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ln Situ Laser Raman Spectroscopy of Nickel Oxide 

Supported on y-A1203 

Recent in situ laser Raman spectroscopy 
(LRS) studies revealed that crystalline ox- 
ides (3-dimensional oxide phases) and sup- 
ported metal oxides (Zdimensional oxide 
phases) exhibit different responses to ther- 
mal treatments in a controlled environment 
of dry air (I, 2). For crystalline oxides the 
thermal treatment is reversible and only 
thermal broadening of the metal-oxygen 
Raman bands are observed at elevated tem- 
peratures. The peak positions of the Raman 
bands for the crystalline oxides are con- 
stant during the thermal treatment. The re- 
sponse of supported metal oxides (atomic- 
ally dispersed metal oxides coordinated to 
the surface of an oxide support) to the same 
thermal treatment is very different than that 
observed for crystalline oxides. For the 
supported metal oxides the thermal treat- 
ment is not reversible, and the most intense 
metal-oxygen Raman band simultaneously 
sharpens and shifts to higher frequency at 
elevated temperatures. Only upon the addi- 
tion of water vapor at room temperature to 
the supported metal oxides does the Raman 
band shift back to lower frequency and 
broaden to its original state. The very dif- 
ferent response of the Raman band of the 
supported metal oxides to thermal treat- 
ment is due to the coordination of water 
molecules to the highly dispersed sup- 
ported metal oxides from prior exposure to 
ambient conditions (1-4). During the initial 
thermal treatment the water molecules co- 
ordinated to the supported metal oxides de- 
sorb and this causes the Raman band to si- 
multaneously sharpen and shift to higher 
frequency. The removal of the coordinated 
water molecules from the supported metal 
oxide species decreases the degree of disor- 
der (the density of states) and affects the 

symmetric M-O stretch (1,3,4). Once the 
water vapor is desorbed from the supported 
metal oxides, the subsequent thermal treat- 
ments in dry air are reversible, and only 
slight thermal broadening of the Raman 
band is observed at elevated temperatures 
(I). The supported metal oxides previously 
examined for the effect of water vapor upon 
the Raman bands are tungsten oxide, mo- 
lybdenum oxide, vanadium oxide, rhenium 
oxide, and chromium oxide (Z-6). In these 
Raman studies the metal oxides were sup- 
ported on r-Al,03 and Ti02. All of these 
supported metal oxides exhibit strong Ra- 
man bands at -900-l 100 cm-t which have 
been assigned to the symmetric stretch of 
the terminal M=O bonds (7). Another 
common feature of the supported metal ox- 
ides listed above is that they all possess 
high oxidation states when oxidized (W6+, 
Mo6+, V5+, Re7+, and Cti+). There is no in 
situ Raman data in the literature about sup- 
ported metal oxides on y-A&O, and TiOz 
that possess low oxidation states (Ni2+, 
Cu*+, and Co*+). In the present study we 
report the first in situ laser Raman data for 
nickel oxide supported on r-Al,Oj. 

The 13% nickel oxide on ~-A1203 
(Harshaw, - 180 m*/g) sample was pre- 
pared by the incipient wetness impregna- 
tion method by adding an aqueous solution 
of nickel nitrate to the alumina powder. The 
catalyst was subsequently dried at 110°C 
and calcined in air at 450°C for 16 h. The 
accuracy of the nickel content was further 
verified by atomic emission spectroscopy. 
Bulk NiO was prepared by calcination in air 
of Ni(NOX)* . 6H20 at 450°C for 16 h, and 
bulk N&U204 was prepared by calcination 
of a stoichiometric amount of Ni(NO& - 
6H2O and y-Al203 at 870°C for 24 h. Powder 
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X-ray diffraction patterns (Philips diffrac- 
tometer using Cu Kcu radiation and dif- 
fracted beam monochromator) confirmed 
the crystalline nature of the NiO and 
NiAl204 samples. 

A detailed description of the in situ multi- 
channel laser Raman spectrometer setup 
has been given elsewhere (8, 9). The 514.5 
nm line of an argon ion laser was used for 
excitation with power at the sample loca- 
tion up to 40 mW. About 0.2 g of sample 
material was first pressed under 10 kpsi into 
a 13-nm-diameter wafer and was mounted 
on a stationary quartz stage capable of in 
situ treatments up to 600°C during spectral 
measurements. A triple monochromator 
was coupled to an optical multichannel ana- 
lyzer equipped with a cooled intensified 
photodiode array detector for signal aver- 
aging. The Raman signals of the nickel ox- 
ide samples were intrinsically weak, and 
each spectrum was recorded with 10 min of 
accumulation time. The overall spectral 
resolution was about 6 cm-‘. 

The laser Raman spectra for unsupported 
NiA1204 and NiO are presented in Fig. 1 in 
the range 150-850 cm-‘. NiO has a defect 
NaCl structure with Ni in octahedral sites, 
and NiA1204, formed by the solid state re- 
action between NiO and A1203 at elevated 
temperatures, has an inverse spine1 struc- 
ture with Ni in octahedral and tetrahedral 
sites (10). The crystalline NiO exhibited 
two broad and overlapping Raman bands at 
460 and 500 cm-l, and crystalline NiA1204 
possesses Raman bands located at 200,375, 
and 600 cm-‘. The crystalline NiA1204 Ra- 
man band at -375 cm-’ is unique to this 
phase and its presence in a Raman spec- 
trum identifies the presence of crystalline 
NiA1204. 

The in situ laser Raman spectra of 13% 
NiO/A1203 are shown in Fig. 2 as a function 
of treatment temperature in dry air. Raman 
bands were not present in the region 900- 
1100 cm-’ for these samples and suggest 
that M=O bonds are not present in the 
NiO-A1203 system (7). The Raman band 
for the supported nickel oxide on Y-A1203 at 
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FIG. 1. Laser Raman spectra of bulk oxides: (a) NiO 
and (b) NiA1204. 

room temperature (Fig. 2a) is different than 
the Raman band for crystalline NiO (Fig. 
la) and NiA1204 (Fig. lb). The supported 
nickel oxide exhibits a Raman band at -550 
cm-i and does not possess the crystalline 
NiO Raman bands at 460 and 500 cm-’ or 
the crystalline NiA1204 Raman bands at 
200, 375, and 600 cm-‘. The supported 
nickel oxide phase also exhibits reduction 
characteristics that are very different from 
crystalline NiO and NiA1204. Temperature 
programmed reduction (TPR) experiments 
showed that the reduction of the supported 
nickel oxide phase was significantly re- 
tarded relative to crystalline NiO, but was 
significantly more facile than the reduction 
of crystalline NiA1204 (II). The LRS and 
TPR data reveal that the supported nickel 
oxide phase is distinctly different than crys- 
talline NiO and NiA1204. In addition, X-ray 
photoelectron spectroscopy (XPS) exami- 
nation of the supported nickel oxide on alu- 
mina showed that the nickel oxide was 
highly dispersed as Ni*+ on the alumina 
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FIG. 2. In situ laser Raman spectra of 13% NiO/ 
A&O3 (previously calcined at 450°C): (a) 2O”C, (b) 
4OO”C, (c) 600”-2.5 h, (d) 20”C-post in situ calcina- 
tion. 

support (II). The combined LRS, TPR, and 
XPS data suggest that the supported nickel 
oxide is highly dispersed as a surface oxide 
and strongly interacting with the alumina 
support. Upon heating the 13% NiO/A1203 
sample to 400 and 600°C only thermal 
broadening of the supported nickel oxide 
Raman band is observed (Figs. 2b and c). 
Cooling the 13% NiO/A1203 sample down 
to room temperature restores the -550 
cm-l Raman band for the surface nickel ox- 
ide on the alumina support (Fig. 2d). In ad- 
dition, there is a small Raman band at -375 
cm-’ characteristic of NiA1204 after the 2.5- 
h treatment at 600°C (Fig. 2d). This thermal 
treatment apparently converted a very 
small amount of the supported nickel oxide 
to NiA1204. 

The response of the Raman band of the 
surface nickel oxide in the 13% NiO/A1203 
sample to thermal treatment is very differ- 

ent than that previously observed for sup- 
ported metal oxides present as surface ox- 
ides coordinated to the oxide support. The 
Raman band for the surface nickel oxide 
did not sharpen and shift to higher fre- 
quency as previously observed for the sur- 
face metal oxides (W, MO, V, Re, and Cr) 
(Z-6). Instead, the surface nickel oxide Ra- 
man band at -550 cm-’ only exhibited a 
pronounced thermal broadening at elevated 
temperatures and the thermal treatment 
was reversible (except for the minor 
amount of N&O4 formation). The crystal- 
line NiO Raman bands at 460 and 500 cm-‘, 
however, do not exhibit such pronounced 
thermal broadening (22, 13). The insensitiv- 
ity of the surface nickel oxide Raman band 
to the presence of moisture on the sample 
surface (Fig. 2a vs 2d) suggests that water 
molecules do not coordinate to the sup- 
ported nickel oxide. Yet, the combined 
LRS, TPR, and XPS data suggest the sup- 
ported nickel oxide is present as a highly 
dispersed surface oxide on the alumina sup- 
port. The pronounced thermal broadening 
of the supported nickel oxide Raman band 
at elevated temperatures (Figs. 2b and c) 
suggests that the nickel oxide vibrational 
modes may be intimately coupled to the vi- 
brations of the alumina support. The water 
insensitivity of the supported nickel oxide 
and the pronounced thermal broadening of 
the Raman band at elevated temperatures 
are consistent with the incorporation of the 
nickel oxide into the defects of the ~-A&03 
surface. Ion scattering spectroscopy is 
uniquely sensitive to the outermost layers 
of a sample and confirms that the Ni2+ is 
present in the surface region of the alumina 
support (14). Additional support for the 
conclusion that surface nickel oxide is in- 
corporated into the subsurface of the alu- 
mina support is found in earlier reflectance 
studies by Lo Jacono et al. (15) and Cimino 
et al. (16) which showed that the nickel 
oxide supported on alumina is present 
as Ni*+ ions in a spinel-like phase in the 
surface of the alumina support (surface 
spinel). 
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The supported metal oxides previously 
studied with in situ laser Raman spectros- 
copy all possess high oxidation states 
(Re7+, W6+, Mo6+, Cld+, and Vs+). The high 
oxidation states of these metal oxides can- 
not be accommodated in the J.J-A~,O, lattice 
and lead to oxide structures not compatible 
with the y-A120J structure (10). Thus, these 
metal oxides adsorb on the alumina support 
surface. Nickel oxide does not possess high 
oxidation states (10) and the XPS measure- 
ments reveal that it is present as Ni*+ when 
it interacts with y-A120j. The low oxidation 
state of nickel oxide can be accommodated 
in the y-A120j lattice and leads to the for- 
mation of NiO-A&O3 spinels (10). Thus, 
nickel oxide can be absorbed into the sur- 
face of the alumina support as a surface 
spinel. Heating the NiO/A1203 sample to 
700°C causes the diffusion of the surface 
nickel oxide into the bulk of the alumina 
support (17). 

The in situ laser Raman spectroscopy 
studies of supported metal oxides have re- 
vealed that there are two types of sup- 
ported metal oxides on y-alumina. Metal 
oxides that have high oxidation states (W6+, 
Mo6+ Vs+ Re7+, and Cf+) are adsorbed on 
the surface of y-alumina because they can- 
not be accommodated in the r-A&O, lattice. 
The surface metal oxides belonging to this 
category usually possess strong Raman 
bands at -900-1100 cm-’ associated with 
the terminal M=O bond (7), and are sensi- 
tive to the presence of water vapor. Metal 
oxides that have low oxidation states (N?+, 
Cu*+, and Co*+) are absorbed into the sur- 
face of the alumina support as a surface 
spine1 because they can be accommodated 
in the y-A1203 lattice. The surface metal ox- 
ides belonging to this category usually pos- 
sess Raman bands at -3004300 cm-’ (17) 
and are not sensitive to the presence of wa- 
ter vapor. Thus, in situ laser Raman spec- 
troscopy studies are capable of distinguish- 
ing between metal oxides that are adsorbed 
on the alumina support and metal oxides 
that appear to be absorbed into the alumina 
support surface as a surface spinel. 
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