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The effects of calcination and reduction temperature on the metal dispersion of MgO-supported 
Ni in the ranges 400-800°C and 300-800°C, respectively, have been systematically evaluated by 
hydrogen chemisorption measurements and comparison has been made with a NiO-MgO physical 
mixture. The role of the bulk NixMgtt_,~O solid solution in controlling NiO reducibility and the 
metal dispersion of Ni/MgO has been ascertained by XPS and ISS investigations. A mechanistic 
model accounting for the nickel oxide dispersion across the MgO support and the consequent 
formation of the bulk NixMgt~_x~O solid solution has been proposed. A linear relationship between 
the mean particle size and the reduction temperature, the slope of which increases with Ni loading 
(2.8-18.0 wt%), has been found. A "multilayer arrangement" of Ni precursor on the support is 
discussed. © 1991 Academic Press, Inc. 

INTRODUCTION 

The great interest focused on supported 
nickel systems in recent years has allowed 
rational understanding of their catalytic be- 
havior. From numerous investigations de- 
voted to the physicochemical characteriza- 
tion of Ni-supported catalysts (1-6), 
general agreement has been reached on two 
fundamental issues: (i) the factors affecting 
the morphological properties and (ii) the 
role of surface features on the reactivity. 
Bartholomew and Sorensen (1), studying 
the sintering of Ni/A1203 and Ni/SiO2 cata- 
lysts, stated that: (a) the loss of metal sur- 
face area (MSA) occurs as a result of metal 
crystallite growth and support collapse; (b) 
the mechanism of sintering shifts from 
"crystallite migration" to "atomic migra- 
tion" with increasing temperature and time 
of sintering. Tamagawa et al. (2) claimed 
that the Ni particle size in silica-supported 
Ni catalysts, prepared by the alkoxide tech- 
nique, can be controlled by prescribing the 
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calcination and reduction temperature, as 
well as by the extent of metal loading. 
Strong metal support interaction (SMSI) 
has been invoked in order to explain the 
competitive adsorption pattern of CO and 
H2 on A1203 and TiO2-supported nickel (3, 
4). In addition, the influences of metal load- 
ing and preparation method on the catalytic 
properties of several Ni-based systems 
have been ascertained (5, 6). 

Nevertheless, in spite of extensive 
knowledge achieved on conventional sup- 
ported nickel catalysts, systematic and ba- 
sic evaluations dealing with the factors con- 
trolling the bulk and the surface structure of 
Ni/MgO systems are still lacking. The re- 
ducibility of NiO/MgO is controlled by the 
extent of NiO-MgO solid solution (7-10) 
and therefore its reactivity is markedly de- 
pendent on the calcination temperature (11, 
12). In this respect, Parmaliana et al. (11), 
who found a direct correlation between the 
catalytic activity in methane steam reform- 
ing and the NiO reducibility, reported that 
calcination temperatures higher than 400°C 
render the final Ni/MgO catalysts progres- 
sively less active. Meanwhile Narayanan 
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and Sreekanth (13), studying the availabil- 
ity of Ni on different carriers, found Ni/ 
MgO to be the least reducible and the most 
dispersed system. However, no typical 
SMSI effects can be invoked to describe 
this peculiar behavior (14). 

The present investigation aims to shed 
light on the influence of thermal treatments 
(i.e., calcination and reduction) and of the 
extent of Ni loading on the metal surface 
structure of Ni/MgO catalysts, and to pro- 
pose a mechanism for the effects. 

EXPERIMENTAL 

Catalysts 

Supported nickel on magnesia catalysts 
(MPF) were prepared by the incipient wet- 
ness method, according to the procedure 
described elsewhere (10), using MgO 
"smoke"  powder (UBE Ind. Ltd., Japan, 
high purity grade product; BET surface 
area 34 m 2 g-J; pore volume 0.230 cm 3 g-l) 
as support. A NiO-MgO physical mixture 
(PM) was prepared by mixing predeter- 
mined amounts of MgO smoke powder and 
NiO powder (obtained by thermal decom- 

TABLE 1 

List of Samples Studied 

Ni BET 
Preparation Tca loading S.A. 

method Sample (°C) (wt%) (m 2 g- 1) 

Incipient 
wetness 

Mechanical 
mixing 

MPF 12-std 400 18.0 37 
MPF 12-6 600 18.0 29 
MPF 12-7 700 18.0 -- 
MPF 12-8 800 18.0 22 
MPF 13-std 400 2.8 36 
MPF 15-std 400 10.8 36 

PM-std 400 13.3 
PM-6 600 13.3 
PM-7 700 13.3 
PM-8 800 13.3 

a All samples were calcined at the listed temperature 
(To) for 16 h. 

position of Ni(NOs)2.6H20 at 400°C under 
an air stream). 

In order to ascertain the effect of the cal- 
cination temperature (Tc) on the structural 
properties several aliquots of dried MPF 12 
catalyst (18.0 wt% Ni) and the PM sample 
(13.3 wt% Ni) were calcined in air for 16 h 
at temperatures ranging between 400 and 
800°C. Heat treatments and nickel loadings, 
as determined by atomic adsorption (AAS) 
measurements, are summarized in Table 1. 

Hydrogen Chemisorption Measurements 

Hydrogen chemisorption data were ob- 
tained by flow thermal desorption tests 
(15), using a conventional flow apparatus 
operating both in continuous and pulse 
mode. Hydrogen (SiO Ind., Italy, purity 
>99.95%) and nitrogen carrier gas (SiO 
Ind., Italy, purity >99.95%) were further 
purified by activated molecular sieves and 
Oxy Absorbent (Alltech product) traps, 
kept at room temperature (RT) to remove 
respectively any water and oxygen. 

Catalysts and physical mixture samples 
(0.2-0.4 g; 40-70 mesh fraction) were 
placed in a tubular quartz U-microreactor 
and reduced for half an hour in a hydrogen 
flow (1.5 STP liter h -j) at a temperature (Tr) 
ranging from 300 to 800°C. After the reduc- 
tion treatment, the sample was cooled in 
flowing H2 to room temperature, equili- 
brated for 30 min, and then further cooled 
in a dry ice-ethanol bath to -72°C, equili- 
brating for 15 min. Then the H2 was shut off 
and the sample was purged with the nitro- 
gen carrier flow (1.8 STP liter h-b  for 20 
min. After purging, the dry ice-ethanol 
bath was removed and the U-reactor was 
quickly placed into a furnace preheated at 
530°C (this temperature was selected in or- 
der to obtain a symmetric desorption peak). 
The desorption process, lasting about 5 
min, was monitored and quantified by a 
thermal conductivity detector (TCD) con- 
nected to a HP 3396 A integrator. After 
every desorption run a calibration test was 
performed by injecting in the carrier gas a 
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known amount of H2 in order to obtain reli- 
able quantitative measurements. Metal dis- 
persion (D) was calculated from the follow- 
ing experimental ratio by assuming the 
chemisorption stoichiometry H/Nisurf = I: 

D(%) = (Xr~z/Xo2). 100, 

where XI~z is the hydrogen uptake (/xmol 
g~-~) and Xo2 is the oxygen uptake (/zmol 
g~-~) at 450°C, which corresponds to the 
fraction (a) of NiO reduced to Ni ° accord- 
ing to the following oxidation stoichiome- 
try: Ni ° + ½02 = NiO (3). Metal surface 
area(MSA, z -1 mNi gcat) was calculated assum- 
ing a Ni site density of 6.5 ,~Vatom (4), 
while the Ni mean particle size (dO was de- 
rived from the equation: 

d~(A) = 971/D(%) 

as suggested by Bartholomew et al. (3). 

X-Ray Photoelectron Spectroscopy 
Measurements 

XPS measurements were performed with 
a Kratos XSAM800 spectrometer (180 ° 
hemispherical analyzer) dual anode X-ray 
source fitted to a specially designed spheri- 
cal vacuum chamber. The Mg anode 
(1256.3 eV) used was run at 12 kV and 10 
mA. A Kratos DS 800 operating system 
was used to control data acquisition and 
software was utilized for the raw peak area 
determination. XPS areas were calculated 
using the total integrated area of Mg 2p, Ni 
2p3/2, O ls, and C ls regions. Areas were 
normalized using sensitivity factors (16) 
and the total number of scans. Peak posi- 
tions were calibrated using the C ls ("ad- 
ventitious carbon") photoelectron peak at 
285.0 eV (B.E.) as reference. 

Ion-Scattering Spectroscopy Analysis 
A Kratos ion scattering spectrometer 

with a 137 ° solid acceptance angle cylindri- 
cal mirror analyzer (CMA), equipped with a 
coaxially mounted mini beam ion gun, ca- 
pable of producing beam diameters from 
about 100 /xm to several millimeters and 
currents from tens of nanoamps to one to 

two microamps at beam energies up to 4000 
eV, was used to obtain the ISS data. All 
ISS results were obtained using a rastered 
l-mm-diameter 2000-eV 4He ÷ beam which 
was focused onto the sample located about 
6 mm from the plane of the CMA entrance. 
All the samples required charge neutraliza- 
tion. A typical scan from 2000 eV took ap- 
proximately 4 s to complete. Scans were 
collected in a logarithmic fashion in order 
to provide a depth profile of each detected 
species. 

RESULTS 

Hydrogen Chemisorption 
Hydrogen uptakes and NiO reducibility 

values (a,%) of differently loaded Ni/MgO 
catalysts (2.8-18.0 wt% Ni), air calcined in 
the Tc range 400-800°C, are listed in Table 
2. NiO reducibility increases with Ni load- 

TABLE 2 

Hydrogen Chemisorption on Ni/MgO Catalysts 

Tr  a o~ Hz uptake D ds 
Catalyst (°C) (%) (gmol g~t) (%) (A) 

MPF 12-std 300 13.6 46.4 22.7 43 
MPF 12-std 400 26.0 92.1 23.1 42 
MPF 12-std 600 47.3 106.7 14.7 66 
MPF 12-std 725 68.0 111.9 10.8 90 
MPF 12-std 800 76.5 107.6 9.1 107 
MPF 12-6 500 25.0 42.4 11.1 87 
MPF 12-6 600 32.0 54.7 11.2 87 
MPF 12-6 725 47.3 69.1 9,6 101 
MPF 12-6 800 62.0 72.7 7.6 128 
MPF 12-7 600 15.6 40.4 16.9 57 
MPF 12-7 725 25.0 51.1 13.3 73 
MPF 12-8 500 0.8 11.2 90.0 11 
MPF 12-8 600 2.6 15.8 36.8 26 
MPF 12-8 725 6.3 26.4 27.3 36 
MPF 12-8 800 11.2 38.9 22.6 43 
MPF 13-std 400 10.5 19.7 78.7 12 
MPF 13-std 600 27.8 34,6 52.0 19 
MPF 13-std 800 54.7 36.8 28.2 34 
MPF 15-std 400 9.0 62.0 67.0 15 
MPF 15-std 600 36.0 89.7 27.5 35 
MPF 15-std 800 61.0 117.9 18.5 53 

N o t e .  a ,  NiO reducibility (Ni°/Nitot). D, Metal dis- 
persion (Ni°u~r/Ni°). d~, Average crystatlite size. 

a All samples were reduced at the listed Tr for 30 
min. 
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Fro. 1. Effect of the calcination temperature (Tc) on 
metal dispersion, O(%), of the MPF 12 catalyst (18.0 
wt% Ni). Tr = 600°C. 

ing and reduction temperature (T0, while 
high calcination temperatures (To > 400°C) 
cause a markedly decreased reducibility. 
The MgO support did not show any hydro- 
gen adsorption or oxygen consumption un- 
der the above experimental conditions. 

The trend of metal dispersion (D) with 
calcination temperature observed for MPF 
12 catalyst (18.0 wt% Ni) reduced at 600°C 
is depicted in Fig. 1. D is not significantly 
affected by Tc up to 700°C, but it substan- 
tially increases at 800°C. 

A comprehensive view of the effects of TF 
on the metal dispersion of different air- 
calcined MPF 12 samples is shown in Fig. 
2. The metal dispersion of  the MPF 12-std 
and MPF 12-6 samples does not change for 
T~ lower or equal to To, while it decreases 
gradually at Tr higher than T~. Moreover, a 
dramatic drop of D, in the whole experi- 
mental range of Tr (500-800°C), is observed 
for the MPF 12-8 sample. 

The structural properties of  the MPF 12 
catalysts are summarized in Fig. 3 showing 
the relationship between the MSA (m2i gear) 
and the NiO reducibility (et,%). The MSA 
of the MPF 12-std and MPF 12-6 samples 
increases with the degree of reduction to 
reach a maximum, whereas for the MPF 12- 
8 sample a linear increase of MSA with a 
has been found. 
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FIG. 2. Effect of the reduction temperature (T,.) on 
metal dispersion, D(%), of the MPF 12 catalysts: A 
MPF 12-std (Tc = 400°C); O, MPF 12-6 (Tc = 600°C); 
IS], MPF 12-8 (Tc = 800°C). 

Figure 4 shows the effect of Tr on the 
mean crystallite size (ds) of differently 
loaded Ni/MgO catalysts calcined at 400°C. 
For all the samples ds increases regularly 
with Tr. Moreover the rate of growth of d~ 
with Tr (A d~/AT~, A/°C) increases with in- 
creasing the metal content. 

Finally, in Table 3 are collected the val- 
ues of NiO reducibility, hydrogen uptake, 
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FIG. 3. Influence of the NiO reduction degree, a(%), 
on the metal surface area (MSA) of different air- 
calcined MPF 12 catalysts: A, MPF 12-std (To = 
400°C); CI, MPF 12-6 (Tc = 600°C); O, MPF 12-8 (Tr = 
800°C). 
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FIG. 4. Effect of the reduction temperature (Tr) on 
the mean Ni crystallite size (ds) of Ni/MgO catalysts 
with different metal loading: O, MPF 13-std (2.8 wt% 
Ni); I-q, MPF 15-std (10.8 wt% Ni); A, MPF 12-std 
(18.0 wt% Ni). O, Relationship between the Ni loading 
and the growth rate of ds with Tr (Ads/ATr). 

the T~ range 400-800°C, are shown in Fig. 
5. These spectra indicate immediately that 
calcining at high T results in a decreased 
Ni 2÷ surface concentration. At the same 
time, the total surface composition (Ni, 
Mg, O), outlined in Fig. 6(A), illustrates 
well the modifications occurring in the out- 
ermost structure of MPF 12 owing to the 
different calcination treatments, namely 
that a high T~ induces a progressive Ni de- 
pletion from the surface, enhancing in par- 
allel the Mg concentration. This structural 
rearrangement is also confirmed by the 
changes observed in the shape of the O ls 
peak (Fig. 5(B)). Indeed a high T~ leads to 
less "nickel oxide type" oxygen (B.E., 
529.5 eV) to relative "magnesia type" 
(B.E., 531.4 eV). 

In addition, the trend with Tc of the "nor- 
malized" XPS ratio R (R = Rl'/R4oo) pre- 

and metal dispersion for the air-calcined 
PM samples (13.3 wt% Ni). In the mechani- 
cally mixed system NiO reducibility be- 
comes considerably lower than 100% at T~ 
-> 700°C only. However, the unusual trend 
of metal dispersion with Tc, on the whole, 
looks similar to that found on the Ni/MgO 
supported system. 

XPS 

Ni 2p (A) and O ls (B) regions of XPS 
spectra of MPF 12 samples, air-calcined in 

TABLE 3 

Hydrogen Chemisorption on PM Samples 

Tr a ot H 2 uptake D d~ 
Sample (°C) (%) (/.tmol gPr~) (%) (~,) 

PM-std 300 86.5 15.7 1.6 607 
PM-std 400 98.0 15.6 1.4 694 
PM-6 400 93.5 24.6 2.3 422 
PM-7 400 69.0 28.1 3.7 262 
PM-8 400 1.7 8.8 46.3 21 

" All samples were reduced at the listed Tr for 30 
min. 
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FIG. 5. XPS spectra of the air-calcined MPF 12 cata- 
lysts: (a) MPF 12-std (Tc = 400°C); (b) MPF 12-6 (T c = 
600°C); (c) MPF 12-8 (Tc = 800°C). (A) Ni 2p region; 
(B) O ls region. 
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(A) MPF 12-std and (B) MPF 12-8.20 min of sputter- 
ing. 

F[~. 6. (A) Effect of calcination temperature (T¢) on 
the XPS atomic composition (%) of the MPF 12 cata- 
lyst: (3, Nickel; A, Magnesium; ©, Oxygen. For com- 
parison also the atomic composition, 1l&O, of a ho- 
mogeneous solid solution (HSS) is shown. (B) Effect 
of Tc on the "normalized" XPS ratio R (R = RT/R4oo, 
where respectively RT and R ~  are the ratios between 
C ls from carbonate carbon and Mg 2,o peaks at Tc = T 
and Tc = 400°C). 
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FIG. 7. ISS spectra of air-calcined MPF 12 catalysts: 
(A} MPF 12-std and (B) MPF 12-8. 1 rain of sputtering. 

sented in Fig, 6(B), where respectively RT 
and R4o0 are the ratios at T~ = T and Tc = 
400°C between the C ls peak from carbon- 
ate carbon (B.E., 287.9 eV) and the Mg 2p 
peak, indicates an enhanced "surface ba- 
sicity" (preponderance of MgO-type sur- 
face) for the systems calcined at high Tc. 

ISS 

ISS profiles of the MPF 12-std and MPF 
12-8 samples, after 1 rain and after 20 min of 
sputtering, are shown in Figs. 7 and 8, re- 
spectively (the MPF 12-6 spectra are simi- 
lar to those of MPF 12-std). 

The 1-min spectra, giving a more accu- 
rate picture of the initial surface composi- 
tion, appear quite different for each of two 
investigated systems. For the MPF 12-std 
sample there are scattering peaks due to ox- 
ygen, magnesium, and nickel, with the ma- 
jor portion being nickel. The pertinent 
spectrum of the MPF 12-8 sample (Fig. 8) 
presents significant differences: there is 
much more magnesium on the surface and 
very little, if any, nickel detected. 

After 20 rain of sputtering we note on the 
MPF 12-8 sample a considerable growth of 
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the Ni peak, with the Mg still predominant, 
while for the MPF 12-std sample the Ni 
peak becomes the largest in the spectrum. 

DISCUSSION 

Effect of  Calcination Temperature (To) 

In recent studies dealing with the NiO-  
MgO interaction, we pointed out that the 
calcination temperature induces substantial 
modifications in the reduction pattern of 
several Ni/MgO systems (9, I0). In particu- 
lar, the diffusion of NiO into the MgO 
structure, with the consequent formation of 
NiO-MgO solid solutions, controls the 
whole reducibility (10). Previously, 
Highfield et al. (7), studying the catalytic 
properties of Ni/MgO and Co/MgO derived 
from NiO-MgO and CoO-MgO solid solu- 
tions, attributed their high metal disper- 
sions to the structural peculiarities of the 
solid solutions. On this account, we can ex- 
plain the trend of the "reduction isotherm" 
(Tr = 600°C) outlined in Fig. 1 by inferring 
that the calcination treatment affects the 
structure of the MPF 12 catalyst (18.0 wt% 
Ni/MgO), producing marked changes either 
in NiO reducibility or nickel dispersion. 
Namely, the hydrogen treatment at 600°C 
of the MPF 12-std sample (To = 400°C) al- 
lows the reduction of a considerable frac- 
tion of the NiO located on the surface and 
in the near surface regions of the MgO sup- 
port (10), giving rise to surface Ni ° dis- 
persed moderately (D = 14.7%). By con- 
trast, in the MPF 12-8 sample (To = 800°C) 
NiO is "dissolved" as small subsurface 
clusters (7) into the MgO lattice forming a 
quasi-homogeneous NiO-MgO solid solu- 
tion (10). At Tr --- 600°C the incipient reduc- 
tion of these NiO particles yields a more 
dispersed system (D = 36.8%) owing to the 
low extent of NiO reducibility (2.6%) which 
hinders significant sintering. Furthermore, 
600°C is not a T~ high enough .to promote 
"wide"  diffusion of NiO into the matrix 
(10). Then the less pronounced minimum of 
metal dispersion observed for the MPF 12-6 
catalyst is likely to be attributable to a 

lower NiO dispersion, similar to that ob- 
served for Ni/AI203 catalysts (17). How- 
ever, the improved D of the MPF 12-7 cata- 
lyst (Tc = 700°C), together with its lower 
reducibility, denote the incipient dissolu- 
tion of NiO clusters into the MgO structure 
leading to an enhanced extent of unreduc- 
ible NixMg(1-x)O bulk solid solution with 
the consequent lowering of the Ni particle 
size in the reduced system (see Table 2). 

XPS results help us to support further 
this view. Indeed, the progressive lowering 
both of the Ni 2p and oxygen ls type NiO 
bands, for catalysts calcined at higher Tc 
(see Fig. 5), is confirmatory evidence of the 
surface Ni depletion, which negatively af- 
fects the reducibility of the Ni/MgO system 
(8). Moreover, from the quantitative evalu- 
ation of the surface chemical composition 
(Fig. 6 (A)) emerges the tendency of the 
system to rearrange its structure until 
reaching at 800°C a "quasi-steady-state" 
corresponding to an ideal and homoge- 
neous solid solution, still showing a slight 
surface Ni segregation. The lower surface 
Ni concentration of the MPF 12-6 catalyst 
is related both to the above inferred NiO 
sintering and to the increased extent of NiO 
dissolved in the bulk of the support. The 
progressive surface carboxylation of sam- 
ples treated at high Tc (see Fig. 6 (B)) could 
reflect a higher "surface basicity" linked 
with the NiO migration toward the MgO 
bulk. This hypothesis is further supported 
by the ISS analysis showing a large over- 
laying of Mg and the nearly complete disap- 
pearance of Ni from the MPF 12-8 surface 
(Fig. 7). Furthermore, the growth of the 
ISS Ni peak in the MPF 12-8 sample and 
the lowering of Mg in the MPF 12-std case, 
recorded after 20 min of sputtering (Fig. 8), 
are associated with the removal of a thin 
MgO layer probably appearing on the sur- 
face as a consequence of its more pro- 
nounced reactivity toward the atmosphere. 

Therefore, our experimental data seem to 
be consistent with a reaction mechanism in- 
volving a mobility of Ni z+ ions across the 
MgO structure, adequate to give the forma- 
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tion of a bulk NixMg,-x)O solid solution. 
Indeed, we can infer that: (i) upon Tc in- 
crease from 400 to 600°C, surface "free"  
NiO clusters (10) agglomerate in larger par- 
ticles lowering the "lattice distortion" and 
consequently their reduction rate (18); (ii) 
for Tc higher than 600°C Ni 2+ ions quickly 
diffuse into the matrix and the system 
evolves progressively toward an "equilib- 
rium state" corresponding to the bulk 
NixMgu_x)O solid solution. On the basis of 
the above considerations, the mechanism 
scheme presented in Fig. 9 depicts well the 
structural modifications occurring in Ni/ 
MgO catalysts as T~ increases from 400 to 
800°C. In particular, it accounts for the 
marked tendency of NiO and MgO to inter- 
act according to a mechanism of lattice sub- 
stitution that at high Tc leads to a system 
almost homogeneously "mixed" (MPF 12- 
8). 

For the PM series, both Hz chemisorp- 
tion and NiO reducibility data provide evi- 
dence for a trend similar to that observed 
on the Ni/MgO-supported catalysts (see 
Table 3). Indeed, the reduction at 400°C 
leads to a very low metal dispersion (D = 
1.5%) in the PM-std sample (T~ = 400°C), 
which suddenly increases in the PM-8 sam- 
ple (To = 800°C) to a value (D = 46.3%) 
comparable with those of the correspond- 

400 " C ~  

600"C ~ ~ - ,~  ~ , l L  

1 

FIG. 9. Mechanism scheme of N i O - M g O  interact ion 

at different Tc. 

ing MPF 12-8 catalyst. The higher NiO re- 
ducibility and the lower Ni dispersion of the 
PM samples, compared to the MPF 12 cata- 
lysts, are attributable to the preparation 
methods enabling a different "contact 
area" between NiO and MgO (10). 

On the whole our results indicate an en- 
tropic reactivity governing the NiO-MgO 
interaction. The influence of the prepara- 
tion method, strongly affecting the struc- 
ture and the morphological properties of 
NiO/MgO systems for Tc -< 600°C, be- 
comes of less importance at 800°C. 

Effect of  Reduction Temperature (Tr) 

The observed negative influence of 
higher Tr on metal dispersion of the MPF 12 
system (Fig. 2) reflects the typical behavior 
of supported metal catalysts. Nevertheless, 
we can consider that high Tr affects peculi- 
arly the metal surface properties of the Ni/ 
MgO system by the concurrence both of a 
physical and a chemical phenomenon, re- 
spectively: (i) the sintering caused by the 
enhanced surface mobility of Ni particles; 
and (ii) the increased NiO reducibility giv- 
ing rise to a larger amount of surface metal 
particles. 

Taking into account these remarks and 
assuming that one oxide crystallite pro- 
duces one nickel crystallite (18) the differ- 
ent trends of D with Tr, shown in Fig. 2, are 
to be ascribed to the different NiO morphol- 
ogy which is controlled by To Indeed, the 
analogous value of D estimated for the 
MPF 12-std catalyst, reduced in the range 
300-400°C (Fig. 2), can be related with the 
reduction of "f ree"  NiO particles (10), hav- 
ing the same mean size, and leads to the 
ruling out of the occurrence of any sintering 
effects. Likewise, the chemisorption data 
for the PM-std samples, reduced in the 
same Tr range, give evidence for only a 
slight difference in NiO reducibility without 
any change in metal dispersion (see Table 
3). For the MPF 12-6 sample the incipient 
reduction at 600°C of the small NiO clus- 
ters, displaced in the subsurface sites of the 
MgO support (10), could mask the incipient 
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sintering leading fortuitously to the same 
metal dispersion observed at Tr = 500°C. 
For both MPF 12-std and MPF 12-6 cata- 
lysts high Tr cause a gradual lowering of O 
explicable by the above phenomena (i) and 
(ii). 

The very high metal dispersion (90%) of 
the MPF 12-8 sample reduced at 500°C con- 
firms that the NiO forming the bulk 
Ni/Mg{l-x)O solid solution is dissolved into 
the MgO lattice as Ni 2+ ions and their re- 
duction leads to Ni clusters "quasi-atomic- 
ally" dispersed. On increasing Tr the larger 
amount of surface Ni atoms, having a high 
mobility (19), undergoes dramatic sintering. 

In any case the plot of the development 
of metal surface area (MSA, m~i  g~-l) 
against the NiO reducibility (see Fig. 3) 
clearly shows the role of the heat treat- 
ments (To and Tr) in determining the practi- 
cal suitability of Ni/MgO catalysts. Thus, 
(a) at low degrees of reduced NiO (a < 
60%) the reduction temperature exerts a 
positive effect on MSA, although a decreas- 
ing metal dispersion has been observed, 
while (b) for higher degrees of reduction 
(o~ > 60%) sintering predominantly affects 
the MSA. Therefore, the prevalence of 
each one of the effects (i) and (ii) could pro- 
duce a relationship between et and MSA 
with a maximum, the value of which also 
depends on T~. However, a T~ higher than 
400°C must be avoided for attaining the 
largest metal surface area. 

Effect of Metal Loading 
Hydrogen and oxygen uptakes indicate 

that higher nickel loadings exert a promot- 
ing role on NiO reducibility and a negative 
effect on metal dispersion (see Table 2). In- 
deed, the hydrogen treatment at 400°C, in- 
volving the reduction of free NiO particles, 
allows for MPF 13-std (2.8 wt% Ni) and 
MPF 15-std (10.8 wt% Ni) samples a slight 
reducibility (ca. 10%) together with a high 
metal dispersion (respectively 78.7 and 
67%), while a larger reducibility (ca. 25%) 
and a moderate D (ca. 23%) were observed 
for MPF 12-std catalyst (18.0 wt% Ni). 

These results could be explained by infer- 
ring a different distribution of the Ni pre- 
cursor on the support. In particular, for Ni 
loadings up to 10.8 wt%, NiO is homogene- 
ously "spread" on the support occupying 
its most reactive sites. This "monolayer" 
arrangement hinders the formation of large 
free NiO particles (10), limiting the reduc- 
ibility of the system. In contrast, on the 
MPF 12-std catalyst a NiO multilayer is 
formed. This structure enhances the NiO 
reducibility leading to a moderate metal dis- 
persion. Similarly, SMSI effects render 
low-loaded Ni/AI203 systems less reduc- 
ible, favoring the formation of small Ni 
crystallites (5, 6). 

However, the linear relationship between 
the mean Ni particle size (ds) and Tr, found 
for catalysts with different metal loading 
(Fig. 4), denotes a general behavior pattern 
accounting for the surface properties of the 
Ni/MgO system. Moreover, since the slope 
of this correlation (Ads/AT0 is an increasing 
function of the Ni content (Fig. 4), we con- 
clude that the metal loading affects the mor- 
phological properties of Ni/MgO-supported 
system by controlling the distribution and 
the consequent reducibility of NiO onto the 
MgO support. 

CONCLUSIONS 

The surface properties of the NiO/MgO 
system are strongly connected with its pro- 
pensity to form solid solutions. XPS and 
ISS evidence confirms that calcination at 
Tc higher than 600°C induces dramatic 
changes in the structure and the surface 
properties of Ni/MgO catalysts. Metal 
loading controls the NiO reducibility and 
the sintering of Ni particles without altering 
the general pattern. The optimum calcina- 
tion temperature for gaining the highest 
metal surface area in magnesia-supported 
Ni catalysts is 400°C. 
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