
JOURNAL OF CATALYSIS 114, 217-229 (1988) 

The Location of Nickel Oxide and Nickel in Silica-Supported 

Catalysts: Two Forms of “NiO” and the Assignment of 

Temperature-Programmed Reduction Profiles 

BRYNMOR MILE,* DIANE S-rIRuNG,t MICHAEL A. ZAMMITT,~ ANTONY LOVELL,$ 
AND MAURICE WEBBS 

*Diuision of Chemistry, National Research Council of Canada, Ottawa, Ontario KlA 0R9, Canada: 
TDepartment of Chemistry and Biochemistry, Liverpool Polytechnic, Byrom Street, Liverpool L3 3AF, 
United Kingdom; and $Unilever Research Laboratory, Port Sunlight Laboratory, Quarry Road East, 

Bebington, Wirral, Merseyside LG3 3JU, United Kingdom 

Received October 22, 1987; revised July 8, 1988 

The preparation of nickel catalysts supported on a range of silicas results in the formation of two 
distinct types of “NiO” which reduce at very different temperatures under temperature-pro- 
grammed reduction (TPR) conditions. Examination of the effects of pore structure and experiments 
designed to concentrate the oxides in either the smaller (-9 nm) or the larger pores (15-30 nm) 
show that the more reducible oxide is located mainly in the small pores and the less reducible oxide 
in the large pores. The more reducible oxide resembles bulk NiO and has negligible interaction with 
the silica. The less reducible oxide is either in the form of crystallites so small as to make nucleation 
of the reduction to metal difficult or as surface nickel silicates or hydroxysilicates. Reoxidation of 
the reduced catalyst followed by TPR shows that the nickel oxide and nickel crystallites are 
immobilized in the pores of the silica at temperatures up to 600°C. D 1988 Academic PESS, 1”~. 

INTRODUCTION 

Despite its commercial importance there 
have been comparatively few systematic 
and basic studies of the preparation of sup- 
ported catalysts. Basic research has been 
inhibited in part by the bewildering multi- 
plicity of process variables at each stage 
and the apparent uniqueness of each sys- 
tem-hence the appellation “black art” to 
catalyst preparation. Fortunately there is 
now growing effort in this area as evi- 
denced by the series of symposia on cata- 
lyst preparation (1) and a number of review 
articles (2, 3). We have undertaken a care- 
ful study of several stages of the prepara- 
tion of silica-supported nickel catalysts. 
These were chosen because of their wide 
use (4) and because they have been exten- 
sively studied (6) since the classical work of 
Schuit and van Reijen (5, 6). 

We have used a range of techniques to 
study the individual stages, but have found 

the relatively simple temperature-pro- 
grammed reduction TPR) method (7) to be 
particularly useful as a diagnostic tool. 
However, there is always the problem of 
assigning the peaks of a TPR profile to defi- 
nite chemical species or to the same species 
located in different sites in the support. In 
this paper we describe our attempts at such 
assignments (i) by using TPR in conjunction 
with other techniques, (ii) by studying sili- 
cas of widely different morphologies, and 
(iii) by employing a variety of simple pore 
modification techniques. In subsequent pa- 
pers we will discuss how the TPR profiles 
change with changes in a number of prepa- 
ration conditions and how they can be used 
to explain and to predict the activity and 
selectivity of the final catalyst. 

EXPERIMENTAL 

Catalyst preparation. Samples were pre- 
pared by impregnating the silicas with 
nickel nitrate solution followed by drying, 
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calcining the nitrate to nickel oxide, and fi- 
nally reducing it to nickel, usually in the 
TPR apparatus. The careful examination of 
the effects of variables at each stage will be 
discussed in Part II, so here we merely out- 
line the procedures used in the present 
studies: 

I. The silicas were pretreated at 120°C for 
16 h immediately prior to impregnation to 
remove physically bound water. 

II. The dried silicas were usually impreg- 
nated with five times the pore volume of the 
prescribed nickel nitrate solution either by 
dropwise addition or by spraying the vigor- 
ously stirred silica. 

III. The impregnated silicas were nor- 
mally dried in air at 120°C for 16 h and then 
calcined at 400°C for 3 h. X-ray diffraction 
(XRD) and thermal gravimetry (TG) 
showed that these conditions resulted in 
complete decomposition to nickel oxide 
(see below). 

IV. The samples were cooled in air, 
stored under vacuum, and reduced in the 
TPR unit within 24 h of calcination. No dif- 
ferences were observed in samples reduced 
at varying times within this time period. 

It is worth noting that when we at- 
tempted to use ion exchange methods with 
ammoniacal nickel nitrate solutions consid- 
erable dissolution and reprecipitation of the 
silicas and/or glassware occurred at the 
high pH needed. We decided to use the im- 
pregnation method in order to avoid the 
complications that might result, especially 
since we were particularly concerned in 
maintaining the integrity of the morphology 
and texture of the silicas. 

Morphological characterization of sili- 
cas. Surface areas were determined with a 
Micromeritics Accusorb physical adsorp- 
tion analyzer and application of the BET 
equation to nitrogen adsorption. A Quanta- 
Chrome scanning mercury porosimeter en- 
abled the pore size distribution of the silicas 
to be estimated at each stage of preparation 
using standard techniques (8). 

X-ray diffraction. A Philips 1700 auto- 

mated X-ray diffractometer was used for 
both product identification and line broad- 
ening analysis to estimate particle sizes. 
Nickel-filtered copper Ka! radiation was se- 
lected and after data collection and file stor- 
age the “Sandman” software facility en- 
abled the sample XRD to be compared to 
that of known compounds in the software 
library taken from the JCPDS index. 

Thermogravimetry (TG), differential 
scanning calorimetry LDSC), and differen- 
tial thermal analysis (DTA). The dehydra- 
tion and decomposition of supported and 
unsupported nickel nitrate into nickel oxide 
were monitored using a DuPont TGA unit 
and a Perkin-Elmer DSC and DTA com- 
bined unit. 

Determination of nickel content. The 
nickel was extracted by digestion with 20 
cm3 nitric acid (50%, w/w)/100 mg of sam- 
ple on a steam bath for 4 h. After filtration 
and dilution the nickel content was deter- 
mined by atomic absorption. The results 
were cross checked by gravimetric analysis 
using dimethylglyoxime and by X-ray fluo- 
rescence analysis of the undigested solid 
sample using a Philips P.W. 1400 spectrom- 
eter and a series of accurate standards pre- 
pared from dry mixes of nickel oxide and 
micronized Gas&35 silica. Both test sam- 
ples and standards were pressed into disks 
after addition of excess borax. The corre- 
spondence among the three methods was 
within 3%. Residual nickel not extracted 
from the silica by the nitric acid digestion 
was determined by dissolving the digested 
silica in hydrofluoric acid in a platinum cru- 
cible followed by dilution and atomic ab- 
sorption to determine the Ni content. 

Temperature-programmed reduction 
TPR (9, 10). A Perkin-Elmer sorptometer 
was adapted for TPR. The reactant stream 
(nitrogen (95%) and hydrogen (5%)) flowed 
downward over the sample supported on a 
the silica sinter in one arm of a vertical sil- 
ica U-tube reactor surrounded by a tubular 
furnace whose temperature was increased 
linearly (lTC/min) using a Stanton Red- 
croft UTP Model programmer controlled 
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by a Chromel-Alumel thermocouple in 
contact with the sample. The loss of hydro- 
gen from the reactant stream was detected 
by a katharometer whose voltage was fed 
into an integrator and a dual channel chart 
recorder whose other channel read the volt- 
age from a separate Chromel-Alumel ther- 
mocouple in contact with the sample. 
Sample sizes were chosen so that they con- 
tained about 7 mg of reducible Ni. The pro- 
portionality between Hz uptake and the 
amount of reducible oxide was checked by 
reducing a number of accurately known 
amounts of Ni(I1) and Cu(I1) oxides and 
found to be accurate to within 1% over the 
range used. The unit was calibrated dialy by 
injecting known amounts of H2 into the NJ 
H2 carrier gas. With these precautions the 
TPR technique proved to be reproducible 
and quantitatively accurate in both peak 
position (?YC) and hydrogen consumption 
(+2%). 

Reoxidution of TPR reduced samples. In 
this series of experiments, after reduction 
in the TPR unit up to 62O”C, the samples 
were reoxidized in situ by flowing gaseous 
oxygen at varying temperatures and for 
varying periods of time. A new TPR profile 
was then run on these oxidized samples. 

RESULTS AND DISCUSSION 

Micromeritics of Silicas Studied 

The micromeritics of the silicas used 
(prepared by Unilever Research) are listed 
in Table 1. Impurity levels were as follows: 
1000-2000 ppm of Al; < 100 ppm of Mg, Ca, 

TABLE I 

Micromeritics of Silicas Used 

Silica Mean pore Pore volume Surface area 
diameter (cm’ go ’ ) (m? g’j 

(nm) 

Sorbsil <2 0.4 800 
HP34 15 1.64 260 
Gasil-35 16 I .55 300 

micronized 
UHPV 
SD1 16 

25 2.15 340 
28 2.11 323 

FIG. I. Schematic representation of the particle and 
pore structure of the silicas used. 

K; lo-100 ppm of Fe, Cu, Zn, Sr, Ba, P, S, 
U, F. Blank TPR experiments on the un- 
treated silica showed no reduction peaks. It 
is convenient to discuss the silicas used in 
this work in terms of primary (1 S-nm), sec- 
ondary (15nm), and tertiary (150-nm) silica 
particles and their associated pores. Each 
larger particle is built from the smaller par- 
ticles, the tertiary particles themselves be- 
ing loosely bound within quaternary parti- 
cles of 100 pm in size in unmicronized and 5 
km in micronized silicas (i.e., after milling) 
(11) (Fig. 1). The range of silicas was se- 
lected to study the effect of a wide range of 
pore diameters on TPR profiles and other 
properties. 

Porosimetry examination of the pore 
structures of the silicas after each stage 
of catalyst preparation showed that there 
was little change (~5%) for the more robust 
silicas (e.g., Gasil-35). For the very high- 
porosity silicas (e.g., UHPV) the degree of 
structural rearrangement depended on the 
severity of the drying conditions; slow oven 
drying produced a 16% drop in pore volume 
and a 35% reduction in the mean pore diam- 
eter, largely because of some collapse of 
the tertiary pore structure. 

Thermal and XRD Studies of the 
Calcination of Nickel Nitrate 

The thermal decomposition of nickel ni- 
trate to nickel oxide is a complex multistep 
solid-phase reaction (12-14) and many of 
these steps could be affected by the support 
by changes in nucleation site density, nu- 
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and 351°C but the loss of the first water of 
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FIG. 2. (a) TGA of the thermal decomposition of 
unsupported Ni(N0&6H20. Ramp rate 10°C min-‘; 
(b) first derivative of TGA curve 2 (a). 

cleation rate, and the rate of NiO crystal 
growth. TGA, DSC, and XRD techniques 
were used to study the calcination of silica- 
supported and unsupported nickel nitrate. 

Figure 3 shows the corresponding TGA 
for Ni(N0&6H20 supported on micronized 
Gasil-35 at a 13% nickel loading. Three pri- 
mary stages are again clearly distinguished 
with a multiplicity in stage II, the basic ni- 
trate being again clearly indicated. The 
most significant difference is the much 
lower temperature for the occurrence of 
each change for the supported nitrate, the 
maximum rate for each case being observed 
at the following temperatures: 93 and 83°C 
204 and 162”C, and 351 and 264-286°C. 
DTA confirmed the lowering of the temper- 
ature for each decomposition stage. The 
rate enhancement by the support could be 
due to an increase in lattice defects and nu- 
cleation site densities in the small blocks of 
Ni(I1) on the surface. However, it is also 
possible that the enhancement has a more 
chemical basis and arises from reaction of 

Figure 2 shows the TGA traces for bulk 
nickel nitrate. The following three main de- 
composition stages can be distinguished 
(percentage weight loss theoretical T and 
experimental E shown in parentheses): 

a 
5 ----N$N0$2 6H2O 

-h E” ___ --_ Ni(N0312 4H20 

cn 

- - Ni(NO$(OH)2.5H20 

I. Ni(N0&6H20 + (-H20/(93-125°C)) 
Ni(NO&?H20 (T, 3.0%; E, 2.6%). 

II. Ni(N0&5H20 ((-HN03, - 1.5 H20)/ 
(125-265°C)) + Ni(NOj)(OH)2.5H20 (T, 
31.0%; E, 30.3%). 

11 IL:&& NiO 

b 264 

III. Ni(N03(OH)2.5H20 ((-HNOJ, -2.5 
H20)/(285-425°C)) + NiO (T, 37.1%; E, 
36.5%). t 

Stage II consists of at least three steps, the 
first two involving mainly the loss of water 
and the last the loss of nitrate to give the 
basic nickel nitrate intermediate Ni(NOJ TGA curve 3(a). 

TEMPERATURE / ‘C - 

FIG. 3. (a) TGA of Ni(N09)26H20 supported on 
Gasil-35 (8.3% (w/w) loading); (b) first derivative of 
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FIG. 4. (a) (---) TPR of unsupported NiO; (b) (-) 
TPR of “NiO” supported on micronized Gas&35 
(8.8% (w/w) loading). TPR conditions: 60 mg of sam- 
ple; ramp rate 12°C min-I, 5% HzNz calcination at 
400°C for 16 h. 

the silica surface, probably via surface OH 
groups, with nickel nitrate or basic nitrate 
to form surface nickel silicates or hydroxy 
silicates. 

XRD examination of supported samples 
quenched at each of the three stages 
showed the formation of Ni(N0&4H10 
and the final production of cubic bunsenite 
NiO particles of -10 nm in size. There was 
no definitive evidence for the basic nitrate 
intermediate detected by TGA or for nickel 
silicates or nickel hydroxysilicates, al- 
though weak broad reflections were possi- 
bly present at the correct reflections. 

Temperature-Programmed Reduction 

As shown in Fig. 4 the TPR of bulk nickel 
oxide consisted of a single reduction peak 
at 400°C slightly skewed toward lower tem- 
peratures. The peak at 250°C was small 
(cl%) and erratic and sometimes was not 

present. The example of the TPR of sup- 
ported nickel oxide (8.8% (w/w) of Ni on 
micronized Gasil-35) in Fig. 4 shows the 
marked effect of the support in producing a 
number of peaks and broadening the whole 
profile to much higher temperatures. There 
are three reduction peaks at 250, 400, and 
500°C and a chemisorption peak at -260°C 
obtained on cooling the sample from 600°C 
to ambient in the Nz/H2 carrier gas stream. 

Peak I (25O’C) can be assigned unambigu- 
ously to the reduction of traces of the 
higher Ni(II1) oxide; the intensity of this 
peak corresponded to increased amounts of 
black “Ni203” clearly visible against the 
pale green NiO and was absent in the TPR 
of samples showing no traces of the higher 
oxide. Its occurrence or nonoccurrence did 
not affect the remainder of the TPR profile. 
Peak II (4Oo”C), which we will refer to as 
the low-temperature peak (LT), occurs at 
the same temperature as the unsupported 
nickel oxide and therefore is probably due 
to large crystallites of bulk nickel oxide in- 
teracting hardly at all with the silica support 
which merely acts as a dispersing agent. 
Peak III (SOO”C), which we will refer to as 
the high-temperature peak (HT), reduces 
90-100°C higher than bulk NiO and clearly 
results from a much more difficultly re- 
duced Ni(I1) species. The summed H2 con- 
sumption of the LT and HT peaks corre- 
sponds to complete reduction of the 
measured amount of nickel in the sample to 
Ni(0). The Ni(I1) species responsible for 
the HT peak could be either a surface 
nickel silicate or NiO present as very small, 
difficulty reducible particles. We discuss 
these alternatives in detail below. Similar, 
although less well-resolved, TPR profiles 
have been reported by others (7, 15) but not 
discussed. The relative proportions and 
sometimes the positions of the LT and HT 
peaks are highly sensitive to some prepara- 
tion conditions and insensitive to others 
and also correlate with the activity and se- 
lectivity of the final nickel catalyst (to be 
presented in Part II). Before considering 
the chemical nature of the two Ni(I1) spe- 
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ties and their location in the silica pore 
structure we discuss briefly a perquisite of 
the TPR technique, the hydrogen chemi- 
sorption peak observed on cooling the re- 
duced sample in the N2/Hz stream. 

The Hydrogen Chemisorption Peak 

Following McNicol and co-workers (26), 
we assign the peak observed at -260°C on 
cooling to H2 uptake by chemisorption on 
the surface of the nascent nickel particles 
just formed during the TPR reduction but 
denuded of surface hydrogen at the maxi- 
mum temperature of 620°C. There is no 
other apparent explanation and it seems 
reasonable in the light of the known desorp- 
tion and adsorption characteristics of H2 on 
supported nickel catalysts (17). If this inter- 
pretation is correct the peak can be used to 
determine the nickel surface area and to 
give an estimate of particle size directly 
from a single TPR experiment. In order to 
justify the use of the chemisorption peak 
for this purpose we determined the nickel 
surface area of representative samples by 
traditional Hz chemisorption measurements 
and found the monolayer volume of H2 to 
be within ? 10% of that determined from 
the TPR chemisorption peak. Coenen and 
Linsen’s equation, SNi = 3.4V, (m2 gg’ (6) 
was used to determine the specific nickel 
surface area, SNi, from the volume of 
chemisorbed HZ, V, (corrected to STP). 
Assuming the nickel particles to be hemi- 
spherical, their mean diameter, d (nm), is 
related to SNi by d = 431/&i (6). A further 
check was to estimate the Ni particle size 
by X-ray line broadening. Reasonable 
agreement was found for the samples con- 
taining large particles with XRD giving d = 
16 nm and H2 chemisorption 12 nm but, as 
expected, discrepancies appeared for parti- 
cles below -5 nm with XRD and H2 chemi- 
sorption giving 9 and 2 nm, respectively. 
Parkash (18) has shown that XRD gives 
larger size estimates than chemisorption 
because the two techniques give volume 
and surface averages, respectively. It is 

TABLE 2 

TPR Characteristics of Nickel on Various Silicas 

Silica Sorbsil HP34 Gasil-35 UHPV 

1% W/w) nickel on silica (micronized) 
Mean pore diameter (nm) ~2 15 16 
% LT peak 68 61 42 
% HT peak 32 39 58 
&m) 1.5 1.3 0.8 

9% nickel on silica (micronized) 

2s 
29 
72 
0.9 

% LT peak 92 88 - 

% HT peak 8 I2 - 

&run) - 1.2 6.0 

possible that the large difference between 
the chemisorption and XRD-determined 
sizes may indicate a bimodal distribution. 
Mustard and Bartholomew (19), from their 
thorough investigation of sizing techniques, 
conclude that H2 chemisorption provides 
the most accurate method because of its 
sensitivity to the smaller particles. The 
nickel particle diameters reported in this 
paper are based on the HZ chemisorption 
peak. 

Silica Micromeritics and the TPR of 
Supported NiO 

The effects of the mean pore diameter of 
the silicas on the proportions of the LT and 
HT TPR peaks and final nickel particle size 
are summarized in Table 2. Surprisingly, 
the LT peaks decreased and the HT peaks 
increased with an increase in pore diame- 
ter, suggesting that the LT peak is associ- 
ated with the small pores and the HT peak 
with the large pores of the silica. The Sorb- 
sil contains virtually no secondary or ter- 
tiary particles and hence is too extreme a 
case to correlate with the other silicas. A 
more detailed study of pore structure is 
shown in Table 3 for three forms of silica, 
Gasil-35, UHPV, and SD1 16. The number 
of moles of Ni per gram in the secondary 
and tertiary pores (columns 6 and 7) is that 
calculated from the total nickel content pro- 
portioned according to the respective pore 
volumes of these pores. The almost exact 
correspondence of these numbers with the 
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TABLE 3 

Pore Structure and TPR of Nickel Catalysts (1%) Supported on Micronized Gasil-35, UHPV, 
and SD1 16 Silicas 

Silica 

Gas&35 
UHPV 
SD1166 

Secondary pores Tertiary pores 
Pore Mean Pore Mean 

volume diameter volume diameter 
(cm3 8-l) (nm) (cm3 9-l) (nm) 

0.65 8.8 0.90 35.5 
0.60 7.0 1.55 47.3 
0.59 8.7 1.52 54.4 

Ni content” 
Sec. Tert. 

pores pores 

(mg g-l) 

4.2 5.8 
2.8 7.2 
2.8 7.2 

Ni content 
LT HT 

peak peak 

(mg 6-l) 

4.2 5.8 
2.9 7.1 
4.3 5.1 

u Calculated from total nickel loading and proportioned according to pore volumes. _ . . 
b SD1 16 freeze dried to maintain pore integrity. 

number of moles of Ni(I1) associated with 
the LT and HT peaks in Gasil-35 and 
UHPV is perhaps fortuitous but strongly 
suggests that the Ni(I1) of the LT peak is 
located in the small, secondary pores while 
that of the HT peak is in the larger, tertiary 
and quaternary pores. Although in the right 
direction, the results for SD1 16 silica show 
a poorer correspondence; this may be asso- 
ciated with the different drying technique 
used. The results suggest that, at the 1% 
level, nickel ions do not transfer from one 
pore to another by capillary action during 
drying. This indicates chemical binding to 
the silica surface presumably through the 
involvement of surface hydroxyls. In order 
to provide further evidence for the rather 
unexpected conclusion regarding the loca- 
tion of the two Ni(I1) species we conducted 
three sets of experiments aimed at specifi- 
cally skewing the Ni(I1) distribution into ei- 
ther the large or the small pores. 

Autoclaving 

Here the purpose was to change the dis- 
tribution of pore sizes before impregnation. 
SD1 16 silica was subjected to hydrothermal 
treatment in an autoclave at 260 psi for 1 h 
at 210°C in order to reduce the smaller pri- 
mary and secondary pores and favor the 
larger tertiary pores (11). Mercury porosi- 
metry showed an increase in the mean sec- 
ondary pore diameter from 8.7 to 22.3 nm 
and in the tertiary pore diameter from 54.4 

to 136.0 nm. TPR showed an increase in the 
HT peak from 65 to 90%, in agreement with 
this peak being associated with the metal 
oxide in the larger pores. 

The Effects of Using Impregnation 
Volumes below the Pore Volume 

Silica SD1 16 samples were treated with 
the pore volume and with 50 and 20% of the 
pore volume of NiN03 solutions to give a 
final nickel loading of 1% in each case. A 
spray technique with vigorous agitation of 
the silica was used to ensure homogeneity, 
other conditions being held constant. We 
anticipated that the nickel nitrate solution 
would tend to collect in the smaller pores 
by capillary action and hence the peak as- 
sociated with oxide in the smaller pores 
would be enhanced in the 50 and 20% 
cases. The results showed that the LT peak 
did indeed increase as less than the pore 
volume was used. 

50% Pore 20% Pore 
Volume used Pore volume volume volume 

% LT Peak 35 65 67 
% HT Peak 6.5 35 33 

Pore Blocking Experiments 

Here we attempted to fill the tertiary 
pores with the nickel salt by blocking the 
smaller pores either with an organic solvent 
immiscible with water or with ice. In the 
first method we followed the technique de- 
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vised by Gregg and Tayyab (20) for micro- 
pore determination. Nonane (0.5 cm3 g-l) 
was added to the silica to fill the small pores 
(this being the volume of the smaller pores 
determined by porosimetry); the remaining, 
tertiary, pores were then filled with aque- 
ous nickel nitrate solution (1.3 cm3 g-l). In 
the second method the small pores were 
filled with water (0.5 cm3 g-l) which was 
then frozen into the pores using a dry-ice 
slush bath. A sufficient amount of methanol 
solution of nickel acetylacetonate was then 
added to fill the tertiary pores. Both sam- 
ples were freeze dried before calcining. 
Separate experiments using a nickel acetyl- 
acetonate methanol solution were run as a 
control. Neither method will lead to a clear 
demarcation between the small and the 
large pores but trends should be observ- 
able. The results revealed an increasing 
preponderance of the HT peak when the 
nickel salt was “foreced” preferentially 
into the larger pores using either method. 

Nonane Ice 
Control blocking blocking 

% LT peak 43 <5 11 
% HT peak 57 >95 89 

Taken alone none of these results pro- 
vide definitive proof but together they do 
constitute good evidence for the unex- 
pected conclusion that the more readily re- 
duced Ni(I1) is located mainly in the small 
pores and the less readily reduced Ni(I1) is 
in the large pores. Before discussing the 
reasons for this preferred location the na- 
ture of the two reducible forms of Ni(I1) 
needs to be considered. 

The Nature of the Supported Nickel 
“Oxide” 

The low-temperature peak. The corre- 
spondence between the peak maximum of 
the LT peak and that of the bulk nickel ox- 
ide makes it reasonable to assign this peak 
to large particles of nickel oxide which, al- 
though well dispersed by the silica, do not 
form significant chemical bonds with the 

underlying surface. Delmon and others (21- 
23) have proposed a similar assignment of 
the spontaneously reducible NiO found in 
their isothermal reduction studies of silica- 
supported nickel species. 

The High-temperature peak. In addition 
to an irreducible nickel silicate (-5% of the 
total nickel content) Delmon et al. also 
found evidence for a NiO which was far 
less reducible than the bulk oxide and 
which they called initiable nickel oxide (2Z- 
23). They proposed that this was an oxide 
present as very small particles and that the 
difficulty of reduction arose from the low 
rate of nucleation of these small-sized parti- 
cles. The arguments in favor of this pro- 
posal were plausible but qualitative with no 
direct evidence being available. A similar 
two-particle model has been proposed by 
Burch and Collins for the decreased reac- 
tivity of molybdenum oxide supported on 
alumina (24). Such an explanation is also 
possible for the HT peak observed in the 
present work. However, we favor a more 
chemical reason for the HT peak, namely 
the formation of amorphous surface nickel 
silicates or nickel hydroxysilicates bear- 
ing some resemblance to bulk silicates. 
Thomas et al. (25) have suggested similar 
surface compounds to explain the de- 
creased reducibility of Mo/A1203 catalysts. 
Likewise Dalmon et al. proposed a similar 
explanation for the inhibition of nickel re- 
duction on silica and alumina (23). The in- 
teraction is probably similar to that desig- 
nated medium (MMSI) by Bond (26) as 
opposed to strong (SMSI) and weak metal 
support interaction (WMSI). The differ- 
ences at the low particle size -1 nm may 
actually be semantic since for hemispheri- 
cal particles -30% of the nickel oxide 
phase will be in contact with the silica sur- 
face and even greater proportions will be in 
contact for raft-like particles. Such intimate 
contact between the two phases must result 
in moderately strong interaction even if 
only by charge transfer processes and could 
lead to a reducibility intermediate between 
bulk nickel oxide and nickel silicates; i.e., 



LOCATION OF Ni ON SiOz 225 

the extensive interface acts as a “chemi- 
cal” glue as proposed by Coenen and Lin- 
sen (6) and helps to reduce sintering and 
maintain a high metal dispersion. The re- 
cent careful magnetic studies of silica-sup- 
ported nickel particles have shown that 
small amounts of Ni+ and Ni2+ at the 
nickel/silica interface have an anchoring ef- 
fect and reduce sintering (27). We discuss 
the two models briefly. 

The two-particle size model. Perhaps the 
strongest evidence in favor of this model is 
negative in that no well-defined XRD reflec- 
tions from a nickel silicate or basic silicate 
were observed by Delmon et al. (21, 22) or 
by us. We have also found that all the 
nickel is extractable with dilute HN03 from 
samples calcined at ~400°C whereas nickel 
silicates are not extractable. Additionally 
we found that prepared nickel silicates do 
not begin to reduce until 550°C whereas the 
HT species peaks at 500°C and is com- 
pletely reduced by 550°C. Hence bulk sili- 
cates are certainly not formed or responsi- 
ble for the HT peak. However, the absence 
of well-defined nickel silicate XRD reflec- 
tions does not preclude the presence of thin 
layers of amorphous surface nickel silicates 
at the 1% level. Direct support for the two- 
particle size model comes from the careful 
X-ray diffraction studies of Ganesan et al. 
(28) who found a biomodal distribution of 
nickel oxide particles in NiO/SiO* systems. 

The Surface Silicate Model 

There are many examples of oxide/sup- 
port interactions: Pt-aluminate in Pt/Al,O, 
(29), Fe304 on silica (30), and Mo(V1) on 
silica and alumina (31). Nickel silicates are 
formed in catalysts prepared by precipita- 
tion (6) and probably by ion exchange (32) 
but to our knowledge there is no evidence 
for silicate formation in silica catalysts pre- 
pared by impregnation. Nickel aluminates 
are formed on alumina supports (33,34) and 
we have found that nickel catalysts pre- 
pared by impregnation on alumina are only 
reduced above 700°C under TPR condi- 
tions. Recent theoretical calculations sug- 

gest that moderate chemical bonding can 
also occur between nickel and a silica sur- 
face (35). 

The large temperature differences 
(-100°C) found in this work between the 
LT and HT peaks are indicative of a chemi- 
cal difference between the species respon- 
sible. Two other observations also support 
this conclusion. 

(i) Increasing the time and/or tempera- 
ture of the calcination stage causes an in- 
crease in the proportion of the HT peak and 
a diminution in the nickel particle size. This 
aspect will be discussed in detail in Part II 
but, for example, increasing the calcination 
temperature of a 1% Ni on Gasil-35 catalyst 
from 400 to 600°C resulted in the HT peak 
proportion increasing from 40 to 60% and to 
the particle size decreasing from 10 to 2.5 
nm. Both effects can be readily understood 
by an increased extent of reaction of the 
NiO with the silica to form surface silicates 
which are less mobile and hence lead to 
higher dispersions of the nickel metal. The 
two-particle size model predicts that an in- 
crease in calcination temperature should 
promote the formation of larger, thicker 
nickel oxide particles (i.e., more of the LT 
peak) and hence larger nickel crystallites in 
contradiction to experiment. 

(ii) Increasing the nickel loading on Gasil- 
35 from 1 to 31% resulted in an increase in 
the amount of nickel oxide in the HT peak 
from 306 to 860 pmol g-i, but the major pro- 
portion of the additional nickel was associ- 
ated with the LT peak which increased 
from 22 to 9360 pmol g-‘. If the two-particle 
size model were applicable, the amount of 
nickel in the HT peak would be expected to 
diminish with a 30-fold increase in the sur- 
face concentration of the oxide since large 
numbers of small particles should aggregate 
to larger particles under these conditions. 
The surface nickel silicate model provides 
an explanation if only a small proportion of 
the surface in the large pores can form the 
surface silicates. Interestingly, if we as- 
sume five OH groups/100 A2 (II, 36) we 
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TABLE 4 

Calculated Percentage Monolayer Coverage in 
Small and Large Pores 

Nickel 
Gasil-35 UHPV SD116 

loading Sec. Tert. Sec. Tert. Sec. Tert. 
(%) pores pores pores pores pores pores 

1 1.1 3.7 0.7 4.0 0.8 4.8 
10 11 37 7 40 8 48 

calculate there to be 840 pmol g-l of OH 
groups in the large tertiary pores of Gasil- 
35. The closeness of this to the limiting 
value of 860 pmol g-i of Ni in the HT peak is 
probably fortuitous but it would appear that 
the silicates could be formed at surface hy- 
droxyl sites and it is possible that the basic 
nickel nitrate intermediate is involved in 
this surface reaction although a simple ion 
exchange reaction could also occur. How- 
ever, it is difficult to see why the larger 
amounts of surface OH groups in the 
smaller secondary pores (-2500 pmol g-l) 
do not react similarly. We now address this 
problem 

Differences between “NiO” in Small and 
Large Pores 

A simple explanation would be that the 
crystallites of “NiO” readily coalesce to 
bulk-like NiO in the small pores which are 
of comparable size (- 10 nm) whereas in the 
larger pores (>lOO nm) they are dispersed 
on the larger perimeter and remain discrete. 
We have calculated the monolayer cover- 
ages in the secondary and tertiary pores on 
the basis of the following simplifying as- 
sumptions: the pores are open-ended cylin- 
drical capillaries; there is no capillary flow 
during drying, the Ni2+ ions being immobi- 
lized in their initial pores; all the surface is 
amenable to “NiO” deposition; the NiO 
monolayer has a thickness of 0.27 nm. The 
calculated percentage monolayer coverage 
for three silicas at 1 and 10% Ni loading are 
shown in Table 4. There is insufficient NiO 

even at 10% loading to give monolayer cov- 
erage. The percentage monolayer coverage 
is calculated to be greater in the larger than 
in the smaller pores and hence there should 
be more of a tendency for aggregation to 
bulk NiO in the larger pores which is in the 
opposite direction to that needed to explain 
the TPR results. If appreciable capillary 
flow occurs during drying the nickel ions 
will accumulate more in the smaller pores 
and this could lead to larger, more bulk- 
like, NiO in these pores. The results al- 
ready presented in Table 3 for 1% loading 
indicate that such mobility probably does 
not occur. The 1% loading is similar to the 
loadings produced by cation exchange 
methods using alkaline ammoniacal solu- 
tions and which also result in nickel particle 
sizes (<2-3 nm) similar to those found here 
at 1% loading. It thus seems possible that at 
the low loading similar chemical interaction 
with the silica surface is occurring either by 
cation exchange or by reaction of a basic 
nickel nitrate as already suggested. How- 
ever, such interactions should also occur in 
the small pores whereas experimentally it 
appears that noninteracting, bulk NiO pre- 
dominates. Three speculations are offered. 
First, the assumption that all the silica sur- 
face is amenable to “NiO” coverage is 
probably invalid and the number of such 
sites suitable for NiO growth may be differ- 
ent in the small and large pores. Second, 
separate crystals grow from such low den- 
sity sites and, whereas in the small pores 
these connect with each other to form a net- 
work of crystallites with properties similar 
to those of bulk NiO, in the large pores with 
longer perimeters such enmeshing of crys- 
tallites does not occur. However, at higher 
loadings networks form even in the large 
pores. Third, steric effects could inhibit sili- 
cate or hydrosilicate formation in the 
smaller pores because of the lamellar struc- 
ture of these intermediates.’ 

1 We are grateful to a referee for suggesting this pos- 

sibility. 
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FIG. 5. TPR of samples after reoxidation of previ- 
ously reduced catalyst. (8.3% (w/w) Ni on micronized 
Gas&35). (a) TPR of reduced sample after Oz treat- 
ment at 28°C. (b) TPR of reduced sample after O? treat- 
ment at 260°C for 30 min. (c) TPR of reduced sample 
after O2 treatment at 400°C for I6 h. 

TPR of Reoxidized Samples 

Samples were taken through the follow- 
ing sequence: TPR up to 62O”C, cool down 
in NZ/H2, oxidation in an O2 stream for 
varying times and temperatures, repeat of 
the TPR up to 600°C without removing the 
samples from the TPR unit. The object was 
to determine whether such oxidation 
changed the nature and the location of the 
nickel. They also served to check the use of 
the H2 chemisorption peak as a measure of 
particle size. The results are illustrated in 
Fig. 5 and summarized in Table 5. 

The TPR of samples reoxidized at 25°C 
was independent of oxidation time and con- 
sisted of two low-temperature peaks at 110 
and 210°C followed by a small broad tail 
extending to about 440°C. Hydrogen con- 
sumption was 12% of the parent sample and 
3.8 times larger than the hydrogen chemi- 
sorbed on cooling. It seems very likely that 
the TPR is that of a surface nickel oxide 
with 88% of the nickel remaining unox- 
idized in the interior of the metal particle. 
Assuming that the TPR peaks correspond 
to a process with stoichiometry NiO (sur- 
face) + 1.5H2 * NiH(s) + HZ0 the hydro- 
gen consumption should be three times that 
of the chemisorption peak, Ni(s) + +H2 -+ 
NiH(s). The larger experimental value of 

3.8 could be due to reaction with chemi- 
sorbed molecular oxygen or arise because 
some oxidation of subsurface nickel has oc- 
curred. Estimates of oxidation penetration 
of the surface range from 1 (6) to 1.8 mono- 
layers (37). The 25°C oxidation results ap- 
pear to confirm the validity of using the HZ 
chemisorption peak for surface area mea- 
surements. A similar titration technique has 
been used by Burwell and co-workers (38). 
An interesting feature of the 25°C reoxida- 
tion results is the observation of not one but 
two TPR peaks resembling the two peaks of 
the parent sample but displaced to much 
lower temperature. It seems that the reduc- 
ibility of even the surface nickel oxide is 
controlled by the environment of the parent 
oxide. 

The TPR of samples reoxidized at higher 
temperatures depended on the duration of 
the oxidation. After 30 min of oxidation at 
260°C the TPR profile was similar to that of 
the 25°C oxidation but with the peaks 
moved to higher temperatures (206 and 
289°C) and with a H2 consumption of 53% 
of that in the parent TPR peaks. Clearly 
oxidation beyond the surface layer had oc- 
curred and the lowering of the peak temper- 
atures below those of the original TPR 
probably results from activation of the hy- 
drogen by the 47% unoxidized nickel; the 
black color of the sample even after reox- 
idation was indicative of the presence of 
appreciable amounts of metallic nickel. 

TABLE 5 

TPR of Samples of 8.8% (w/w) Ni on Gasil-35 
Reoxidized with Gaseous O2 

Oxidation Parent 25°C 260°C 260°C 400°C 
conditions sample 8 days 30 min 16 h 16 h 

% LT 
Peak 
% HT 
Peak 
Particle 

diameter 
(nm) 

68 
$5, ,lYO, (200) $0) go) 
14 52 

(495) Cz?po, $I) (380) (ip,O, 
10.7 - - 8.4 9.8 

’ Temperature in “C of peak maximum in parenthe- 
ses. 
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Reoxidation at 400°C for 16 h gave a sample 
having the characteristic pale green color of 
nickel oxide, which had a TPR profile simi- 
lar to that of the parent TPR but with the 
LT and HT peaks occurring about 40°C 
lower but having similar proportions. Hz 
consumption was within 6% of the parent 
TPR peak and the final nickel particle size 
of 10 nm was virtually identical to that of 
the parent particle size of 11 nm. A small 
difference between the parent TPR and the 
fully oxidized sample is to be expected be- 
cause of the very different routes to the 
oxides which could produce differences in 
lattice defects and support interactions. 
Indeed, the similarity is the more interest- 
ing feature since it shows that neither the 
nickel oxide nor the nickel particles are mo- 
bile on Gasil-35 silica during reduction at 
620°C or during oxidation at 400°C. This 
indicates a medium to fairly strong metal/ 
support interaction (MMSI, SMSI). This 
contrasts with the results for the reoxida- 
tion of nickel and copper particle in X and 
Y zeolites where extensive migration to the 
surface occurred (39, 40). 

CONCLUSIONS 

1. Nickel nitrate incorporated into po- 
rous silicas by impregnation decomposes 
by a multistep process to form “nickel 
oxide” via a basic hydroxynitrate Ni 
(N03)(OH)2.5HZO; the silica support re- 
duces the temperatures required for each 
calcination stage. 

2. Two distinct types of “NiO” are 
formed and are distinguished by a tempera- 
ture difference of -100°C in their peak 
maxima during TPR. 

3. The more reducible “NiO” resembles 
bulk nickel oxide and is probably in the 
form of large crystallites which are dis- 
persed by, but do not interact chemically 
with, the silica surface. 

4. The less reducible “NiO” either is in 
the form ofsmall crystallites that inhibit nu- 
cleation or is a surface nickel silicate or hy- 
droxysilicate. 

5. The more reducible “NiO” is located 

mainly in the small pores with mean diame- 
ters of -9 nm and the less reducible oxide 
is located in the large pores with mean di- 
ameters of 20-30 nm. 

6. Reoxidation of the final nickel particles 
formed by reduction of both oxides results 
in a return to the original oxides in their 
original locations in the two types of pores 
showing that the nickel does not migrate to 
the surface but is immobilized within the 
pore framework at 620°C. 
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