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ABSTRACT 
This paper presents the results of our work conducted on studying the differences in the 
reduction of unsupported nano NiO particles and silica-supported NiO. The purpose of 
the study was to understand the effects of physical characteristics of NiO particles and 
their support on the reduction process. In this study, the kinetics of NiO reduction was 
investigated using an isothermal thermogravimetric method in the temperature range of 
500 – 600 °C. From the study, we found that the silica support did not hold a significant 
effect on the NiO reduction. Instead, the change in the reduction behaviour was related 
to the size of NiO crystallites.  

INTRODUCTION 
The gaseous reduction of nickel oxide is a class of heterogeneous reaction that is very 
important to many different branches of modern science and engineering including 
catalysis (Delmon 1999), metallurgy (Hidayat et al., 2009) and, recently, the chemical-
looping combustion (Sedor et al., 2008). The researches on this subject are extensive. 
However, many details of the reaction including its intrinsic kinetics and mechanisms 
are still obscure.  

In this study, we have carried out a simple, yet systematic investigation on the reduction 
of NiO using a thermogravimetric technique in order to understand the importance of 
physical characteristics of NiO particles and their support in the reduction process. We 
observed that the behavioural change in the kinetics of NiO reduction is crystallite-size 
dependent. Above a certain critical crystallite size, the reduction of NiO showed the 
appearances of two kinetic compensation effects between the activation energies and the 
pre-exponential factors; one at lower levels of NiO conversion (5 – 30%) and the other 
at higher levels of conversion (50 – 30%). We believe that two different mechanisms 
were operative at different levels of conversion during the NiO reduction. 

EXPERIMENTAL 
Two types of nickel oxide were used in this study. The first one was the unsupported 
nano NiO particles and the second one was the silica-supported NiO (60 wt% NiO). The 
particle sizes of unsupported NiO were in the range of 5 – 10 nm, whilst the calculation 
using Debye-Sherrer equation based on the XRD peaks showed that the NiO crystallite 
size was 3.3 nm. For the supported NiO, the particle sizes of the silica support were in 
the range of 150 – 250 µm and the average crystallite size of NiO was 54.7 nm. 
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The reduction of NiO samples was carried out inside a thermogravimetric analysis unit 
(TA SDT-Q600). The sample was firstly heated at a heating rate of 10 °C/min inside the 
TGA under argon (99.999% purity) only flow of 100 ml/min from ambient temperature 
to the required isothermal temperature. Once the set temperature was reached, the H2-
Ar gas mixture (60% H2

RESULTS AND DISCUSSION 

) with a flow rate of 20 ml/min was introduced into the TGA 
through a separate gas inlet. The gas mixture mixed up with the argon purge gas to 
provide 120 ml/min total flow rate and 10% hydrogen concentration as the reducing 
gas. For each type of NiO, the isothermal reduction was studied separately at six 
different temperatures within the range of 500 to 600 °C. 

Fig. 1 shows the examples of isothermal thermogravimetric curves for the reduction of 
unsupported nano-sized NiO and silica-supported NiO with 10% hydrogen (in argon). 
As can be seen, the reduction of silica-supported NiO, even though it had a shorter 
induction period, was slower than the unsupported NiO.  

 

 

 

 

 

 

 

 

 

 

Fig. 1: The reduction of unsupported nano-sized NiO (a) and silica-supported NiO with 
hydrogen at 500 °C, 560 °C and 600 °C.  

 

While the reduction curves for the unsupported NiO do not show a significant decrease 
in the reaction rate after the induction period up to the end of reduction, the shape of 
NiO/SiO2

In order to examine the diffusional effects in the reduction of supported NiO, we ground 
the catalyst particles from its original sizes of around 150 – 250 µm to the new sizes of 
less than 25µm. The new (<25µm) NiO/SiO

 reduction curves, in contrast, clearly indicate that the reduction rate decreased 
significantly after a certain level of NiO reduction.  

2 particles were then reduced inside the 
TGA in the same manners as the original particles. It was found that the NiO reduction 
rate did not improve even after the size of NiO/SiO2 has significantly been reduced. 
This implies that the consideration of molecular diffusion of H2/H2O into/from and 
inside the pore structures of silica cannot be used to account for the observed decrease 
in the reduction rate with time for the silica-supported NiO. This examination also 
indirectly ruled out the possible retardation effect of H2
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(Coenen 1979). This is because the retarding effect of water is largely associated with 
the difficulty in the removal of water vapour due to the diffusional resistance. 

The next factor to be considered is the interaction of nickel oxide with its support 
material. Past studies (Coenen 1979, Zielinski 1995) have reported the formation of 
silicate compound in the silica-supported NiO. Researchers believed that one of the 
reasons for the difficult reducibility of silica-supported NiO is due to the presence of 
silicate compound. We, however, do not believe that the formation of silicate has caused 
the slowdown in the reduction rate observed for the supported NiO in our study. Our 
reasons are explained below. 

Firstly, we found that the actual total weight loss in each experiment varied not more 
than 2% from the theoretical (stoichiometric) total weight loss estimation. If the nickel-
silicate compound was present, it should be hard to achieve the same degree of 
reduction because the reduction of nickel-silicate is much more difficult than the 
reduction of nickel oxide. Usually, the reduction is far from complete. Secondly, in 
order to examine the possible effect of silicate formation, we have re-oxidised the nickel 
particles with air after its full reduction. We observed that the particles regained its 
weight to within ±2% of its original weight. After the re-oxidation, we analysed the 
particles using an XRD technique. No other phase except for NiO was detected from the 
XRD. The only difference observed was the crystallite size. We found that the 
crystallite size of NiO for the silica-supported NiO after the first reduction with 
hydrogen at 500 °C and its subsequent re-oxidation with air increased from 54.7 nm to 
63.7 nm. 

      

   
 

 

 

 

 

 

 

 

Fig. 2: Plots of activation energy versus percentage of NiO reduction for the reduction 
of supported (A, B, C) and unsupported (D) NiO with hydrogen.  

We have also carried out the reduction of NiO/SiO2 for the second time after its first 
complete reduction and re-oxidation. In this set of experiments, the first reduction was 
always carried out at 500 °C. In the second reduction of NiO/SiO2

The plot of activation energy (E

 with hydrogen, we 
observed that the reduction rate decreased slightly but the value of the reduction 
activation energy at various conversion levels did not vary too much from the first 
reduction (Fig. 2).  

a) versus percentage of NiO reduction (Fig. 2) for the 
second reduction of NiO/SiO2

 

 shows a similar pattern to the first reduction (i.e. 

SiO2 NiO crystallite size support size 

A 150 – 250 µm 54.7 nm 

B <25 µm 54.7 nm 

C 150 – 250 µm 63.7 

D - 3.3 nm 
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continuous increase of Ea with the degree of conversion). If the formation of            
NiO-support compound is to be considered, firstly, the change of Ea with conversion 
should not be continuous. Secondly, the new value of Ea must be permanent and the 
trend of Ea increments should not be reproducible in the second reduction. Since the 
trend is reproducible, it shows that the change in Ea

Interestingly, the similar increase of E

 with the extent of reduction was not 
due to the formation of another compound.  

a

In order to examine the potential effect of crystallite size, we decided to carry out 
multiple reduction/re-oxidation cycle on the unsupported NiO. After the first reduction 
and re-oxidation at 500 °C, the average size of NiO crystal increased to 20.3 nm, and 
after the second reduction and re-oxidation at the same temperature, the average crystal 
size grew to 23.9 nm. As can be seen in Fig. 3, the trend showed in the plots of E

 with NiO conversion, however, was not 
observed in the reduction of unsupported nano-sized NiO (3.3 nm). If the difference 
between the two types of NiO used in our study cannot be attributed to the presence and 
absence of silica support, other factors, therefore, have to be considered. The only clear 
distinction between the two types of NiO used was the size of NiO crystallites.  

a

 

 
versus NiO conversion for the second and third reduction of unsupported NiO differ 
significantly from the first reduction. Instead, they display a similar pattern to the 
supported NiO (Fig. 2).  

  

 

 

 

 

 

 

 

 

Fig. 3: Plot of Ea

 

 vs percentage of NiO reduction for the second and third reduction of 
unsupported NiO 

We strongly believe that the main reason for the change in the reduction behaviour of 
unsupported NiO was due to the change in the crystallite size. At 3.3 nm, about           
60 – 70% volume of the crystal is located on the surface, while above 20 nm, the 
surface represents less than 10% of the total volume of the crystal (Palumbo et al., 
1990). Taking this into account, it is not surprising that there was a shift in the reduction 
behaviour from the very small to a bigger size of crystallite.   

As mentioned earlier in this paper, except for the first time reduction of unsupported 
nano-sized NiO (3.3 nm crystallite size), the reduction of NiO with bigger crystallite 
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size (>20 nm) regardless of whether they are supported or not, showed an increase in 
the activation energy (Ea

What is interesting from the results of our study is that, firstly, we found that the 
increase in activation energy (E

) with the extent of NiO reduction. A similar increase has also 
been observed in a number of studies in the past (Wang et al., 2006, Sannomiya et al., 
1984, Coenen 1979) but so far, no plausible explanation is available to describe this 
phenomenon. 

a

Apparently, there exist the kinetic compensation effects in the reduction of bigger 
crystallite NiO. The appearances of two different kinetic compensation effects in this 
study give us indication that there are at least two different mechanisms involved in the 
reduction of nickel oxide with crystallite size bigger than 20 nm.  

) is always accompanied by the increase in the value of 
pre-exponential factor (A). Secondly, the Arrhenius plots for the reduction of bigger 
crystallite NiO (>20 nm) show the intersections of interpolated Arrhenius lines at two 
different points (the example is shown in Fig.4). One intersection for the conversion 
levels between 5 to 30% and the other intersection for the conversion levels of 50 to 
90%.  

 

 

 

  

 

 

 

 

 

Fig. 4: Arrhenius plots for the first reduction of NiO/SiO2

CONCLUSIONS 

 with hydrogen 

A study was carried out to understand the fundamental differences between the 
reduction of unsupported nano NiO particles and silica-supported NiO. Our results have 
indicated that the change in the kinetic behaviour is largely attributed to the size of NiO 
crystallite. The reduction of very small NiO crystallite was found to be very simple. 
However, for a bigger crystallite, its reduction was found to be quite complicated. The 
appearances of kinetic compensation effects have given us indications that there are 
different mechanisms taking place in the reduction of nickel oxide. Further studies are, 
therefore, required to understand these mechanisms. 
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