, including the spread.
Further, after pyrolysis at 400°C, all infra-
red bands disappeared.

Finally, when a very low dose of NO
(~100 ug) was used in the balance, the
sample weight immediately increased to
about 200 ug when CO was added. The
weight remained constant over a 5-hr per-

MORROW, SONT, AND ST. ONGE

iod, even after the CO was evacuated.
Infrared experiments carried out under sim-
ilar conditions revealed that a near maxi-
mum coverage of NiCO (2033 cm™) re-
sulted, and we assume that the approximate
100 ug increase above is also due to ad-
sorbed CO.

DISCUSSION

As described in the preceding paper (/),
the reaction between CO and adsorbed NO
on Ni produces adsorbed isocyanate and
gaseous CO,. Without regard to the nature
of adsorbed NO [i.e., Ni(NO),], we origi-
nally thought that the overall reaction stoi-
chiometry could be represented by the
equation

NiNO + 2CO(g) — NiNCO + CO4g) (I

This is consistent with the data obtained
from the use of C'*0 where NiNC'*0 and
C%0130 are formed, and the latter subse-
quently exchanges to give the 1:2:1 mix-
ture of C'%0,, C'*0'*0 and C'#Q0,.

However, the intensity vs time curves
(Figs. 4 and 5) indicate that, in the early
stages of reaction, NO decomposition is
faster than NCO formation and the micro-
balance data are not consistent with
scheme (I) which predicts that the ratio of
NO adsorbed to CO, generated should be 1
and not, as measured, 2.0 = 0.2. Such a
reaction stoichiometry should also cause a
weight increase of 40% (NO = 30, NCO =
42) instead of a weight loss of 4%. Further,
it would be difficult to explain why the ratio
N, to CO, was 2.0 = 0.3 after pyrolysis.
Therefore, we will first discuss the results
in terms of a stoichiometry which fits the
data, and we will conclude with some
mechanistic comments.

Stoichiometry

In the following discussion we will indi-
cate an adsorbed species with the subscript
a so as not to imply any particular surface
configuration, e.g., NiNO as opposed to
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Ni(NO),. A plausible stoichiometry which
fits the quantitative data is

4NO), + 3CO — (NCO),
+ 3N, + 20, + 2COxg) 1D

This scheme predicts the following; (a)
(NO),/CO, = 2.0; (b) ratio of catalyst wt
after reaction to that before reaction =
116/120, a decrease of 3.3%; (c) after pyro-
lysis of the adsorbed species we assume the
following reaction

(NCO), + 3N,

+ 20, =5 2N, + CO, + 0, (III)
so that N,/CO, = 2.0, the ratio of N, + CO,
to (NO), is 0.75, and the catalyst weight
after pyrolysis is 16/120 or 13.3% of the
weight with the originally adsorbed NO.

Given the large scatter in the data con-
cerning the quantities of gaseous molecules
evolved in various steps, we do not believe
that scheme (II) has any mechanistic
significance, but that it represents a plausi-
ble average surface composition. We will
consider the nature of adsorbed NO and the
question of dissociation in more detail in
connection with the infrared results. Fur-
ther, the latter also showed that after evac-
uation of the reactants (the 2082 cm~! band
disappears) there was a residual very weak
band at 2033 cm~! due to NiCO, and this
will also make a small contribution to the
final weight of the catalyst.

The 2082 cm ™! Band

In the preceding paper (/) we argued that
NO alone dissociates on Ni, and we con-
cluded that surface oxide and nitride-like
species were formed. The infrared band
observed at 2082 cm~! during the NO/CO
reaction is at the same frequency as the
main band which was observed when CO
was adsorbed on oxygen treated Ni (Fig. 3)
and this could also be evidence for the
presence of surface oxide.

However, the following experiment illus-
trates that this assignment may be incor-
rect. A low dose (about 25% of saturation)
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of (NO), was allowed to dissociate for 3-4
hr until the 1864 c¢cm™ band had disap-
peared, and presumably only N, and O,
were present (/). After addition of CO, no
(NCO), was formed, and no band at 2082
cm™! was observed, although one was ob-
served at 2033 cm™!, characteristic of CO
adsorbed on bare Ni. Also recall that no
high wavenumber component at 2123 cm™!
was present during the NO/CO reaction as
opposed to CO adsorbed on oxidized Ni
(Fig. 3A) and that the 2082 c¢m~!' band
disappeared rapidly following evacuation of
CO (NO/CO reaction) whereas about 1 hr
evacuation was required to effect this for
CO on oxidized Ni. The above suggests
that the 2082 cm™' band may not be an
indication of the presence of surface oxide.

Although our argument is weak, but will
develop further when we consider the
mechanistic details, we believe that the
2082 cm™! band represents a weakly held
form of adsorbed CO which is adjacent to a
(NCO), site. Just as an electron withdraw-
ing oxide causes a high frequency shift in
W CO) (10, 11), this is equally possible with
adsorbed NCO. [The 2082 cm™~! band is not
likely due to (CO), perturbed by (NO),
since its intensity by and large continued to
increase as (NCO), was formed, even if
(NO), was entirely consumed.] The large
initial intensity at 2082 cm~! for low initial
NO coverage might be a reflection of the
larger number of vacant Ni atoms adjacent
to each (NCO), site, the reverse being the
case for high initial (NO), coverage. For
intermediate coverage, the bands at 2082
and 2201 cm™' grew in intensity more or
less in unison.

Preadsorbed CO

Excess gaseous NO completely dis-
placed preadsorbed CO (2033 ¢m~!) and
virtually no (NCO), was formed. With a
less than saturation dose of NO, the band at
2033 cm~! was reduced in intensity (Fig.
3C), a weak shoulder appeared at 2082
cm™!, and a weak band due to (NO), was
observed. Over a period of hours, both the
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2033 and 1864 cm™' band decreased in
intensity, a small quantity of (NCQO), was
formed (2201 c¢cm™"), and the 2082 cm™!
band intensified (Fig. 3D).

In a separate experiment, very small
doses of NO (~0.5 umole) were succes-
sively added (15 sec exposure followed by
evacuation) to preadsorbed CO (Fig. 6).
The intensity of the 2033 cm~! band steadily
decreased, eventually disappearing after 15
doses (Fig. 6F) and a weak band due to
(NCO), grew. During this sequence the
1864 cm~! band due to (NO), reached a final
absorbance of 0.5, If excess CO was again
added, the normal reaction proceeded
[(NO), —» (NCO),] as shown in Figs. 6G
and H, accompanied by the growth of the
usual band at 2082 cm~!.

Both experiments suggest that the initiat-

/4

4
2000

i
2200
cm

Fi1G. 6. Background spectrum (A) and spectrum of
adsorbed CO (B). Spectra after adding successive
(~0.5 umole) doses of NO; (C) first dose, (D) fifth
dose, (E) tenth dose, (F) fifteenth dose. Spectrum after
1 min (G) and 3 hr (H) of adding excess CO to (F).
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ing step in the reaction involves NiCO
(2033 cm™") plus (NO),. It further implies
that in the case of preadsorbed NO, some
sites capable of adsorbing CO are neces-
sary for the reaction to proceed.

In the latter connection, we note that the
disappearance of (NO), after adding CO
was never complete if a large dose of NO
was initially added. But by this technique
alone, we never achieved a ‘‘no reaction”’
situation. Even if we allowed 30 Torr of NO
to interact with the catalyst for 30 min prior
to evacuation and addition of CO, some
adsorbed CO appeared and the reaction to
form (NCO), proceeded, but of course, not
to completion. It may be that the slow
dissociation of NO alone will always mean
that some free sites are available for CO
adsorption. However, if we used the fol-
lowing sequence: adsorption of excess CO,
evacuation of CO, adsorption of excess NO
(which displaces CO), evacuation of NO,
and addition of excess CO, then no ad-
sorbed CO formed, although a very weak
(0.04 absorbance) band due to (NCO), was
observed. Evidently most sites for CO ad-
sorption were blocked. This additionally
shows that the initiation of the reaction
does not simply involve an encounter be-
tween gaseous CO with (NO),.

Mechanistic Considerations

In spite of a considerable accumulation
of data it is not possible to devise a mecha-
nism which will account for the stoichiome-
try in scheme (II). Part of the difficulty lies
in the fact that the slower (NO), dissocia-
tion is possibly occurring in parallel with
the (NCO), reaction, and that more than
one mechanism may be operative in the
first 10 min (see kinetic data). Therefore,
scheme (II) may simply represent the sum
of these processes. It is also unfortunate
that the kinetic data are not accurate
enough to allow us to distinguish between
the two plausible rate laws, and that the
spectroscopic data do not allow us to con-
clusively assign the 2082 cm~! band. How-
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ever, we can suggest a probable path for
isocyanate formation.

Although we were not able to determine
whether the initial rate of CO, evolution
followed the fast (NO), decomposition or
the slower (NCO), formation, some unique
features are apparent when we consider the
reaction between preoxidized Ni and CO.
The oxidation of CO on nickel oxide occurs
at an appreciable rate in the 150-250°C
range (12, 13) but we looked at this process
only at the temperature of the NO/CO
reaction, 325 K, and found the following:
(a) the quantity of CO, produced (~1-1.5
pmole), using excess CO, was about 10%
of that which was produced during the
NO/CO reaction, (b) when excess CO was
added to an O, saturated sample (40 umole
of 0 atoms) the weight immediately in-
creased by 70 ug (2.5 pumole of adsorbed
CO) and remained constant over S hr, and
(c) with '%0,/C'*0 or '%0,/C'®0 a random
(i.e., not 1:2:1) but equilibrated [i.e.
(C'%030)2/(C'%0»H(C'*0y) = 4.0] mixture of
isotopic CO, molecules and some C'%0 was
detected. Thus, CO removes very little O,
at 325 K.

By contrast, a much larger quantity of
CO, was generated in the NO/CO reaction
(10-12 wmole), with C'®0 this was only
C%0Q'%0 which subsequently rearranged to
give and exact 1:2: 1 mixture, no C!%0 was
detected, and only (NC'0), was formed.
This suggests that CO, formation follows a
very specific mechanism which does not
involve bulk O,.

At this point it is appropriate that we
comment on the results of earlier studies of
the NO/CO reaction on supported Ru
(2, 3). The spectra of adsorbed NO on Ru
differs from our spectra (/) in that there
were clear differences in the region of the
uNO) vibration (1900-1800 cm™!) which
could be correlated with the dissociation of
NO to yield a partially oxidized surface. At
no stage in this work did the band shape
(1864 cm™Y) change with time of exposure,
preoxidation of the catalyst, or during the
reaction with CO. Although we have sug-
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gested that dissociation does occur, evi-
dently new bands due to NO on partially
oxidized Ni are not observed.

In this context, Davydov and Bell (3)
suggested that (NCO), on Ru was formed
following the dissociation of NO after
which N, simply reacted with gaseous CO
to yield (NCO), [the intensity of the band
due to (NCO), depended on the CO pres-
sure]. But Brown and Gonzalez (2) sug-
gested that the primary step involved a
direct interaction between adsorbed CO
and NO because the addition of small doses
of NO to preadsorbed CO lead to (NCOQ),
formation, a result somewhat disputed by
Davydov and Bell (3).

This also occurred in our experiments
with preadsorbed CO on Ni where we also
suggest that (NCO), formation requires a
specific interaction between CO (2033
cm™!) and (NO),. We do not think (NCO),
formation simply involves the reaction

N, + (CO), — (NCO), v)

because (NCO), formation did not occur if
CO was added after (NO), had completely
dissociated. In the light of this information
we will now consider how NO and CO may
react.

In the absence of CO, the dissociation of
(NO), might involve the relatively slow
process

Ni + Ni(NO), 2% 2(NiNO)

— 2N, + 20, (V)

which consumes bare Ni sites. The 1864
cm™! band does not completely disappear in
the absence of CO, with moderate to high
initial coverage. Because the rate of de-
crease in the intensity of the 1864 cm™!
band is so rapid within seconds of introduc-
ing CO (Figs. 4 and 5), it is unlikely that the
process illustrated in (V) is simply acceler-
ated because new bare sites are created
after some O, reacts with CO or (CO), to
form gaseous CO,. {Also recall that the
quantity of CO, produced after reaction
with (NO), is far greater than when CO
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reacts with preoxidized Ni,] That is, we
believe that there must be a specific initial
reaction between (CO), and (NO),. [The
rate or extent of reaction does not depend
on the CO pressure.] It is not profitable to
speculate about the details of this mecha-
nism since many plausible roots to product
formation can be envisaged, and at least
two initial (CO),/(NO), interactions could
be visualized

o 0 o 0 ¢
!IZ—“N N’ or ¢ N /Q'
[N/ L AN
NN NiNi

@ ®

where (A) is similar to that suggested by
Brown and Gonzalez (2). We do not know
whether CO, or (NCO), formation occurs
first, but by a multitude of paths perhaps
now involving gas phase CO, it is conceiv-
able that CO, (C*0%0 if C"¥0 is used),
(NCO),, (N,), and (CO), (2082 cm™) could
be generated. In view of the overall stoi-
chiometry [scheme (IT)] it may be that the
second NO above simply dissociates into
N, on O, after (NCO), or COy(g) is formed.
That is, the apparent stoichiometry after 3—
S hr of reaction be the result of the normal
slow (NO), dissociation (scheme V) plus
the (NCO), reaction

2ANO), + 3CO(g or a)
— (NCO), + N, + 2COyg) (VD

Further speculation is unwarranted.

We have not considered the question of
mobility of adsorbed species. The dissocia-
tion of (NQ), [scheme (V)] possibly in-
volves some mobility of NO between Ni
sites and in view of the ease with which
adsorbed CO (which is responsible for the
2082 c¢cm~! band) can be desorbed upon
evacuation, this species may also be highly
mobile. However, the band due to (NCO),
does not change even following 24 hr evac-
uation and it may be that isocyanate is a
strongly adsorbed immobile species. Under
such circumstances (NCO), could act as a
poison in the NO/CO reaction and this
could explain why the time rate of growth
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curve for the (NCO), band at 200} cm™
approximately follows that to be expected
for an inhibited first order reaction. [The
curves for a second-order reaction and for
an inhibited first-order reaction are very
similar and we have acknowledged the in-
accuracy of our kinetic data.] Thus,
(NCO), may simply block potential sites for
the (NO), and (CO), interaction. That all
(NO), does not completely react with CO at
high initial NO coverage may be a reflection
of this poisoning effect and again illustrates
that adsorbed CO (and not gaseous CO) is
necessary for the reaction to proceed. It
can also be seen in Fig. 4 that the initial rate
of formation of (NCO), is greater for lower
initial coverage of NO, which is reasonable
since there are more Ni sites initially
present for the adsorption of CO.

Finally, although we have used the sym-
bol (NCQ), so as not to specify a particular
surface stoichiometry, the isocyanate is al-
most certainly attached to Ni and not to the
support, as has been found for the NO-CO
reaction over supported Pt(4-6, 14, 15)
where the YNCO) frequency is near 2300
cm™!, as is the case when isocyanate is
attached to various support materials in the
absence of a metal catalyst (6, /6). The
frequency is generally much lower (2150-
2220 cm™Y) for transition metal isocyanate
complexes (17), as it is in this work, and for
the supported ruthenium system (2, 3).

CONCLUSIONS

In spite of a considerable accumulation
of data it is unsatisfying not to be able to be
more definitive about a reaction mecha-
nism. Part of the difficulty lies in the uncer-
tainties associated with the Kkinetic data
(localized heating), a problem which would
be more severe with other modern infrared
spectrometers which emit much higher
levels of infrared energy. Further, with the
microbalance apparatus we were not able
to measure the rate of formation of CO, or
of the amount of CO consumed, problems
which will have to be overcome in future
studies. Finally, in spite of these technical
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problems, we still cannot differentiate be-
tween the (NCO), formation reaction and
the normal (NO), decomposition reaction
described in the preceding paper (/) in-
sofar as the ir experiments reveal details
of the isocyanate formation reaction but the
gravimetric data reflect the total surface
composition which may involve many proc-
esses.

We conclude with a brief summary of our
findings.

(1) Preadsorbed NO on Ni reacts with
CO to form CO, and adsorbed isocyanate
(NCO) at 325 K.

(2) Preadsorbed CO on Ni is displaced by
excess NO and no isocyanate is formed,
but with a small dose of NO, adsorbed CO
reacts to form isocyanate.

(3) When C'0 is used, only adsorbed
NC!*®0 is formed, but the initially desorbed
carbon dioxide is C'®0'0, and no CO
exchange occurs.

(4) The isocyanate reaction appears to be
initiated by a specific interaction between
adsorbed CO and adsorbed NO, but gas
phase CO may be involved in subsequent
steps.

(5) Different mechanisms may be opera-
tive at various stages of the reaction (in-
cluding normal NO decomposition in the
absence of CO) but after about 10 min
reaction time there was a correlation (not
necessarily 1:1) between NO decomposi-
tion and NCO formation.

(6) The apparent reaction stoichiometry
after completion of the reaction was

4NO), + 3CO — (NCO),
+ 3N, + 20, + 2CO(g)

where CO may represent adsorbed and gas
phase species.
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(7) Surface nitride from the decomposi-
tion of NO does not react with CO to form
NCO.

(8) The reaction does not go to comple-
tion for high initial coverage with (NO),,
possibly because the strongly adsorbed
NCO acts as a poison or inhibitor by block-
ing bare Ni sties.
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