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Infrared studies of NO reduction by CO over Rh/SiO, give clear indication of the presence of
Rh—NCO species characterized by a band at 2170-2200 cm™!. The surface coverage by this
species is greatest under conditions where the NO partial pressure is low and the CO partial
pressure is high. The NCO Groups present on Rh are very unstable and decompose immediately
when the reduction of NO ceases. The in situ infrared spectra also show evidence for Si—NCO
groups characterized by bands at 2300 and 1460 cm™'. These species appear to be formed by
spillover of isocyanates from the rhodium microcrystallites onto the support. Once formed, the
Si—NCO groups are quite stable and are not readily decomposed.

INTRODUCTION

In the last few years, there has been
much discussion regarding the formation of
isocyanate species (NCO) during the reac-
tion of NO and CO over transition metal
catalysts (/—15). In an early infrared inves-
tigation, Unland (2—¢) studied the interac-
tion of NO and CO at 673 K over five alu-
mina-supported noble metal catalysts (Ru,
Pt, Pd, Ir, Rh). For all five, he observed the
formation of very intense and stable infra-
red bands at 2264 + 5 cm™!, which he as-
signed to isocyanate species bound to the
metal (M—NCQ). Weaker bands were also
observed in the region of 2150-2200 cm™!,
which were tentatively assigned to an an-
ionic isocyante species. More recent stud-
ies by Eley et al. (16), Morrow and Cody
(17), Gillet er al. (18), Dalla Betta and She-
lef (5), and Solymosi and Bansagi (//) have
clearly established that the intense bands
observed near 2265 cm™! following the high
temperature interaction of NO and CO on
alumina-supported catalysts are due to iso-
cyanate species bound to the alumina sup-
port and not the metal. Likewise, the in-
tense band observed near 2300 cm™!

! Present address: Department of Chemical Engi-
neering, Brigham Young University, Provo, Utah
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following similar interactions on silica-sup-
ported catalysts is due to an isocyanate
group attached to silica. This assignment is
in good agreement with the spectrum of
SI(NCO),, which exhibits a band at 2284
cm™! for assymetric streching vibrations of
the NCO group (19).

In other studies, the room temperature
interaction of NO and CO on silica-sup-
ported Ru and Ni (6-8) produced bands at
21802200 cm™!, which were assigned to
Ru—NCO and Ni—NCO species, respec-
tively. No bands at 2300 cm™! were seen.
Lorimer and Bell (13) obtained ir situ infra-
red spectra during the reduction of NO by
CO over a Pt/SiO, catalyst at 573 K. They
observed an intense, stable band at 2300
cm™! and a weak band at 2190 cm™'. They
assigned these to Si—NCO and Si—CN
species, respectively. Solymosi and
Sarkany (/2) in a recent study of the inter-
action of NO and CO with a Rh/Al,0; cata-
lyst observed a weak band at 2270 cm™! and
a very weak band at 2195 cm~!. These were
assigned to Al—NCO and tentatively to
Rh—NCO.

The results of two very recent studies
help identify the band observed at 2150-
2200 cm™! in many of the studies cited
above. Gorte ef al. (14) adsorbed HNCO
onto a Pt(110) surface and observed a band
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at 2160 cm™! using high resolution electron
energy loss spectroscopy (EELS). How-
ever, the species represented by this band
was very unstable, since most of it decom-
posed to nitrogen-containing surface frag-
ments and CO by 264 K during tempera-
ture-programmed desorption. Rasko and
Solymosi (15) studied the reaction of NO
and CO, as well as the adsorption of
HNCO, on unsupported Pt and observed a
weak band at 2180 cm™! in both cases. They
assigned this band to a Pt—NCO species
based partly on the results of isotopic label-
ing experiments. This band was again found
to be fairly unstable as it disappeared above
310-330 K in the absence of both NO and
CO (or HNCO) in the gas phase. Attempts
by Rasko and Solymosi to observe this
band on other unsupported noble metals,
including Rh, were unsuccessful.

In summary, there now seems to be good
agreement that infrared bands observed at
2265 and 2300 cm™!, resulting from the in-
teraction of NO and CO on alumina and
silica-supported catalysts, respectively, are
attributable to isocyanate groups attached
to the support. Similar agreement on the
assignment of an associated band at 2150-
2200 cm™! has not existed until lately. As
noted above, studies on unsupported Pt
suggest that this band can probably be as-
signed to an isocyanate species adsorbed
on the metal (M—NCO). Since this species
has been hard to observe, and since few of
the studies to date have been done under
reaction conditions, its chemistry is not
well understood. Likewise, little is known
about the relationship of isocyanate groups
present on the metal and those attached to
the support.

This paper reports on a study of the for-
mation of isocyanate groups on a Rh/SiO,
catalyst during the reduction of NO by CO.
In situ infrared spectra show clear evidence
for a Rh—NCO structure, as well as an
Si—NCO structure. The temporal behavior
of these species strongly suggest that NCO
groups are formed on the Rh surface and
then migrate onto the support. The ob-
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served dependence of NCO formation on
reaction conditions can be interpreted with
the aid of a simple mechanistic model.

EXPERIMENTAL

The experimental apparatus and proce-
dure are identical to those described in Ref.
(20). The reduction of NO by CO was car-
ried out in a reactor designed to permit in-
frared spectra to be taken of species ad-
sorbed on the catalyst. The reactor is
connected to a gas recirculation loop,
which is continuously supplied with fresh
reactants. Products are continuously with-
drawn from the loop and analyzed by gas
chromatography (21). Infrared spectra
were recorded using a Perkin—-Elmer 467
dual-beam spectrometer.

A 4.6% Rh/SiO, catalyst was prepared by
impregnation of Cab-O-Sil HS-5 with an
aqueous solution of RhCl;-3H,0. The
dried catalyst was calcined in air at 773 K
and reduced in flowing hydrogen at 673 K.
The rhodium dispersion, determined by H,
chemisorption, was 38%. A 30-mm-diame-
ter disk, weighing 0.125 g, was produced by
pressing the reduced catalyst.

At the start of each experiment, the cata-
lyst disk was reduced in the reactor in flow-
ing H, for at least 2 h at 573 K. Following
reduction, the reactants were fed to the re-
actor and analysis of the reaction products
was begun immediately.

RESULTS AND DISCUSSION

The infrared spectra observed under re-
action conditions were qualitatively differ-
ent depending upon the conversion of NO.
Spectrum A in Fig. 1 is representative of
the spectra observed for NO conversions
below 50%, and Spectrum B is representa-
tive of those observed at high NO conver-
sions. While all of the bands seen in Spec-
trum A also appear in Spectrum B, the
latter spectrum contains some additional
features, and the relative intensities of
those bands appearing in both spectra dif-
fer.

The bands at 2300 and 1460 cm™! can be
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Fi1G. 1. Infrared spectra observed at moderate and
high NO conversion. Feed composition: —Pyo® = 1.2
x 1072 atm, Pco® = 3.6 X 1072 atm; total pressure, 1.2
atm; gas flow rate, 200 STP cm’/min; Spectrum A, T =
500 K, xno = 0.50; Spectrum B, T = 504 K, xno = 0.90.

assigned to the asymmetric and symmetric
stretching vibrations of Si—NCO. As was
discussed in the Introduction, the high fre-
quency band has been observed in a num-
ber of previous studies concerning the in-
teraction of NO and CO over silica-
supported Group VIII metals (/-15),
and has also been observed when HNCO is
decomposed on silica (11, 16, 18). The in-
dependence of the reported band position
on the composition of the metal, and its
close agreement with the position of the
band produced by HNCO decomposition
on silica, indicate quite clearly that the
band at 2300 cm™! is due to isocyanate
groups present on the support. This assign-
ment is further confirmed by the fact that
the spectrum of the complex Si(NCO), ex-
hibits a strong band at 2284 cm™' (19). The
band at 1460 cm ™!, seen in Spectra A and B,
is also assigned to Si—INCO groups based
on the similarity of the position of this band
to that observed at 1482 cm™! for Si(NCO),
(19). 1t is noted further that the bands at
2300 and 1460 cm~! were found to undergo
a parallel growth, or diminishment, in in-
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tensity, strongly suggesting that both fea-
tures are attributable to a single species.
The results of this and previously pub-
lished studies strongly suggest that the
band at 2170-2190 cm™! observed in Fig. 1
is an isocyanate species adsorbed on the
surface of the rhodium. In a recent study by
Rasko and Solymosi (15) on unsupported
Pt, a weak band was observed at 2180 cm™!
not only during reaction of NO and CO, but
also upon adsorption of HNCO. Since no
support was present, the band was assigned
to Pt—NCO groups. Additional evidence
for this point is provided by the study of
Solymosi and Bansagi (/1) in which Pt/SiO,
and SiO, alone were treated with HNCO.
For Pt/SiO,, bands were seen at both 2313
and 2195 cm™!, but only a single band at
2313 cm™! was observed for SiO,.
Additional evidence for the association
of the band at 2170-2190 cm™' with an
M—NCO species can be developed by ref-
erence to the literature on transition-metal
complexes. A list of NCO stretching fre-
quencies for a number of Group VIII
metal-isocyanate complexes is given in Ta-
ble 1. These complexes all have isocyanate
stretching frequencies between 2170 and
2230 cm~!. It is also interesting to note that
the frequencies for negatively charged

TABLE 1

Vibrational Frequencies in Transition-Metal
Isocyanate Complexes

Complex YNCO Reference
(cm™)
[Fe(NCO),}~? 2182 (29, 30)
[Fe(NCO),]~ 2171, 2208 (29)
[Co(NCO),]? 2179, 2217 (29, 30)
[Ni(NCO),] 2 2186, 2237 29)
[PAINCO),} 2 2190-2200 (€7))
Pd(bipy)(NCO), 2195-2215s (32)
Pd(Ph;P)(NCO), 2212-2218s (32)
Pd(Ph;As),(NCO), 2200-2210s (32)
Pt(bipy)(NCO), 2215-2225s, 2240sh (32)
Pt(Ph;P),(NCO), 2200s, 2230sh 32
Pt(Ph;As),(NCO), 2175-2205s, 2222sh (32)
Rh(PPh;);(NCO) 2230br (33)
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NCO species are slightly lower than those
for neutral NCO species, and thus, more in
line with the band observed here. This sug-
gests that the present species might be
more correctly written as Rh—NCO?~,

The bands appearing between 2150 and
1600 cm™! are identical to those reported
previously by Hecker and Bell (20) and the
assignment of these features to specific
structures is discussed at length in their pa-
per. In brief, the bands at 2100 and 2040
cm™! are attributable to a rhodium dicar-
bonyl species, Rh(CO),. A small portion of
the 2040 cm™! can also be associated with a
linear carbonyl! of the form Rh—CO (22-
25). The band appearing at 1790-1810 ¢cm™!
is assigned to a Rh—NO structure, while
bands in the region between 1690 and 1630
are assigned to structures of the form
Rh—NO?". These assignments are based
on the similarity of the band positions to
those observed in rhodium nitrosyl com-
plexes (26—28) and are consistent with in-
terpretations given in other studies of NO
on supported Rh (26, 27).

The effect of temperature on the intensi-
ties of the Si—NCO (2300 cm™!) and the
Rh—NCO (2170-2190 cm™!) bands is illus-
trated in Fig. 1. Spectrum A in Fig. 2 repre-
sents the baseline obtained prior to expos-
ing the catalyst to NO and CO. Spectrum B
taken after 22 h of reaction at 483 K, and at
an NO conversion of 3%, shows small
bands for each of the species. Increasing
the temperature to 503 K causes an in-
crease in the NO conversion to 16%, but
produces no change in the intensity of the
three bands (Spectrum C). However, when
the temperature is increased further to 515
K, the NO conversion increases sharply to
86%, and both the Rh—NCO and
Si—NCO bands rapidly intensify (Spec-
trum D). The Rh—CO band also increases
substantially. After Spectrum D was re-
corded, the catalyst was maintained at 515
K for an additional 20 min, following which
Spectrum E was recorded. It is clear from
Spectrum E that the Si—NCO band grew
rapidly during this interval, ultimately
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Fi1G. 2. Growth of isocyanate bands with increasing
temperature. Feed composition—Pyo® = 1.2 X 1072
atm, Pco® = 4.8 X 1072 atm; total pressure — 1.2 atm;
gas flow rate, 200 STP cm*min. Spectrum A, back-
ground in helium at 483 K; Spectrum B, after 22 h of
reaction at 483 K, xno = 0.03; Spectrum C, after 0.4 h
of reaction at 503 K, xyo = 0.16; Spectrum D, after 0.2
h at 515 K, xyo = 0.86; Spectrum E, after 0.5 h at
reaction at 515 K, xno = 0.86; Spectrum F, after 0.1 h
in helium at 515 K.

reaching saturation intensity. The Rh—
NCO band became only slightly more
intense than before, and the Rh—CO band
decreased to approximately the same inten-
sity observed for this band at lower temper-
atures. After Spectrum E was recorded, the
reaction was stopped by turning off the NO
and CO feeds and purging the reactor with
pure He. Six minutes (5.0 reactor space
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times) after this change was made, Spec-
trum F was recorded. As can be seen, this
change had no effect on the Si—NCO band,
but caused the Rh—NCO band to disappear
completely. Meanwhile, the Rh—CO band
grew substantially larger. This increase was
transitory, though, since subsequent spec-
tra (not shown) indicated that the carbonyl
band decayed significantly over the next 30
min. The sudden increase in the carbonyl
band was probably due to the fact that the
feed contained excess CO, and thus, when
the feed to the recycle loop was discontin-
ued, the NO was reacted away quickly,
leaving an atmosphere of CO in helium over
the catalyst for a brief time.

Figure 3 shows spectra recorded during
NO reduction by CO over a fresh catalyst
wafer at increasingly longer periods of time

7177
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F1G. 3. Growth of isocyanate bands with time under
conditions of high NO conversion: Feed composi-
tion—Pyno® = 1.2 X 1072 atm, Pco® = 3.6 X 1072 atm;
total pressure, 1.2 atm; gas flow rate, 200 STP cm’/
min. Spectrum A, background in H, at 513 K; Spec-
trum B, after 17 min of reaction at 498 K, xxo = 0.85;
Spectrum C, after 40 min of reaction at 498 K, xxo =
0.75; Spectrum D, after 65 min of reaction at 504 K,
xno = 0.90; Spectrum E, after reduction of the catalyst
in H; at 523 K, following 165 min of reaction.
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under high NO conversion conditions.
Even though the catalyst temperature un-
der which the spectra were obtained varied
slightly from one spectrum to the next, the
NO conversions were fairly similar (ranging
from 75 to 90% for Spectra B-D). Conse-
quently, the changes observed are primar-
ily due to the time that the catalyst was
exposed to high conversion conditions.
Spectrum A is a baseline spectrum obtained
prior to initiation of reaction. Spectra B, C,
and D are spectra obtained after 17, 40, and
65 min, respectively, of reaction at high
conversion. Spectrum E was obtained in
flowing hydrogen after the reactants were
turned off, following 165 min of reaction
under high conversion conditions. Spectra
B-D indicate that the Rh—NCO band (2170
cm™!) becomes intense very rapidly and es-
sentially remains at the same high intensity
as long as NO reduction by CO occurs at a
high rate; however, as soon as the reactants
are turned off, the Rh—NCO band disap-
pears (Spectrum E). This instability of the
Rh—NCO band, also seen in Fig. 2, was
also observed when the flow of either NO
or CO was curtailed, An interesting obser-
vation was made after stopping the flow of
NO (but not CO) at the end of one run. As
the Rh—NCO band disappeared, a small
amount of N, was detected in the effluent
from the reactor. This suggests the occur-
rence of the following overall reaction,

2Rh—NCO — N, + 2CO + 2Rh

While the Rh—NCO band appears to
grow and achieve a constant magnitude al-
most instantaneously, the Si—NCO band
(2300 cm™") grows monotonically over the
165-min period represented in Fig. 3. Once
formed, the Si—NCO is quite stable and is
unaffected by displacement of the reactants
with flowing hydrogen. In addition to the
Rh—NCO and Si—NCO bands, Fig. 3
shows small CO bands at 2100 and 2040
cm™! (Spectra B-D). The intensity of these
bands changes very little over the time in
which Spectra B-D were obtained. When
the flow of reactants was stopped and re-
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placed with flowing hydrogen, the CO
bands disappeared (Spectrum E).

As noted earlier, the Si—NCO species
was found to be very stable. Treatments of
the catalyst at temperatures up to 603K
with several different gases (100% H,, 2%
NO, 2% 0,, 3% CO, and 3% H,0) all failed
to remove the Si—NCO bands. Only upon
introduction of air into the reactor at 298 K
did the Si—NCO bands eventually disap-
pear. Figure 4 shows that the elimination of
the Si—NCO species is a very slow process
requiring as much as 40 h. It is also interest-
ing to note that the attenuation of the
Si—NCO band at 2300 cm™! is accompa-
nied by the appearance, and subsequent
disappearance, of several new bands.
These features can be identified as follows.
The very weak band at 2170 cm™! is attrib-
uted to Rh—NCO, the large bands at 2000
and 1860 cm™! are due to carbonyl species
(22-25), and the very strong bands at 1690
and 1630 cm™! are due to nitrosyl species
(26-28).

The of the bands

intensities for
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F1G. 4. Spectral changes occurring during the de-
composition of Si—NCO species in air at 298 K.
Spectrum A, background; Spectrum B, after 5.5 h;
Spectrum C, after 40 h.
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Rh—NCO and Rh—NO?" varied inversely
in response to changes in the NO and CO
partial pressures, as shown in Figs. 5 and 6.
Figure 5 shows that with increasing NO
partial pressure, the absorbance of the
Rh—NCO band decreases and the absorb-
ance of the Rh—NO?" band increases. The
opposite trends are observed in Fig. 6 when
the partial pressure of CO is increased at a
constant NO partial pressure. These results
suggest that the surface coverages by
Rh—NO?~ and Rh—NCO are closely re-
lated.

The experiments reported here clearly
demonstrate that the rates of formation and
decomposition of Rh—NCO and Si—NCO
differ substantially. As shown in Fig. 3, the
intensity of the Rh—NCO band increases
rapidly to a steady state level while the in-
tensity of the Si—NCO band continues to
grow monotonically. The rate of growth of
the Si—NCO species appears to be related
to concentration of Rh—NCO species. The
spectra presented in Figs. 2 and 3 suggest
that when the flow of one or the other of the
reactants is terminated, the Rh—NCO band
rapidly disappears, while the band for the
Si—NCO structure remains. These pat-
terns suggest that isocyanate groups are
formed on the surface of Rh microcrystal-
lites and then spill over onto the support
where they become firmly attached to sili-
con atoms. With time, an increasingly
greater zone surrounding the microcrystal-
lites is covered by isocyanate groups. Ter-
mination of NO reduction leads to a rapid
decomposition of the Rh—NCO species,
thereby terminating the driving force for
further growth in the population of
Si—NCO. The proposed interpretation is
identical to that given by Lorimer and Bell
(13) to explain formation of Si—NCO
groups during the reduction of NO by CO
over silica-supported Pt.

The formation and destruction of
RH—NCO can be envisioned to involve the
following steps.

Rh—N + C

O 2 Rh—NCO
Rh—N + Rh—CO

Rh—NCO + Rh

=
=
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Several authors (3, 8, 10, 12) have sug-
gested that M—NCO groups are formed by
the reaction of either gaseous or adsorbed
CO with adsorbed nitrogen atoms produced
by dissociative chemisorption of NO. In an
effort to resolve the form of CO participat-
ing in the reaction, Davydov and Bell (8)
performed a series of experiments using a
Ru/SiO, catalyst. They found that
Ru—NCO was formed when gaseous CO
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Fic. 6. Dependence of the absorbances for
Rh—NCO and Rh—NO?" bands as a function of CO
partial pressure.

reacted with preadsorbed NO, but found no
evidence of Ru—NCO formation when gas-
eous NO reacted with preadsorbed CO.
These results led to the conclusion that gas-
eous CO is the preferred reactant for form-
ing M—NCO groups. The decomposition of
Pt—NCO groups present on a Pt(110) sur-
face has been reported by Gorte ef al. (14).
Their work shows that Pt—NCO decom-
poses to produce nitrogen-containing sur-
face fragments and CO. Similar chemistry
has been observed in this study. As noted
earlier, a small amount of N, was observed
during the decomposition of Rh—NCO.

The dependence of Rh—NCO band in-
tensity on the partial pressures of NO and
CO can be interpreted with the aid of the
reaction mechanism recently proposed by
Hecker and Bell (20) to explain the kinetics
of NO reduction by CO over Rh/SiO,. The
elementary steps involved in this mecha-
nism are listed below. Since the justifica-
tions for selecting these reactions have
been discussed previously at some length,
they will not be repeated here.

1. NO+S =NO,
2.CO0+S =Co,
3.NO,+S — N, + O,
4. NO, + N, > N,O + 28
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5. NO, + N,»>N; + 0, + S
6. CO, + O, — CO, + 25

If it is assumed that Rh—NCO is pro-
duced and consumed by

7. N, + CO 2 NCO,

and that the spillover of Rh—NCO to the
support does not significantly perturb the
equilibrium, then

Onco = KiPcobx o))

where Onco is the surface coverage by
Rh—NCO, 6y is the surface coverage by
Rh—N, K; is the equilibrium constant for
reaction 7, and P is the partial pressure of
CO. The coverage by adsorbed N atoms
can be expressed as

k36
oN_ 3Vv

= o + k) @

where 8, is the fraction of vacant sites and
k; is the rate coefficient for the ith elemen-
tary step. If reactions (1) and (2) are as-
sumed to be at equilibrium as suggested by
Hecker and Bell (20), and if it is assumed
that the principal species covering the Rh
surface are NO, CO, and NCO, then 8, can
be expressed as

0v = [1 + KlPNO + KzPCO
+ Koksf(ky + ks)Pcol™' (3)

Substitution of Eq. (3) into Eq. (2), and sub-
stitution of the result into Eq. (1) gives

fnco
_ Koks/(ky + ks)Pco
1 + K\Pno + [K;, + Koks/(ky + ks)1Pco

)

Before discussing the correspondence of
Eq. (4) to observation, it is desirable to de-
rive an expression for the dependence of
the surface coverage by NO on the partial
pressures of NO and CO. Continuing with
the assumption of equilibrium NO adsorp-
tion,

Ono = K 1Pnoby %)

HECKER AND BELL

Substitution of Eq. (3) and Eq. (5) gives

fno
_ KiPro
1 + KiPno + [Ks + Kaksl(ks + ks)]Pco

(6)

Equations (4) and (6) predict that fyo will
increase, and Oyco Will decrease, with in-
creasing NO partial pressure. The reverse
relationships are predicted for increasing
CO partial pressure. As can be seen by in-
spection of Figs. 5 and 6, the trends pre-
dicted by Egs. (4) and (6) are in good quali-
tative agreement with those observed
experimentally.

CONCLUSIONS

It has been shown that during the reduc-
tion of NO by CO over Rh/Si0,, an isocya-
nate group is formed on the surface of the
rhodium microcrystallites, The R—NCO
group is characterized by an infrared band
at 2170-2190 cm~!. The surface coverage of
Rh by Rh—NCO is strongly dependent on
reaction conditions and is greatest at low
NO and high CO partial pressures. The
coverage dependence of Rh—NCO, as well
as that for adsorbed NO, can be rational-
ized on the basis of a reaction mechanism
proposed to explain the reduction of NO.
The formation of Rh—NCO groups is be-
lieved to occur via the reaction of atomic-
ally adsorbed nitrogen with gaseous CO.
Under reaction conditions, the population
of Rh—NCO rapidly achieves a steady
state level. This population is readily de-
stroyed, though, upon cessation of NO re-
duction, presumably as a consequence of
the decomposition of Rh—NCO groups to
form N, and CO.

In situ infrared spectra also show evi-
dence of Si—NCO groups characterized by
a bands at 2300 and 1460 cm~'. These spe-
cies appear to be formed via the spillover of
isocyanate groups from the rhodium micro-
crystallites. Once formed, the Si—NCO
groups are quite stable and do not undergo
decomposition readily.
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