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The interaction between NH; and O, at room temperature at the surface of MgO-CoO solid
solutions gives oxidized products. The detailed vibrational assignment of the main infrared bands
observed after the interaction demonstrates that the oxidized species are mainly constituted by NOy

and NOj groups adsorbed on the surface.

INTRODUCTION

The catalytic oxidation of NHj; is a chem-
ical reaction of considerable industrial im-
portance.

The reaction occurs on both metallic (Pt,
Rh, etc.) and oxidic systems (1-5). On sev-
eral oxides M,0, (Co3;04, MnO,, CuO,
Fe,0;, V,0s5) the oxygen activation is
thought to occur via the initial formation of
atomic negative oxygen ions bound to oxi-
dized forms of the cations. These negative
ions then react with NH; to form imide NH
species which are further oxidized into ni-
troxyl groups (6) and more highly oxidized
species.

It is consequently of considerable mecha-
nistic interest to investigate the reactivity
of anionic oxygen species toward NH; ad-
sorbed at the surface.

The interaction of NH; and O, with
MgO-CoO solid solutions has been previ-
ously reported in two separate contribu-
tions (7, 8). The relevant results of these
investigations can be summarized as fol-
lows.

Three forms of adsorbed NH; have been
observed:

(a) a very weakly adsorbed form (peaks
at 3307, 3217, ~1625, and 1015 cm1);

(b) a molecular (reversible) species coor-
dinated to Mg?* and Co’* ions (peaks at
3330, 3225, 1598, and 1040 cm™');
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(c) an irreversible species dissociated on
Mg2*(Co**)0?~ pairs (with formation of
NH, and OH™ groups).

Moreover, no appreciable difference was
observed between the adsorptive capacity
(toward NH3) of pure MgO (9) and co-di-
luted MgO-CoO solid solutions (7).

The previous results suggest that the
MgO matrix acts as ammonia activator via
both dissociative and nondissociative (co-
ordinative) chemisorption (9).

As far as oxygen adsorption on MgO and
MgO-CoO solid solutions is concerned (8),
the following can be observed. On pure
MgO the oxygen adsorption is negligible.
On solid solutions two types of adsorbed
oxygen have been observed:

(a) a reversible (molecular) species, char-
acterized by stretching frequencies in the
range 1250-1100 c¢cm™! having superoxo
Co** 05 structure (the observed multiplic-
ity of these specie is due to the surface het-
erogeneity) (8);

(b) an irreversible (atomic) species, de-
rived from dissociation of the oxygen mole-
cules on (Co* 0?7), aggregates emerging
on the surface.

A further irreversible species with O
structure has also been observed by ESR
by Cordischi et al. (10).

From these results it was deduced that
Co®* ions at the surface of solid solutions
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FiG. 1. IR spectrum of NH; adsorbed on a MgO-
Co0 solid solution (Pny, = 20 Torr) before (full line)
and after interaction with 0, (Po,= 10 Torr) (broken
line). The letter g indicates the bands of the gas phase.

can act as activators of the oxygen mole-
cule in strict analogy with homogeneous
Co?** complexes with similar structure (11).

As the chemisorption (activation) of NH;
and O; occurs plausibly on separate sites
(on the matrix and on implanted Co?* ions,
respectively), it is expected that their si-
multaneous chemisorption can occur with-
out mutual displacement and that their
chemical interaction can consequently oc-
cur via well-known adsorbed precursors.

From these considerations it is inferred
that solid solutions can be used as model
compounds to elucidate the interaction of
NH; and oxygen on oxidic compounds.

In this paper the O,-NH; interaction on
MgO-CoO solid solutions is investigated
and the structure of the surface species
formed by chemical reaction in the ad-
sorbed state has been elucidated by means
of IR spectroscopy.

EXPERIMENTAL

The IR spectra were recorded with a
Perkin—-Elmer PE 580 B spectrometer
equipped with a data station.

The MgO-CoO solid solutions contain-
ing 0.05 M fractions (MC 5) of CoO were
prepared following standard procedures
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(12). Before dosing O,, NH;, and O,/NH;
mixtures, the samples were outgassed at
1073 K for 3 h under high vacuum.

The specific surface area (BET) of MC 5
solid solution was typically in the range
100-150 m? g,

The 1602, 1802, M1\ID3, MNH3, and 15NH3
gases utilized in this investigation were of
high purity grade.

RESULTS

In Fig. 1 the IR spectra of NH; adsorbed
on a MgO-CoO solid solution (Png; = 20
Torr) before (full line) and after interaction
with 190, (Po, = 10 Torr) (broken line) are
illustrated.

It can be seen that:

(i) the peaks at 3307, 1557, and 1015 cm~!
disappear;

(ii) new peaks at 3740, 3680, 3580, 3400,
3060, 1435, 1319, 1226, 1168, and 1048 cm™!
are formed at the expense of the previous
ones, and these are due to NH;~0O, interac-
tion products formed at the surface of the
solid solution.

As shown in Fig. 2 (where the effect of
outgassing at room temperature is illus-
trated) some of the new species are very
strongly adsorbed (peaks at 3740, 3680,
1435, 1319, 1226, and 1048 cm™!) while
some others are at least partially desorbed
at room temperature simply by lowering the
equilibrium pressure (peaks at 3400, 1623,
1168, 968, and 933 cm™!). The narrow peaks
at 968 and 933 cm™!, which disappear very
soon upon outgassing, are due to gaseous
NH;.

From Fig. 2 it can also be seen that the
removal of NH; from the gas phase is ac-
companied by the attenuation of the broad
peaks at 3580 and 3060 cm~! and by the
contemporary increase of the narrow peak
at 3740 cm~!. The growth of the 3740-cm™!
peak could be due to the transformation of
hydrogen bonded OH--NH; groups into
free OH hydroxyls (13) by removal of NH;
(14). In order to demonstrate that NH; can
interact with the OH groups of the surface,
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F1G. 2. Effect of outgassing at room temperature for increasing time on the IR spectrum of adsorbed
NH,-0, mixture. The letter g indicates the bands of the gas phase.

the spectra of NH; adsorbed on highly de-
hydrated (Fig. 3a) and on fully hydroxyl-
ated MgO matrix (Fig. 3b) have been com-
pared (15). The following can be noticed:

(i) after NH; adsorption, two intense and
broad bands are observed at ~3600 and
3060 cm ™! in the spectrum of the hydroxyl-
ated sample (full line), which are very weak
on the highly dehydrated sample;

(ii) the desorption at room temperature
(broken curve) is accompanied by a de-
crease of the intensity of the 3600- and
3060-cm~! bands and by a strong increment
of the narrow 3740-cm™~! peak;

(iii) the spectrum in the region 3400-3200
cm™~! (unperturbed NH stretching) is differ-
ent in the two cases (the v(NH) bands are
definitely stronger on fully dehydroxylated
samples).

In order to help in the assignment of the
IR spectrum of the interaction products of
NH; and O, (with special emphasis for the

IR modes involving the hydrogen atoms)
the spectra of the *NH/'*0, and “ND;/!¢O,
interaction products are compared in Fig.
4. It can be observed immediately that the
peaks at 1435, 1319, 1226, and 1048 cm™'
are not influenced by the H-D substitution,
and hence they must be associated with
surface groups which contain only nitrogen
and oxygen atoms. The remaining peaks,
which on the contrary are more or less
shifted by deuteration, are associated with
hydrogen-containing species.

In the same figure, a correlation between
equivalent peaks of hydrogen- and deute-
rium-containing surface compounds is indi-
cated (together with their most likely as-
signment: vide infra).

The frequency of the bands associated
with the species not containing hydrogen is
expected to be influenced by the change of
the O and N masses.

In Fig. 5, the IR spectra (2000—800 cm )
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FiG. 3. (a) IR spectrum of NH; on MgO preoutgassed at 973 K; Pyy, = 90 Torr (full line) and
outgassed 1 min at room temperature (broken line). (b) IR spectrum of NH; on MgO preoutgassed at
473 K; Py, = 90 Torr (full line) and outgassed 1 min at room temperature (broken line).
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FiG. 4. IR spectra of “NH;-'%0, (full line) and “ND;-!¢0O, (broken line) interaction products.
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F1G. 5. IR spectra of “NH;-'%0, (full line), "NH;-'90, (dotted line), and “NH;-'%0, (broken line)

interaction products.

of the %Q,~“NH; (full line), %0,-NH;
(dotted line), and '80,—“NH; (broken line)
interaction products are compared.

The frequency values of the four peaks
associated with nitrogen- and oxygen-con-
taining N,O, species are listed in the first
column of Table 1.

In Fig. 6, the effect of oxygen exposure
at 500 K (full line) on the species formed
upon NH,/'%0, interaction at room tem-
perature (RT) is illustrated.

It can be seen that:

(i) the peak at 1204 cm™! totally disap-
pears;

(ii) three absorptions at 1430-1400, 1300—
1270, and 1048 cm~! grow simultaneously at
the expense of the previous one.

Finally, in Fig. 7, the RT NH; adsorption
on the fully oxidized sample is illustrated. It
can be seen immediately that the separation
between the two main peaks characteristic

of the fully oxidized samples decreases
with increase of the quantity of adsorbed
NH;. This effect is reversible: in fact, if
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Fi1G. 6. Effect of oxidation at 500 K. Broken line,
original spectrum (SNH;-190,); full line, after oxygen

contact at 500 K.
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F16. 7. IR spectrum of a fully oxidized sample before (broken line) and after NH; adsorption (Pnuy =
200 Torr) (full line). The letter g indicates the gas-phase bands.

NHj; is removed by reducing the gas pres-
sure, the separation between the two peaks
goes back to the original value.

DISCUSSION
The IR Spectrum of Adsorbed NH;

The spectrum of NH; adsorbed on the
MC 5 solid solution (Fig. 1) is very similar
to that of NH; adsorbed on pure MgO (9).
Both spectra have been explained in terms
of the presence of at least three surface spe-
cies.

One of them (species I: peaks at 3335,
3250, 1557, and 1102 cm™) is formed via a
dissociative process, following the scheme:

NH;
Me2*0?~ + NH; —> Me**OH-
Me = Mg,Co, (1)

whereby the involved ions are in a low-co-

ordination state and are probably located
on the edges, steps, and corners of the par-
ticles. The simultaneous formation of OH~
groups is well evidenced by the peaks at
3740, 3680, 3580, and 935 cm™! associated
with the stretching and bending modes of
the hydroxyls.

The other bands correspond to undissoci-
ated NH3, because they are readily attenu-
ated by lowering the gas pressure. They
have been assigned to NH; coordinated on
Me?* cations (species II: peaks at 3330,
3225, 1598, and 1040 cm~') and to NH; in a
liquid-like state (species III: 3307, 3217,
1625, and 1015 cm™).

The two shoulders at ~3405 and 3425
cm~! have been left unassigned on both
MgO and MgO-CoO solid solutions (7, 9).

In the dissociative path 1, OH~ and NH;
groups are formed in equal amounts.

Thus we have to consider the possibility
that NH; and OH™, once formed, can act
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as adsorbing centers toward incoming NH;
molecules, giving new molecular forms of
adsorbed NH; (so explaining the presence
of the shoulders at 3405 and 3425 cm™").

Indeed, the experiments illustrated in
Fig. 3 (concerning the interaction of NH;
with hydroxylated surfaces) demonstrate
well that ammonia interacts with OH
groups following the schemes

NH; + OH—- OH- . . . NH;
NH; + OH-—= H,NH. . .OH". (2)

In fact the broad peaks at 3580 and 3050
cm~! can be assigned to OH- . . . N and
NH . . . OH stretching modes, respec-
tively, for the following reasons:

(1) with respect to the unperturbed OH
and NH groups, the shifts caused by hydro-
gen bonding are ~200 and ~300 cm™!, re-
spectively (as expected for the formation
of hydrogen bonding of weak-medium
strength (13));

(i) the half-width of the 3580- and 3050-
cm™! peaks (~300 cm™') is also typical for
OH. . .NandNH. . . Ohydrogen bonds
of weak-medium intensity ( /3);

(i1i) both frequencies and shifts find prec-
edents in the literature concerning OH . . .
N and NH . . . O hydrogen bonding (13).

As reported in the literature, NH. . . N
hydrogen bonding can also occur (13). Con-
sequently the NH5 groups formed in the
initial dissociation step are expected to in-
teract with NH; following the scheme

NH; + NH; - HNH- . . . NH; (3)

and to give NH . . . N groups absorbing
roughly in the same region as the NH . . .
OH- groups (~3050 cm™1).

The Structure of Adsorbed Oxygen

The structure of adsorbed oxygen has al-
ready been discussed in Ref. (8). For the
sake of clarity we recall that reversible Oy
(superoxo) species are formed on the sur-
face of solid solutions following the
scheme:

Co?* + 0, 2 Co3*05. 4)
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The stretching frequency of the superoxo
species occurs in the range 1250-1000
cm~!, the exact figure being dependent
upon the location of the Co** ions on the
MgO surface.

O3 species located on the matrix have
also been detected by ESR (10). Finally,
evidence of dissociative chemisorption of
O, has also been obtained by reflectance
spectroscopy (12).

The Interaction of NH; and O, in the
Adsorbed State

By interaction of O, with adsorbed NH;
(or by adsorption of NH3/O, mixtures) the
following effects are observed:

(i) formation of N,O, species (character-
ized by stretching frequencies in the range
1450-1000 cm™") (Table 1);

(i) disappearance of the IR manifesta-
tions of the NH> groups;

(iii) extensive formation of hydroxyl
groups;

(iv) deep modification of the bands asso-
ciated with molecularly adsorbed NH;.

If the same experiment is carried out on
the pure matrix a similar, but much slower,
process occurs, leading to the destruction
of the NH; species and to the formation of
reduced quantities of hydroxyls and of oxi-
dized species.

A comparison between the two experi-
ments clearly reveals the role of Co?* ions
in favoring the surface oxidation of NH;.
As will be demonstrated in the next para-
graph, the oxidized species are mainly rep-
resented by NO; and NOs (i.e., x = 1 and
y =2or3).

Plausible reaction schemes for NH; con-
sumption are consequently

2NH; + 3Co**0; + 20 —

2NO; + 40H™ + 3Co** (5)
NH; + 2Co**0;, + 0~ >
NO; + 20H- + 2Co**, (6)

where NO; and NOj are formed in reac-
tions (5) and (6), respectively.
As far as the reaction with molecularly
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TABLE 1

Frequencies of IR Absorption Bands and Assignments

Experimental Assignment A7 (cm™Y)
frequency (cm™1)
Experimental From NO; and
NOj in matrix (10)
N, %0, 1435 HUN1603 (v3,)
1319 UN0; (v,); “N1O5 (v3p)
1226 UN160; (v,)
1048 UN10O5 (v))
N, 60, 1399 BN160; (v3,) 28.5 30.9
1298 BN1Q; (v,); PNO0;3 (vap) 21 22
1204 BN0; (v,) 22 25.5
1048 SN0 () 0 0.3
4N, 180, 1421 YN8B0 (v3,) 23.5 19.8
1286 UN1BO; (v,,); “N1BO; (v,) 33 34.1
1201 UNB0O; (v,) 25 26.2
987 UNBO; () 61 60.4

adsorbed NHj; is concerned, the following
reaction schemes are hypothesized:

2NH; + 3Co**0; + 40 —
2NO; + 60H~ + 3Co**

2NH; + 4Co**0; + 40 —
2NO; + 60H- + 4Co**. (8)

It is most noticeable that in reactions (5)-
(8), the Co?* ions act as an oxygen activator
through the formation of Co3*O; adducts.

Schemes (5)-(8) explain:

(i) the formation of NO; and NO;3 spe-
cies;

(i) the abundant formation of OH~™
groups covering a large fraction of the sur-
face;

(iii) the disappearance of the IR manifes-
tations of NH; weakly adsorbed on cations
(because after NH;-0, interaction, the sur-
face is largely covered by hydroxyl
groups);

(iv) the growth of the IR manifestations
of NH; adsorbed on OH~ groups (peak at
~3400 cm~!) and of the OH and NH groups
perturbed by hydrogen bonding (peaks at
3580 and 3050 cm™1).

Of course, if ND; is used instead of NH3,
OD~- and hydrogen-bonded ND; are

@)

formed, in agreement with the results of
Fig. 4.

The Structure of the N.O, Species

The structure is elucidated by comparing
the IR spectra of the interaction products
between “NH; and !°0,, between SNH;
and '°0,, and between “NHj; and 80, (Fig.
5).

The following procedure has
adopted for the assignment:

(a) First, we started with the hypothesis
that the four bands observed in the range
1450-1000 cm™! for the '“NH;-'¢0, mixture
(and not involving hydrogen atoms) are as-
sociated with the stretching modes of sur-
face N0, and MN!Oj3 species (Table
1). In the range 1450-1000 cm™! the NO;
and NOj groups are expected to show a
total number of two (v, and v) and three
(v3as V3v, and v,) modes, respectively (14,
16). Consequently, a mixture of NO; and
NOj should show five bands. The observa-
tion of only four bands is due to the coinci-
dence of v, (NO;7) and vy, (NO3) species.

(b) Second, we compared the spectra ob-
tained by PNH;-'60, and “NH;-130; inter-
action with those of 'N1Q;, INI6Q;,

been
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1NI80; | and “N0; in KBr matrix (in par-
ticular the isotopic shifts with respect to the
unmarked compounds are compared in Ta-
ble 1).

(c) The similarity between the experi-
mental shifts and those of NO; and NOj
trapped species (17) is very satisfactory.
Consequently (and finally) we considered
this result as a proof of the initial tentative
assignment,

Further proofs of this assignment can be
derived from the experiments illustrated in
Figs. 6 and 7.

The first experiment demonstrates that
the 1204-cm~! peak corresponds to an oxi-
dizable species (in agreement with the hy-
pothesized NOj structure) while the peaks
at 1430-1400, 1300-1270, and 1048 cm™!
correspond to a fully oxidized species (in
agreement with the hypothesized NOj
structure) because their intensity increases
upon oxidation.

The second experiment shows that the
1399- and 1298-cm~! peaks assigned to the
stretching modes of the NOj species move
with the quantity of coadsorbed NHj; in the
way expected for the equilibrium

+NH;
Me?*NO; =
—NH;
‘‘solvent-separated pair”’

Me?*||[NO35
‘““‘contact pair”’

In fact, in homogeneous conditions, the
frequency separation of the NO3 modes of
‘“‘contact pairs’’ is larger than that of ‘‘sol-
vent-separated pairs”’ (for NOj ions in real
D5, symmetry only one peak is expected
corresponding to a doubly degenerate
mode) (14, 16). The close behavior of the
vibrational properties of the NOj ion on the
surface and in solution proves definitely
that the bands at 1399 and 1298 cm™! be-
long to the NOj species: consequently
the whole group of hypotheses concerning
the oxidized species receives further sup-
port.

The presence of nitrites among the par-
tially oxidized species indicates that at
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room temperature the oxidation process is
not complete.

This consideration suggests that also less
oxidized species (for instance, NO~) should
perhaps be taken into account. The fre-
quency of NO™ in negatively charged nitro-
sylic compounds is normally in the range
1700-1500 cm™! (14). The NO~ frequency
in LitNO~ trapped in a cryogenic matrix
has been observed at 1353 cm™! (18). A spe-
cies absorbing at 1068 cm™~! has also been
found when NO is adsorbed on alkali
halides (19) and has been assigned to a NO~
structure.,

Following these literature data we expect
that a hypothetical NO~ species should
give a single peak in the broad interval
1700-1000 cm~'. The IR spectrum in the
range 1700-1000 cm~! does not clearly
show the presence of such a single uncou-
pled band: consequently the NO-, if
present, cannot be seen easily by IR (be-
cause its IR manifestations are obscured by
those of the NO; and NO3).

CONCLUSIONS

Cobalt ions emerging at the surface of
MgO-CoO solid solutions promote the
room temperature oxidation of NH; with
formation of NO, and NOj species. As
species in lower oxidation state were not
detected, we conclude that O; is a highly
active oxidizing species.

The vibrational assignment of the inter-
action products is given by comparing the
IR spectra of "“NHs:-'60,, “ND;-'90,,
I5NH;-160,, and "“NH;-'%0, interaction
products.
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