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The surface chemistry of 6-A1203, NiA1204, and CoA1204 has been investigated comparatively by 
FT-IR spectroscopy using adsorbed carbon monoxide and pyridine as probe molecules. The surface 
OHs of the inverse spinel NiAlzO 4 are very similar to those ofS-A1203 and other transitional aluminas 
while those of CoAI204 are different and resemble those of other normal spinels. Both carbon 
monoxide and pyridine adsorption provide evidence for the presence of tetrahedral A13+ ions 
exposed on the surface of the inverse spinel NiAI204. On the normal spinel CoAI204 octahedral 
A13 + ions predominate with respect to the tetrahedral ones, also present because of partial inversion. 
Ni 2+ and Co 2+ ions are also detected on the respective surfaces. Slight modifications to the literature 
criteria are suggested for the assignments of the IR bands to surface OHs and of adsorbed pyridine 
on aluminas. © 1991 Academic Press, Inc. 

INTRODUCTION 

Alumina is a polymorphic material that 
finds numerous applications in heteroge- 
neous catalysis and adsorption (1-3). The 
most stable form thermodynamically is the 
hexagonal phase corundum (~x-A1203) whose 
applications in catalysis are related to its 
surface inertness and its mechanical 
strength. Several metastable alumina forms 
are also known, most of which have a defec- 
tive spinel-type structure. These phases 
(called y, ~-, ~9, and 0) are characterized by 
different ordering of the cation vacancies 
arising from the defect with respect to the 
ideal spinel stoichiometry MA1204 (M, biva- 
lent cation). They are much more active 
than corundum as catalysts mainly due to 
their Lewis acidic properties, related to the 
presence only on these phases of tetra- 
hedrally coordinated A13 + cations (4-6). Re- 
cently, amorphous aluminas have also been 
the object of surface studies (7, 8), and have 
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revealed poor surface reactivity which has 
been attributed to the octahedral coordina- 
tion of A13+. 

Metal aluminates are also materials of in- 
terest from the surface activity point of 
view. Several of them are characterized by 
the spinel structure. In normal spinels A13+ 
ions are almost completely located in octa- 
hedral sites and the surface acidity of these 
materials is forecast to be weak, at least 
from the point of view of the abundance of 
sites. The surface properties of the normal 
spinels MgA1204 (9, 10) and ZnA1204 (10) 
have been investigated previously. Few 
metal aluminates having the inverse spinel 
structure exist and their surface chemistry 
is little known so far; one can forecast that 
they will act as significantly acidic materials 
because nearly half of AP + ions are ex- 
pected to be in tetrahedral coordination. 

To have a more complete picture of the sur- 
face chemistry of spinel-type alumina-based 
materials we have prepared samples of two 
transition metal aluminates, NiAI204 and 
COA1204, having the inverse and the normal 
spinel structure, respectively (11-13). The 
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surface properties of these materials are of 
interest in relation to their possible formation 
by solid-state reactions in alumina-sup- 
ported Ni and Co metal catalysts for steam 
cracking and CO hydrogenation and of 
Ni-Mo/AI203 and Co-Mo/AI203 catalysts 
for hydrotreating, as well as to their possible 
use as supports or adsorbents. The surface 
chemistry of these aluminates, little known 
in the literature (14, 15), has been studied in 
comparison with a commercial defective- 
spinel A1203 using FT- IR techniques. 

EXPERIMENTAL 

Materials 

Ni and Co aluminates have been prepared 
by coprecipitation starting from stoichio- 
metric water solutions of A1 and Ni (or Co) 
nitrates (Carlo Erba, Milano, Italy). Precipi- 
tation has been carried out at pH 9 using 
ammonium carbonate. The filtered cakes 
consisted of a Ni-A1 hydroxycarbonate 
amorphous to XRD, and a crystalline pyro- 
aurite-like Co-A1 hydroxycarbonate. The 
precipitates were washed, dried for 3 h at 
390 K, and finally calcined at 1073 K for 3 h 
in the case of NiAI204 (surface area 128 
m2/g), while at 973 K in the case of COA1204, 
in order to avoid excessive area loss 
(52 mZ/g). 

The alumina sample was obtained by 
calcination at 773 K of a "y-A12Of' prepara- 
tion from Strem (220 mZ/g). This material 
was originally a hydroxide. 

Characterization Methods 

XRD analysis has been carried out using 
a Philips diffractometer (CuK~ radiation). 

FT- IR  spectra have been recorded by a 
Nicolet MX1 instrument, using conven- 
tional Pyrex gas-manipulation evacuation 
lines and liquid nitrogen-cooled/heatable IR 
cells (NaC1 windows). The samples were 
activated by evacuation at 773 K before ad- 
sorption experiments. 

RESULTS 

Solid State Characterization 

The XRD pattern of NiA1204 is compared 
in Fig. 1 with those of NiO and of A1203. 

The intense peaks correspond to those of the 
spinel NiA1204 (ASTM table 10-339). The 
absence of detectable diffraction peaks in 
the region near d = 1.395 A (20-67 for the 
CuK, radiation) indicates that spinel-type 
alumina phases are substantially absent (1). 
On the contrary the most intense diffraction 
peaks of NiO (Fig. lb) are very weak shoul- 
ders, in agreement with the tendency of 
Ni-A1 mixed oxide preparations to form Ni- 
deficient spinels (16), segregating nickel as 
NiO. According to Wilson and McConnell 
(17) the XRD pattern of our AI203 material 
(Fig. lc) is assignable to the 8-A1203 phase, 
although the differences with the pattern of 
y-A1203 are very subtle. 

The XRD pattern of COAlzO 4 corre- 
sponded to a very well-crystallized spinel 
CoAI204 (ASTM table 10-458). 

The FT- IR spectra of the samples in the 
skeletal region are shown in Fig. 2. They 
also agree with those reported in the litera- 
ture (18, 19) for the corresponding com- 
pounds. As discussed by Tarte (18) and 
Preudhomme and Tarte (20) the highest-fre- 
quency IR band of a spinel is associated 
with vibrational modes mainly involving the 
highest-valency cation. The position of an 
absorption band in the region 900-700 cm-  1 
in the spectra of NiAI204 and of 8-A1203 (in 
this case it corresponds to a shoulder) is 
indicative of the presence of tetrahedrally 
coordinated A13+ ions in these structures. 
In the normal spinel CoAI204 this band is at 
lower frequency (668 cm- 1), as is typical for 
octahedrally coordinated A13+ (18). 

Surface Characterization 

(a) Surface hydroxy groups. The IR spec- 
tra in the vOH region of nickel and cobalt 
aluminate after different evacuation treat- 
ments are shown in Figs. 3 and 4. The spec- 
trum of NiAI204 after the strongest evacua- 
tion treatment (770 K, Fig. 3a) clearly shows 
three bands near 3790, 3720, and 3670 cm-  1, 
whose intensity increases in this order. 
They fall in the region typical for non-hydro- 
gen-bonded hydroxy groups. After evacua- 
tion at 710 K (Fig. 3b) a much broader band 
is also detected whose maximum is centered 
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FIG. I. X-ray diffraction patterns (CuK~ radiation) of (a) NiA1204, (b) NiO, and (c) 1 1 2 0 3 .  

near 3580 cm -1, due to H-bonded or more 
per turbed hydroxy  groups• There  is a re- 
markable similarity of these spectra with 
those of  8-A1203 (Fig. 3c) and of  other  transi- 
tion aluminas in similar conditions (4-6). 

The corresponding spectra of  CoAlzO 4 are 
significantly different (Fig. 4). After evacua- 
tion at 773 K there  is only one band clearly 
evident (maximum near 3740 cm-1) with a 
side component  near  3725 cm -1. After 
weaker  evacuat ion t reatments  another  band 
is also detected near 3695 c m -  i. These spec- 
tra have similarities with those of  other  nor- 
mal spinels (9, 10) such as magnesium and 
zinc aluminates. In these cases after strong 
outgassing a main band (with some shoul- 
ders) is observed in the region 3750-3680 
c m  -1, 

(b) Adsorption of pyridine. Figure 5 com- 
pares the spectra obtained after  pyridine ad- 
sorption (followed by evacuat ion at increas- 
ing temperatures)  on the two aluminates as 
well as on alumina. In the region of  the 8a 
vibrational model (1583 cm-1 in the liquid) 
after evacuat ion at room temperature  (RT) a 
main band is detected in the case of  NiA1204 
(Fig. 5A) at 1606 cm- ]  with a clear compo- 
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FIG. 2. FT-IR spectra (KBr pressed disks) of (a) 
NiA[204, (13) CoAt204, and (c) (3-A1203 . 
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Fro. 3. FT- IR spectra (v OH region) of (a) NiA1204 evacuated at 710 K, (b) NiA1204 evacuated at 770 
K, and (c) 8-A1203 evacuated at 820 K. 

nent at 1593 cm -a and a weaker  one near 
1620 c m - L  The band at 1578 cm -1 is due to 
the 8b component .  The effects of  evacuat ion 
up to 523 K are that the shoulder at 1593 
cm -~ disappears, due to a weakly bonded 
species, while the weak band at 1623 c m -  
becomes more evident.  The main maximum 
is always detected near 1606 cm-~. 

The spectrum of  pyridine adsorbed on 
CoA1204 (Fig. 5B) is similar to that of  the 
nickel compound.  In this case the main band 
is detected near 1608 cm -~ and shows a 
shoulder near 1623 cm- ] .  A third species, 
much more labile, is responsible for  a v8a 
mode at 1595 cm -1, which after evacuat ion 
at RT appears much more intense than in the 
case of  the nickel compound.  Evacuat ion at 
temperatures  higher than 423 K causes the 
transformation of pyridine to a species 
whose spectrum corresponds to that of  2,2'- 
bipyridyl (21). This react ion is probably re- 
lated to the oxidizing properties of  the cobalt 
compound,  as also shown below. 

Also in the spectrum of  pyridine adsorbed 
on  ~-A1203 under  the same conditions (Fig. 
5C) we can identify three bands belonging 
to the 8a vibration. The band near 1595 cm - 1 

disappears by evacuat ion at 423 K; the main 
band, even at 523 K, is at 1617 cm -~ with 
an unresolved component  near 1622 cm-~. 
The behavior  is similar to that reported by 
Morterra  et al. for r/-Al203 (22). 

4000  3 8 0 0  3 6 0 0  3 4 0 0  3200  

w a v e n u m b e P s  cm 

FIG. 4. F T - I R  spect ra  ( vOH region) of  CoA1204 
evacuated  at (a) 710 (K) and (b) 770 K. 
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FIO. 5. FT- IR  spectra of pyridine (8a and 8b vibrational modes) adsorbed on (A) NiAI204, (B) 
COA1204, and (c) ~-A1203 followed by evacuation at RT (solid lines), at 423 K (broken lines), at 473 K 
(point lines), and 523 K (dashed lines). 

(c) Adsorption of carbon monoxide. The 
IR spectra of CO adsorbed on NiA1204 at 
RT at different coverages are shown in Fig. 
6. Two bands are observed, having different 
behavior. The higher frequency band has 
its maximum at 2185 cm -1 at the highest 
coverages, decreasing rapidly in intensity as 
coverage is reduced and shifting to near 2195 
cm-1 at the lowest coverages. By decreas- 
ing the coverage a distinct shoulder also ap- 
pears, near 2207 cm- 1. The spectrum at low 
coverages resembles that detected on 8- 
A1203 (insert in Fig. 6), as on several transi- 
tional aluminas (23-25), although shifted 
downward by nearly 15 cm-1. On aluminas, 
in fact, two weak bands are observed near 
2235 and 2210 cm -1. Bands in these posi- 
tions are certainly associated with CO 
bonded to AP+-exposed ions of high Lewis 
acidity. 

Another band, more resistant to evacua- 
tion, is observed on NiA1204, at lower fre- 
quencies. However, as will be shown else- 
where (26), this band is not detected by 
contact at lower temperatures. This band, 
showing two components at 2130 and 2100 
cm- 1, falls at lower frequencies with respect 
to gas-phase CO and consequently involves 
carbonyls on cations having d-type elec- 
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FIG. 6. FT- IR  spectra of CO adsorbed on NiA1204 
at RT in contact with CO gas at (a) 65 Torr, (b) 30 Torr, 
(c) 10 Torr, (d) 1 Torr, (e) 0.1 Torr, and (f) after short 
evacuation. In the insert, FT-IR spectra of CO ad- 
sorbed on 6-A1203 under evacuation at 273 K (g) and 
293 K (h). 
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FIG. 7. FT-IR spectra of CO adsorbed on COA1204 
after contact with CO gas at 170K and evacuation at 
(a) 170 K, (b) 250 K, (c) 273 K, and (d) 290 K. In the 
insert: FT- IR  spectrum of CO after brief contact with 
COA1204 at RT. 

trons, such as Ni 2+ or more reduced Ni cen- 
ters. From the behavior of this band we as- 
sign it to CO interacting with Ni + centers, 
produced by reduction of N i  2+ by CO (27). 
Low temperature adsorption experiments 
provide evidence that the main band near 
2185 cm- 1 shows a shoulder near 2160 cm- 1, 
probably due to carbonyl species on Ni 2+ 
sites (26). 

CO adsorbed on CoA1204 at RT (insert in 
Fig. 7) is responsible for a main band with 
maximum at 2170 cm-1 and a shoulder near 
2140 cm -1, with also a weaker component 
near 2100 cm-t .  On increasing the time of 
contact the spectrum is readily modified 
with the growth of bands in the region 
2120-i950 cm -1 and also of absorption in 
the carbonate region. As already observed 
in the case of other cobalt compounds such 

as Co304 (28) and C o C r 2 0  4 (29) these modi- 
fications are associated with redox reac- 
tions. Adsorbed CO is oxidized to CO2 and 
carbonates, while other CO molecules ad- 
sorb giving carbonyls or polycarbonyls on 
reduced cobalt centers Co + or Co °. In order 
to inhibit this redox process, we have car- 
ried out the CO adsorption experiment also 
at lower temperatures (Fig. 7a-d). In these 
conditions only the main band is observed, 
again composed of two absorptions cen- 
tered near 2170 cm -~ and 2140 cm -1. The 
two components have similar stabilities and 
decrease together by evacuation upon 
warming, without important shifts. An ex- 
tremely weak component can also be seen 
near 2210 cm- 1. According to previous stud- 
ies, the band at 2140 cm -1 is probably due 
to CO on Co 2+ centers (28, 29), while that 
near 2170 cm -1 is probably due to be as- 
signed to CO on octahedrally coordinated 
AI 3 + exposed ions (25). The extremely weak 
band near 2210 cm -I is possibly due to CO 
on tetrahedral A13+, as discussed above in 
relation to pyridine adsorption. 

(d) Surface metal-oxygen vibrations. In 
the case of transitional aluminas it has been 
previously shown (30-32) that surface 
metal-oxygen modes are responsible for a 
broad absorption in the region 1150-I000 
cm -1, centered near 1060 cm -1, immedi- 
ately above the cut-off limit of pure powder 
pressed disks, due to the bulk metal-oxygen 
absorptions. These modes are relaxed by 
adsorption of basic molecules, such as pyri- 
dine, resulting in the disappearance of these 
absorptions due to being shifted down and 
no longer detectable. For this reason we 
have investigated the effect of pyridine ad- 
sorption on the low-frequency spectral re- 
gion. The cut-off limit is only slightly lower 
on NiAI204 (960 cm-t) than on/~d203 (near 
1000 cm- 1), because on both materials tetra- 
hedral A1 cations are present, responsible, 
as discussed above, for bulk absorptions at 
frequencies higher than those of octahedral 
A1 cations. Accordingly, on CoAlzO4 the 
cut-off limit is distinctly lower (880 cm-1). 
On both aluminates surface modes are ob- 
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Fro. 8. Transmittance IR spectra of NiA1204. (a) activated at 773 K, and (b) after contact with 
pyridine (2 Torr) at RT and successive evacuation at RT. Spectrum (c) is the subtraction (b) -(a), 
expressed in absorbance. Full line in the upper spectrum: evidence for a broad negative band in the 
region 1100-900 cm -1 (see text). 

servable, responsible for broad absorptions 
that disappear (and can be seen as negative 
absorptions in the difference spectra) upon 
pyridine adsorption. In both cases these 
bands extend from near 1200 c m  -1 to the 
cut-off. This is shown in Fig. 8 in the case 
of NiA1204. 

DISCUSSION 

The most significant spectral features 
arising from surface hydroxy groups and ad- 

sorbed carbon monoxide and pyridine on 
the three aluminate compounds under study 
are summarized in Table 1. The assignments 
proposed are also reported, based on the 
discussion given below. 

NiA1204, CoA1204 and ~-A1203 have in 
common the basic spinel-type structure, be- 
ing, respectively, an inverse, a normal, and 
a defective spinel. The structure of 8-A1203 
is a defective form of the spinel structure 
and can be described by the structural nota- 
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TABLE 1 

Assignments of IR Bands of Surface Species 

Surface species Vibrational Wavenumbers Structure ~ 
mode (cm - 1) 

t tydroxy-groups v OH Type Ib a - 3 7 9 0  4A13 + - O H  
Type l a  b ~3770 ~-O-4A13 + - O H  
Type 1I b - 3 7 3 0  6A13+-OH 

3750-3680 M 2 + - O H  
Type III  b ~3680 Bridging 

~3580 Triply bridging 
Coord. pyridine 8a Type I c - 1625 4A13 + ~-  py 

Type II c - 1 6 1 5  [ ] - -O-4A13+ + - p y  
1608-1605 4 M2+ ~ py 

Type III c - 1 5 9 5  6 Mn+ ~-- py 
Coord. CO uCO 2240-2210 cAI 3+ ~ - C O  

2200-2180 6AI 3 + ~-- CO 
2170-2140 M 2+ ~-- CO 

Note. ~ ,  Cation vacancies.  
a Subscripts: coordination numbers. 
b Notations from Kn6zinger  and Ratnasamy (4). 
c Notations from Morter ra  et al. (22). 

tion (A18)[Al131E]2]]O32, where octahedrally 
and terahedrally coordinated sites are en- 
closed in square and round brackets, respec- 
tively, and the square symbol denotes cat- 
ionic vacancies with respect to the ideal 
spinel structure. According to Wilson and 
McConnell (17), in 6-A120 3 cation vacancies 
are essentially located in octahedral sites. 
Using the same notations, and according to 
the disorder found in both CoA1204 (nearly 
80% normal (11)) and NiAI204 (nearly 80% 
inverse (12, 13)), these spinels can be de- 
noted as (C06.4All.6)[A114.4C01.6]O32 and 
(A16.4Nix.6) [A19.6Ni6.4] O32 , respectively. 

The spectra of NiA1204 and ~-A1203 in the 
vOH region are very similar, showing three 
bands in the 3800-3650 cm -1 region. This 
suggests that the surface structures respon- 
sible for the bands are the same. The spec- 
trum of CoAI204 in the v OH region, instead, 
is similar to that of the other normal spinels 
MgA1204 (9, 10) and ZnA1204 (10). After 
strong evacuation, bands are only present 
in the region 3750-3690 cm -1 (in this case 
the main band is at 3740 cm- 1 with a weaker 
one at 3725 cm-1). A band near 3695 cm-a 
is also detected and much more labile than 
in the other cases. 

Kn6zinger and Ratnasamy (4) identified 

five bands due to surface free OHs of transi- 
tional aluminas. They assigned bands in the 
region 3760-3800 cm- 1 to OHs coordinated 
to a single A13+ ion, either octahedral 
(3785-3800 cm -1, type Ib) or tetrahedral 
(3760-3780 cm -1, type Ia). They also found 
a double band between 3735 and 3745 cm- 1 
and assigned the components to OHs bridg- 
ing between two A13+ ions either both octa- 
hedral (3740-3745 cm -1, type IIb) or one 
tetrahedral and one octahedral (3730-3735 
cm -1, type IIa). A fifth band placed near 
3700 cm- ~ has been assigned to triply bridg- 
ing OHs (type III). 

Hence, type II bands (3750-3720 cm-1) 
are present in the spectra of normal, inverse, 
and defective aluminate spinels. Instead 
type I and III bands, detected on aluminas 
and NiA1204, are not detected on normal 
spinels. It seems very reasonable to associ- 
ate both type I and III bands to tetrahedral 
A13+ cations. Consequently, with a modifi- 
cation of the Kn6zinger-Ratnasamy model 
(4) we assign for NiA1204 and 8-A1203 band 
I (3790 cm- 1) to OHs coordinated on a single 
tetrahedral Al 3+ cation, band II (3740 cm-1) 
to OH's coordinated on a single octahedral 
AI 3+ cation, and band III (3680 cm -1) to 
OHs bridging over a couple of cations, one 
of which has tetrahedral coordination. OHs 
bonded to Ni 2+, probably more labile than 
the AIOH ones, are expected to fall in the 
region 3740-3680 cm -1, as on NiO (26, 33): 
they can be absent or could contribute to 
type II and III bands. The bands at 3750 
and 3725 cm-1 detected in the spectrum of 
CoAI204 can be associated to OHs bonded 
to octahedral A13 + and tetrahedral Co 2 +, re- 
spectively. In this case, with tetrahedral 
A13 + ions almost absent, bridging OHs prob- 
ably responsible for the band near 3680 
cm -~ should be more weakly bonded and 
would be labile and disappear by evacuation 
at 773 K. 

Our assignments are supported by the 
comparison with the spectra of metal-hy- 
droxo complexes having different coordina- 
tion of the OH group. Literature data show 
that non-H-bonded bridged OHs, such as 
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those of the complexes [(CH3)2Ga(OH)] 3 
(34) and [(CH3)3Sn(OH)]= (35), are charac- 
terized by v OH bands near 3640 cm- 1, while 
triply briding OHs, as in the case of the 
complex [(CH3)3Pt(OH)] 4 (36), show bands 
at even lower frequencies (3595 cm-1). On 
surfaces, triply bridging OHs are expected 
to absorb below 3600 cm -1, as is thought for 
other oxides such as ThOa (37). On the other 
hand, vOH frequencies are also sensitive to 
the nature of the bonded cations (weight and 
electronic structure), as is well known for 
terminal hydroxides (38) and also appears 
evident, for example, if the spectra of the 
three isostructural brucite-type hydroxides 
Mg(OH) 2, Ca(OH)2 (39), and Co(OH)2 (40) 
are compared. In these cases all hydroxy 
groups are triply bridging and non-H- 
bonded but vibrationally coupled. So they 
are responsible for a strong IR active band 
at 3700, 3644, and 3630 cm -1 for Mg, Ca, 
and Co compounds, respectively, while a 
second band is Raman active at lower fre- 
quencies (3655 cm-1 for the Mg compound 
and 3618 cm -1 for the Ca compound). Sum- 
marizing, these data should indicate that the 
OH frequency of surface hydroxy groups 
depends inversely on the coordination (lin- 
ear > bridging > triply bridging), according 
to Kn6zinger and Ratnasamy (4), and from 
the electronegativity and from the weight of 
the bonded cations. As for AP ÷ compounds, 
we can refer to the spectra of some A13+- 
containing layered silicates, which contain 
non-H-bonded hydroxy groups bridging 
over two A13 + ions, such as pyrophyllite and 
kaolinite. These materials can show more 
than one band due to coupling in the region 
3720-3620 cm -1 (41). In particular pyro- 
phyllite (AlzSi4010(OH)2) shows a sharp in- 
tense band at 3675 cm- 1, with a weak shoul- 
der near 3650 cm- 1 (41). According to these 
data it seems reasonable to assign a broad- 
band near 3580 cm -1, detected on incom- 
pletely dried aluminas as well as on Ni 
A1204, to triply bridging OHs, while OHs 
bridging over two cations can be responsible 
for type III bands (3700-3640 cm-1). 

The splitting of the type I band (and per- 

haps also of band II) in 8-A1203 and on most 
transitional aluminas is likely to be relative 
to the presence of cation vacancies only on 
these materials. The OH bonded to a single 
A13+ ion could be sensitive to the presence 
of cationic vacancies in the nearest sites, 
because in this case the basicity of the oxide 
ligands constituting the coordination sphere 
of a cation in tetrahedral coordination can 
be much enhanced. To support this idea we 
mention that, following Tsyganenko et al. 
(42), the cation vacancies in incompletely 
dehydroxylated spinel aluminas can be oc- 
cupied by H + ions, producing internal OHs. 
Both Zecchina et al. (6) and Lavalley et al. 
(24) showed that the splitting of type I bands 
with the appearance of the band at 3770 
cm -I (Ia following Kn6zinger and Rat- 
nasamy (4)) is associated with some kind of 
"hydrothermal" treatment, being absent in 
samples not treated in wet environments. 

The spectrum of pyridine on transition 
aluminas has been discussed by Morterra 
et al. (22). They observed three adsorbed 
species characterized by three bands due to 
the 8a vibration mode (1583 cm-1 in liquid 
pyridine). These authors assigned type I 
(1623 cm -1) and type III (1595 cm -1) bands 
to pyridine species coordinated on a tetrahe- 
dral and an octahedral AI 3+ cation, respec- 
tively, both coordinatively unsaturated. 
Type II bands (1617 cm -1) have been as- 
signed tentatively to pyridine bridging over 
two cations, one octahedral and one tetra- 
hedral. 

On NiAI204 type I and III bands are also 
observed, and can be assigned in the same 
way. A third band is also observed, but its 
frequency (1605 cm -1) suggests its assign- 
ment to pyridine bonded to Ni 2+. Type II 
band of aluminas (1615 cm -1) is not ob- 
served on stoichiometric spinels. This sug- 
gests that the type II band is associated with 
a structure present only on defective spinel- 
type structures, like aluminas. According 
to the apparent tendency to cation vacancy 
clustering in the series y ~ 8 --+ 0 A1203 
(17, 43), this band can be associated with 
pyridine coordinated on a single tetrahedral 
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A13 + cation placed near cation vacancy clus- 
ters. This situation would justify the Lewis 
acidic nature of these sites, weaker than 
those characterizing type 1 sites because 
some of their oxide ligands should be more 
basic, as proposed above. 

According to the above assignments the 
bands of pyridine adsorbed on CoAl204 
should correspond to species bonded to oc- 
tahedral A13+ (1595 cm -1, type III) and to 
Co 2+ (1608 cm-1), while the band at 1623 
cm-~ should correspond to pyridine on tet- 
rahedral A13 +, present because of the partial 
inversion of this spinel structure. The rela- 
tive intensity of the bands detected on cobalt 
and nickel aluminates after evacuation at 
RT provides evidence that on the cobalt 
compound the ratio between type I and type 
III bands (indicative of the tetrahedral/octa- 
hedral A13+ ratio at the surface) is indeed 
much smaller than on the nickel compound, 
as expected. However, because of the dif- 
ferent extinction coefficients of the bands in 
different surface species, we cannot assess 
whether the ratio at the surfaces reflects that 
in the bulk or is different, as proposed pre- 
viously (14). 

The spectra of CO adsorbed on the three 
compounds are in good agreement with the 
indications arising from pyridine adsorp- 
tion. The weak band in the region 2210-2190 
cm -~ present on the inverse spinel corre- 
sponds to those found at 2230-2210 cm -~ 
on aluminas and is very likely to be indica- 
tive of CO interacting with tetrahedral A13 + 
sites. This band is extremely weak on the 
normal spinel, according to the small 
amount of the tetrahedral A1 and the intrin- 
sic weakness of the band. On CoAI204 a 
main band in the region 2175-2165 cm -1 
reveals instead octahedral AI 3+ sites to be 
predominant. 

As discussed above, these bands can be 
distinguished from those associated with 
CO interacting with Ni 2+ and Co 2+ cations. 
Moreover, it is evident that at RT CO re- 
duces both Co 2+ and Ni 2+ ions at the sur- 
face. Thus CO adsorption experiments 
show that Ni and Co ions are indeed ex- 

posed on the surface of their aluminates, as 
expected, in contradiction with data arising 
from the ISS technique (14). 

CONCLUSIONS 

The comparative IR study of the surface 
properties of cobalt aluminate (an essen- 
tially normal spinel), nickel aluminate (an 
essentially inverse spinel) and 8-A1203 (a de- 
fective spinel) has allowed us to establish 
that the surface structures of these materials 
reflect qualitatively those of the bulk, so 
exposing the cations in the same coordina- 
tion state as in the bulk, although incom- 
plete. 

The results of our investigation suggested 
also slight modifications of the criteria pre- 
viously used for the assignments of the 
bands of surface OHs of aluminas, dis- 
cussed thoroughly by Kn6zinger and Rat- 
nasamy (4) and of adsorbed pyridine on alu- 
mina, mainly due to Morterra et al. (22). 
The discussion reported above is based on 
assumptions similar to those of Kn6zinger 
and Ratnasamy (4). However, the compari- 
son of the available data is in favor of the 
assignments given in Table 1. From this in- 
terpretation, bridging and triply bridging 
OHs on aluminas are thought to be responsi- 
ble for bands (near 3670 and 3580 cm -1) at 
frequencies lower than previously thought, 
the latter ones being so labile as to be de- 
stroyed by evacuation at temperatures 
higher than 773 K. The comparison of the 
spectra recorded on stoichiometric spinels 
and defective spinel aluminas also suggests 
that in the latter some OHs and Lewis sites 
are present which are lacking in the former. 
In fact only on aluminas "type I "  are ~,OH 
bands split and "type I I"  adsorbed pyridine 
is detected. We propose that the sites re- 
sponsible for these features are placed near 
cation vacancy clusters in the defective spi- 
nel-type A1203 structure, their activity being 
modified with respect to the structural sites 
of spinels because of the higher basicity of 
oxide ions surrounding the A13+ ions adja- 
cent to cation vacancies. 
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