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CATALYST COMPONENT INTERACTIONS IN NICKEL/ALUMINA 
CATALYST  

 
Ern� E. Kiss, Matilda M. Lazi� and Goran C. Boškovi�� 

 
 The influence of nickel loading (5; 10; 20 wt% Ni), temperature of heat treatment 
(400; 700; 1100oC) and way of catalyst preparation on the catalyst component interac-
tions (CCI) in the impregnated, mechanical powder mixed and co-precipitated catalyst 
was investigated. For sample characterization, low temperature nitrogen adsorption 
(LTNA) and X-ray diffraction (XRD) were applied. Significant differences were revealed, 
concerning CCI in dependence of nickel loading, temperature of heat treatment and way 
of catalyst preparation. The obtained results show that the support metal oxide interac-
tions (SMI) in impregnated and co-precipitated catalysts are more intensive than in the 
mechanical powder mixed catalyst. The degree and intensity of CCI is expressed by the 
ratio of real and theoretical surface area of the catalyst. This ratio can be used for a 
quantitative estimation of CCI and it is generally applicable to all types of heterogeneous 
catalysts. 
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INTRODUCTION 
 

 The possibilities of modifying catalyst properties by catalyst component interactions 
(CCI) have been known for a long time. Thanking to CCI, an apparently simple system 
such as NiO-Al2O3, can catalyze very different processes: steam and dry reforming of 
methane, synthesis gas production, hydrogenation of aromatics, CO and CO2, etc. Sup-
port-metal interactions (SMI) have an important role in catalysis. Electronic, geometric 
and catalytic properties of NiO-Al2O3 system result from the CCI which are directly in-
fluenced by the mode of catalyst preparation, temperature and atmosphere of heat treat-
ment, metal loading, etc.  
 CCI have important role in catalyst active phase formation, contribute to catalyst sta-
bility, or contrary, can accelerate catalyst aging and deactivation processes (1).  
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 The CCI can result in: 1. Incomplete reduction of the metal; 2. Support induced 
cluster size; 3. Epitaxial growth of metals on the support; 4. Support effect on the 
morphology of metallic particles; 5. Contamination of the metal by the support; 6. The 
cooperation of two functions in bifunctional catalysis; 7. Spillover phenomena; 8. 
Schwab effect of the first kind – the modification of the catalytic activity of a 
semiconductor by its contact with a metal; 9. Schwab effect of the second kind – the 
modification of the catalytic activity of a metal by its contact with a nonmetallic support 
(2). The classification based on the intensity of interactions (strong, medium, and weak) 
should be useful for the comparison of a given type of interaction in similar systems. 
However, there are serious problems of the reference standard. Classification of CCI 
based on the nature of their effects seems to be practical. In general, it is easier to 
examine the consequences than the reasons. The CCIs may result in various changes of 
the state of active component and surface properties of the support. The core of the 
problem is the appropriate way of experimental measurement of CCI and its quantitative 
interpretation. For estimation of the intensity of CCI we can use X-ray diffraction data, if 
the catalyst has a well ordered crystal structure. The estimation of the intensity of CCI 
can be performed with thermo-analytical methods when the active component of the 
catalyst is reducible, etc. However, very often the active component of the catalyst forms 
an amorphous phase on the catalyst surface, so that diffraction or microscopic methods 
become inapplicable for investigations. The use of thermo-analytical methods has further 
shortages that the signals of thermal effect sometimes do not origin from CCI, but from 
other processes, as gas or volatile matter adsorption or desorption. The quantification of 
these effects is especially difficult. To overcome these difficulties, in this work, a new 
concept was applied, the ratio of the measured real surface area and its theoretical value, 
as sum of partial surface area of catalyst components. 
 
 

EXPERIMENTAL 
 

Sample preparation 
 
 The alumina support of the catalyst was prepared by successive precipitation of Al3+ 
ions from the nearly saturated aluminium nitrate solution with 20 wt% sodium hydroxide 
solution at pH=9.5 and ambient temperature. The precipitate was left 24 hours and after 
that was filtered through a Buchner funnel in vacuum. The precipitated aluminium hyd-
roxide was rinsed with distilled water until disappearance of the nitrate ions, and sub-
sequently dried in air at 105oC for 48 hours. The dried precipitate was ground in an agate 
mortar. 
 The synthesized alumina support was wet impregnated with nickel nitrate solution at 
ambient temperature. The impregnated catalyst samples contained 5.1; 10.0 and 19.9 
wt% of metallic nickel. The prepared samples were thermally treated at 400o, 700o and 
1100oC in static air atmosphere during 6 hours.  
 The NiO-Al2O3 catalyst samples prepared by mechanical powder mixing contained 
5.0; 10.0 and 20.0 wt% of metallic nickel. For preparation of mechanical powder mixed 
catalysts in laboratory synthesized alumina and commercial NiO were used. The metal 
oxide powders were homogenized in a rotational mixer during one hour. After homoge-
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nization the samples were treated at 400o, 700o and 1100oC in a static air atmosphere du-
ring 6 hours.  
 The co-precipitated catalysts were prepared by simultaneous precipitation of nickel 
and aluminium ions from their common nitrate solution with 20 wt% NaOH at pH=9.5 
and ambient temperature. The Ni/Al ratio in the starting nitrate solutions was varied in 
order to obtain different nickel loading. The precipitates were matured for 24 hours, 
subsequently vacuum filtered and washed until free of nitrate anions. The obtained pre-
cipitate was air dried at 105oC for 48 h, ground and thermally treated at 400o, 700o and 
1100oC in a static air atmosphere during 6 hours. The nickel loading of the co-preci-
pitated samples was 5.1, 9.93 and 19.96 wt %.  
 All catalyst samples were synthesized using E. Merck chemicals of analytical grade. 

 
Physico-chemical analysis 

 
 BET surface area of the samples was determined by dynamic low temperature nitro-
gen adsorption (LTNA) using helium as carrier gas (Perkin-Elmer-Shell, Sorptometer, 
Model 212 D). Phase composition of the samples was determined by X-ray diffraction 
(XRD) (Philips PW 1050). 

 
Nomenclature of the samples 

 
 The following unified I/M/C-W-T nomenclature of the catalyst samples was used in 
the paper: I/M/C-designate the impregnation/mechanical powder mixing/co-precipitation 
preparation method; W-nickel loading in wt%, T-temperature of the heat treatment (as 
example: I-5-400 is sample prepared by impregnation, containing about 5 wt% of metal-
lic Ni, thermally treated at 400oC).  
 

 
RESULTS AND DISCUSSION 

 
 The chemical composition of the synthesized samples (Table 1) is determined by the 
analytical method described elsewhere (3). 

 
Table 1. Chemical composition of the dried samples, wt% 

 
Sample NiO, wt% Al2O3, wt% mmol NiO/g Al2O3 

5 wt% Ni 6.36 93.64 0.909 
10 wt% Ni 12.72 87.28 1.950 
20 wt% Ni 25.44 74.56 4.567 

 
Surface area 

 
 The condition for NiO distribution on/in Al2O3 support differs significantly in de-
pendence of the way of catalyst preparation. From the theoretical point of view homo-
geneous NiO distribution could be expected only in the catalyst prepared by co-pre-
cipitation method. At lower nickel content and temperatures, NiO forms solid solutions 
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with �-Al2O3 (4). XRD results obtained in this study showed that impregnated catalysts 
could form easily solid solutions also at lower nickel content. However, in mechanical 
powder mixed catalysts the chance for homogeneous nickel oxide distribution on �-Al2O3 
surface has depressed the possibility. Yi Chen and Lifeng Zhang on the basis of surface 
hydroxyl group density and assumption that the (110) plane is exposed preferentially on 
the �-Al2O3 surface, estimated the dispersion capacity of nickel oxide for 1.5 mmol /100 
m2 �-Al2O3 (5). Using the data cited in Table 2 the calculated dispersion capacity of the 
synthesized �-Al2O3 is 1.5 mmol NiO x 2.276 = 3.414 mmol NiO/g �-Al2O3 treated at 
400oC, and 1.5 mmolNiO x 2.52 = 3.78 mmol NiO/g �-Al2O3 treated at 700oC. In the case 
of homogeneous nickel oxide distribution on the �-Al2O3 surface only the samples with 
20 wt% of nickel loading are oversaturated with nickel oxide, Table 3. However, the data 
listed in Table 3 do not represent a realistic picture of the surface saturation of catalyst 
support, since the thermal stability of NiO and �-Al2O3 is differing significantly, Table 2. 
The other difficulty to estimate the nickel oxide distribution on/in catalyst support is its 
different activity, which is determined not only by the temperature of heat treatment, but 
also by the way of sample preparation. The position of nickel oxide particles in catalyst 
samples are quite different in the catalyst prepared by impregnation, mechanical powder 
mixing or co-precipitation. This fact offers a different chance for SMI. When an Ni2+ ion 
incorporates in the tetrahedral sites of �-Al2O3, four-coordinated nickel oxide species will 
be formed. On the other hand, if only one Ni2+ ion incorporates in the octahedral site of �-
Al2O3 without other incorporated Ni2+ ions around it, a five-coordinated nickel oxide 
species will be formed (6). In the case of supported metal oxide catalysts the structure 
and texture is probably a priori determined by the way of catalyst preparation. The crys-
tal structure and texture of supported metal oxide catalyst are very complex, so that their 
relevant parameters could be determined only by appropriate experimental methods. 
 

Table 2. BET surface area of NiO and Al2O3 treated at different temperatures, m2/g 
 

Heat treatm., oC NiO Al2O3 
400 55.2 227.6 
700 9.0 252.0 
1100 0.8 6.8 

 
 

Table 3. Degree of �-Al2O3 saturation with nickel oxide as mmolNiO/max.mmolNiO on 
the support surface 

 

Sample 5-400 5-700 10-400 10-700 20-400 20-700 
NiO /NiOmax 0.266 0.241 0.571 0.516 1.338 1.208 

 
 The BET surface area of the prepared catalysts samples and BET surface area of the 
catalyst samples as a sum of partial surface areas of NiO and Al2O3, „theoretical value”, 
are given in Table 4. The obtained values explicitly show that the real surface area of the 
prepared catalyst samples differ significantly from the „theoretical”. The surface areas of 
real catalysts treated at 400oC are higher than the sum of partial surface areas of NiO and 
Al2O3 components. On the other hand catalysts treated at 700oC have smaller surface 
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areas than the theoretical values. In Table 5 are presented the differences between surface 
areas of real catalysts and their theoretical values. The data concerning the catalyst 
samples thermally treated at 1100oC show a different picture. The surface areas of the ca-
talyst samples prepared by impregnation and mechanical powder mixing have a negative 
and the catalyst prepared by co-precipitation a positive deviation compared to the theo-
retical values. This phenomenon could be explained by intensive sintering, ��� poly-
morphous transition and intensive NiAl2O4 spinel formation, especially in the catalyst 
prepared by co-precipitation and impregnation. 
 
 

Table 4. BET surface area of the catalysts, prepared by impregnation, mechanically 
mixing, co-precipitation, and as sum of partial surface areas of NiO and Al2O3 

(„theoretical”), m2/g 
 

Ni wt% - oC 5-400 5-700 5-1100 10-400 10-700 10-1100 20-400 20-700 20-1100 
Theoretical 216.6 236.5  6.4 205.7 221.1  6.0 183.7 190.2 5.3 

Impregnation 388.9 224.1  3.8 438.1 180.8  1.2 359.2 204.9 4.2 
Mech. mixing 282.6 192.9  5.4 269.1 174.3  5.6 249.1 174.4 6.1 

Co-precipitation 445.2 211.6 13.8 428.2 186.3 12.0 320.4 114.4 6.9 

 
 

Table 5. Changes of BET surface area of impregnated, mechanically mixed and co-
precipitated catalysts compared to the theoretical values, % 

 
Ni wt% - oC 5-400 5-700 5-1100 10-400 10-700 10-1100 20-400 20-700 20-1100 
Theoretical 100 100 100 100 100 100 100 100 100 

Impregnation + 79.5 -  5.2 - 40.6 +112.9 -18.2 - 80.0 +95.5 + 7.7 -20.7 
Mech. mixing + 30.4 -18.4 - 15.6 + 30.8 -21.2 -   6.6 +35.6 -  8.3 +15.1 

Co-precipitation +105.5 -10.5 +115.6 +108.1 -15.7 +100.0 +74.4 -39.8 +30.2 

 
 The surface areas of mechanical powder mixed samples are smaller than the surface 
areas of the samples prepared by impregnation and co-precipitation method. The phe-
nomenon can be explained by the absence of water vapour and nitrous oxide gases 
release in mechanical powder mixed catalyst. In the co-precipitated catalyst, water 
vapour is released during the calcinations, whereas in the impregnated catalyst are 
released water vapour and nitrous oxide gases. These processes make co-precipitated and 
impregnated catalysts more porous than the catalyst prepared by mechanical mixing of 
metal oxides. The fine pore structure contributes to catalyst formation with a well 
developed surface area.  
 For measurement of the intensity of CCI it is better to use the ratio of real surface 
area and theoretical surface area than their differences. The theoretical surface area is de-
fined as a sum of partial surface areas of catalyst components. In the absence of CCI, this 
ratio has to be the numerical value equal to 1. In the case of CCI the ratio can have higher 
and lower values than 1, depending on the nature and intensity of the interactions, Table 
6. The obtained data explicitly show that the CCI is much more intensive in the samples 
prepared by co-precipitation and impregnation than in the mechanical powder mixed 
samples. 
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Table 6. The ratio of the real and theoretical surface area as measure of the intensity of 
catalyst component interactions, QCCI 

 
QCCI 5-400 5-700 5-1100 10-400 10-700 10-1100 20-400 20-700 20-1100 
C/T 2,03 0,88 2,12 2,03 0,82 1,94 1,66 0,56 1,23 
I/T 1,77 0,93 0,58 2,08 0,79 0,19 1,86 1,01 0,75 

M/T 1,30 0,81 0,83 1,27 0,76 0,90 1,29 0,85 1,09 

 
X-ray phase analysis 

  
 The presence of �-Al2O3 is confirmed in all samples treated at 400oC and 700oC. Aki-
mov et al. (7) claimed, based on the phase composition and magnetic properties of similar 
materials prepared by co-precipitation using ammonia, that NiAl2O4 spinel formation is 
possible at temperatures as low as 400oC. Our results with impregnated and co-
precipitated catalyst samples with 20 wt% of nickel confirm these observations. How-
ever, spinel formation at this temperature fails in the catalyst prepared by mechanical 
powder mixing. In this catalyst, spinel formation was not registered even in the samples 
treated at 700oC. The XRD signals of the non-reacted NiO are clearly present in the XRD 
patterns of powder mixed catalyst samples. In the impregnated catalyst samples free NiO 
particles are present only at the highest nickel content. At lower nickel content and tem-
peratures, NiO forms solid solutions with �-Al2O3. The appearance of NiO in the impreg-
nated or co-precipitated catalyst samples treated at 1100oC could be explained by the re-
crystallization of components from the solid solution. The d-spacing of the �-Al2O3 was 
increased compared to the data cited in ASTM 10-425. The increase of d-spacing could 
be explained by NiO - �-Al2O3 solid solution formation (4). The diffraction patterns of 
the samples treated at 700oC are similar to those obtained at 400oC, with sharpening of 
the Braggs peaks, indicating some higher crystallinity in the system. The increased d-spa-
cing of the �-Al2O3 in comparison to the ASTM10-425 data is also observed. These 
results also suggest the presence of commingled phases of NiO-NiAl2O4- �-Al2O3, which 
were formed during the heat treatment of the NiO - �-Al2O3 solid solution. However, the 
d-spacing of �-Al2O3 in the mechanical powder mixed catalysts has the same value as gi-
ven in ASTM10-425. With increase of nickel content and the temperature of heat treat-
ment the d-spacing of �-Al2O3 is weakly increased even in the mechanical powder mixed 
catalyst. Therefore, in the latter catalyst sample spinel formation is significantly weaker 
than in the corresponding impregnated or co-precipitated catalyst samples. In all samples 
treated at 1100oC, the diffraction lines for NiO, NiAl2O4 and �-Al2O3 were identified.  
 
  

CONCLUSIONS 
 
 Physico-chemical characterization of supported metal oxide catalysts is complicated 
since several different structures may coexist in the system as a consequence of CCI. The 
way of catalyst preparation influences unambiguously its structure and texture and sub-
sequently determines the intensity and degree of CCI. The strength and the degree of NiO 
and Al2O3 interaction change in dependence of the way of catalyst preparation, tempe-
rature of heat treatment, and nickel content in the sample. That is manifested by phase 
segregation chemical interactions and polymorphous transformations of the alumina sup-
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port. Interactions of the support and nickel oxide and formation of surface spinel, 
NiAl2O4, have preferences in impregnated and co-precipitated samples compared to the 
catalyst prepared by mechanical powder mixing. 
 For estimation of the intensity and degree of CCI a new concept was defined, as the 
ratio of the real and theoretical surface area of the catalyst. The theoretical surface area 
was defined as a sum of partial surface areas of catalyst components. In the absence of 
catalyst component interactions, this ratio has to be equal to 1. In the case of catalyst 
component interactions the ratio can have higher or lower values than 1, depending on 
the nature and intensity of interactions. 
 In the earliest stage of preparation the nature of the contact between compounds has a 
decisive influence on the catalyst crystal and surface area formation. Hence the degree 
and intensity of CCIs are determined prevailingly by the method of catalyst preparation. 
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"��	 5, 10 	 20 ���% �	���. #����	 �� ����	�	���	 �� 400o, 700o 	 1100o $ � "��-
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