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Abstract
Nano-metallic nickel powders are highly-valued materials applied in energy, electronic devices and aerospace, which is 
known to be produced by the gaseous phase reduction method of  NiCl2. In the case of a gaseous reduction method, size 
control is difficult due to the agglomeration of nickel powders. Therefore, a method of producing highly-valued nickel nano-
powders from Ni(OH)2 has been proposed. Considering the reduction behavior of bulk nickel oxide has been reported to 
follow the topo-chemical model. However, reduction behavior of nano-particle is expected to be unknown state. It is necessary 
to clarify the mechanism of nickel oxide nano-particle reduction. Therefore, in this study, the temperature dependence and 
particle size dependence on the reduction behavior of from micro scale to nano scale particle was confirmed through TGA 
experiment. Also, the reduction mechanism of nickel oxide powder was also investigated based on kinetic considerations 
using the grain topo-chemical model. It was confirmed that the reduction reaction of nickel oxide powder undergoes through 
the 2nd Avrami model and reduction rate can be expressed by function of temperature and particle size of the powder. Due 
to the part of the diffusion, the particle size of the powder also affects the rate constant of the reduction reaction.

Keywords Kinetics · Reduction mechanism · Hydrogen reduction · Nickel oxide · Reduction equation

1 Introduction

Nickel powder is mainly used for nickel–cadmium batteries, 
nickel hydrogen batteries, and multi-layer ceramic capaci-
tors [1, 2]. Conventional process for making nickel powder 
can be represented by hydrothermal process and chemical 
deposition process. But hydrothermal process has uneven 
growth of particles and chemical vapor deposition has the 
agglomeration problem, which causes production decreases.

A novel flash ironmaking process developed at the Uni-
versity of Utah [3–8], expected to solve these problems. 
In flash ironmaking process, drop tube furnace is used to 
reduce nickel oxide to be reduced by hydrogen gas. But 
in the case of drop tube furnace, reduction time limited as 
traveling time. So reduction mechanism should be analyzed, 
and can be predicted.

By the thermochemical approach, the reduction of nickel 
oxide by hydrogen is identified particularly suitable in some 
kinetics and mechanical models [9–20].

Benton and Emmett [9] established some characteristics 
such as boundary layer reduction, autocatalytic reaction, 
incubation period, effect of water vapor.

After that Richardson et al. [16, 17] found that nickel 
oxide reduction follows homogeneous reaction process, in 
the temperature range from 448 to 1173 K. And showed the 
1st order reaction model is suitable.

Utigard et al. [18] studied the reduction reaction of nickel 
oxide in the temperature range from 823 to 1273 K. And found 
that interfacial chemical reaction act as a rate determining step.

Plascencia and Utigard [19] reduced nickel oxide by 
hydrogen in the temperature range from 623 to 1273 K. 
Interfacial chemical reaction and the mass transport of 
reducing gas and product gas can be defined as a rate deter-
mining step. And also find out that the size of nickel oxide 
powder can make difference in reduction rate constant.

But the influence of particle size is not taken into account 
in the reduction equation. So, there is a limit to predict the 
reaction behavior.

g(x) = k ⋅ f(d) ⋅ t
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Therefore, in this study, it is aimed to investigate the 
influence of temperature and particle size on the reduction 
process. In order to consider the influence of particle size in 
the calculation of the reduction rate, consideration is given 
to the function of the particle size as in Eq. (1)

2  Experimental

2.1  Sample Preparation

In order to minimize the influence of impurities, a rea-
gent grade nickel oxide powder of 0.05 μm was used. To 

(1)g(x) = k ⋅ f(d) ⋅ t

examine the effect of powder particle size dependence, 
nickel powder having a particle size of 50 μm, 150 μm was 
used after oxidation. The powder samples of nickel oxide 
are shown in Fig. 1, which shows dense phase.

For the reduction experiment, Thermo-gravimetric anal-
ysis (TGA, Setaram) was used. And 0.5 g of nickel oxide 
powder was pressed into a pellet shape with a force of 1 
ton in a cylindrical mold, and a small amount of alcohol 
was used for adhesion. The pressed nickel oxide pellet was 
dried in a drying oven at a temperature of 423 K for 24 h 
in order to remove the residual moisture and used alcohol 
in the pellet. All of the nickel oxide pellet produced in the 
same size (diameter 10 mm, height 3 mm).

Fig. 1  SEM image of nickel 
oxide sample for each particle 
size a 0.05 μm, b 50 μm, c 150 
μm
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The reduction reaction was carried out using 100% 
hydrogen gas, in the temperature range from 673 to 973 K.

2.2  Apparatus and Procedure

By using Thermo-gravimetric analysis (TGA, SETSYS 
Evolution, Setarum) shown in Fig. 2. The weight change 
during the reduction reaction was recorded at 1 Hz inter-
vals. The nickel oxide pellet proceeded through the same 
experimental steps as follows. 

Step I Temperature raising in a high purity Ar(6 N) 
atmosphere.

Step II After reaching the target temperature, it main-
tains a certain time to stabilize the PID.

Step III Reduction reaction starts by gas changes from 
Ar to  H2.

After the nickel oxide pellets reached their respective 
target temperatures (673 K–973 K), the reduction reac-
tion proceeded by hydrogen gas at isothermal temperature. 
The sample after the reduction was quenched in an Ar 
atmosphere. Based on the experimental data, the reduction 
degree can be defined as

(2)R(%) =
ΔWt

O

Wi
O

× 100,

where Wi
O
 is the amount of removable oxygen in the initial 

sample and ΔWt
O
 is the weight of oxygen removed at time t. 

Obtained sample was observed by scanning electron micros-
copy (SEM, SM-7001F, JEOL).

In step III, which is reduction reaction starts by gas changes 
from Ar to  H2, corresponds to the initial section of general 
reduction curve. The initial section called incubation period. 
In this process the atmosphere changes from the inert gas(Ar) 
to reducing gas(H2). This incubation period excluded from 
the mathematical modeling process because it is affected by 
hydrogen partial pressure. And also, in the case of the dif-
fusion rate period, the gas diffusion at the end of reduction 
and inside of the product means a section that acts as a rate 
controlling step [21]. This study aims at the kinetic analysis of 
the reduction reaction period and to investigate the influence 
of temperature and particle size during the reduction period. 
Therefore, we investigated the mathematical interpretation of 
the reduction period, where the reduction reaction takes place.

3  Results and Discussion

3.1  Reduction Behavior of Nickel Oxide Under  H2 
Gas by Using TGA Method

Figure 3 shows the reduction degree(R) and the reaction 
time(t) calculated through Eq. (2) for the reduction tempera-
ture of each particle size of nickel oxide. And it is confirmed 
that the reduction rate becomes faster as the reduction tem-
perature increases. It can be seen that reduction rate increases 
remarkably with decreasing particle size from micro scale to 
nano scale compared to the effect of the reduction temperature.

It can be seen that there is an incubation period caused by 
changing of the gas atmosphere at all temperature ranges. In 
addition, the inflection point of the reduction curve can be 
observed at the end of the reaction. After the inflection point, 
the diffusion acts as the rate determining step. So, only the 
reduction period excluding the incubation period and the dif-
fusion rate period was analyzed.

The behavior of the reduction mechanism during the reduc-
tion period can be interpreted based on grain model mentioned 
in Szekely et al. [22]. Based on the grain model, reduction con-
version equations, which are described in Table 1, are applied 
to the reduction of nickel oxide and plotted in Fig. 4. In order 
to find out a suitable model,  R2 value is calculated by linear 
approximation and results are shown in Table 1. Recently, the 
reduction reaction of oxides has been analyzed by the nuclea-
tion and growth. In this paper, Avrami model is confirmed to 
be the suitable model [23–26]. Figure 1 shows an SEM image 
of the surface shape of nickel after reduction. Through this, it 

Fig. 2  Schematic diagram of the TGA 
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can be confirmed that the reaction proceeds by nucleation and 
growth [27]. Therefore, the reduction behavior of nickel oxide 
with respect to hydrogen can be expressed as Eq. (3).

The purpose of this study is to suggest an overall 
reduction equation for powder reduction and therefore to 

(3)g(x) = [− ln(1 − x)]
1

n = k ⋅ f(d) ⋅ t = kapp ⋅ t

use the Avrami 2nd model, which has the most common 
concordance.

3.2  Temperature Dependence on the Reduction 
Equation

Applying the Avrami 2nd model, the graph of 
g(x) = [− ln(1 − x)]

1

2 and t according to each particle size 

Fig. 3  Reduction degree of nickel oxide (NiO) powder pellet by hydrogen at each reduction temperature a 673 K, b 773 K, c 873 K, d 973 K
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and temperature in shown as Fig. 4 respectively. The slope 
of the graph can be represented by g(x)

t
 , which is expressed 

as the apparent rate constant kapp.

For kapp , it can be expressed as exp
(

−
Ea

RT

)

 in the Arrhe-
nius equation. Since the particle size is fixed at this time, the 
function f(d) for the particle size is included in the collision 
factor constant A. Combining from Eqs. (4)–(5), the Arrhe-
nius graph for the hydrogen reduction of nickel oxide is 
shown as Fig. 5 in temperature range of 673–973 K. It has 
three activation energy values according to three particle 
sizes (0.05 μm, 50 μm, 150 μm), and it can be confirmed that 
it has three A value in the same manner. Therefore, the 
hydrogen reduction reaction formula of nickel oxide in the 
following Eq. (7)

A = 0.0614,  Ea = 6.448 kJ (for 0.05 μm)
A  = 0.0455,  Ea = 8.406 kJ (for 50 μm)
A = 0.0200,  Ea = 3.367 kJ (for 150 μm).

(4)k =
kapp

f(d)

(5)k = A ⋅ exp

(

−
Ea

RT

)

(6)ln k = ln A −
Ea

RT

(7)

g(x) = [− ln(1 − x)]
1

2 = k ⋅ f(d) ⋅ t = A ⋅ exp

(

−
Ea

RT

)

⋅ f(d) ⋅ t

3.3  Particle Size Dependence on the Reduction 
Equation

The effect of the particle size on the reduction at differ-
ent reduction temperatures is also shown if Fig. 4 when the 
reduction temperature in determined, it has a different slope 
value depending on the particle size of each powder, and the 
slope can be expressed as k ⋅ f(d) . As the reduction tempera-
ture increases from 673 K to 973 K, it can be confirmed that 
the influence on particle size is different.

The value for n can be obtained through the slope of 
Fig. 4, assuming that the particle size effect on the reduc-
tion rate is f(d) = dn.

A graph showing the x-axis as ln d and y-axis as 
ln(k ⋅ f(d)) for Eq. (9) at different reaction temperatures is 
shown as Fig. 6, and the slope indicates the value of n. The 
value of n also tends to increase as the reduction temperature 
increases, indicating that the influence on the particle size 
increases with increasing temperature. Therefore, in order 
to express n as an equation for temperature, a graph having 
a temperature and n as an axis can be expressed as Fig. 7 
With this graph, n can be expressed as Eq. (10) by linear 
approximation

(8)slope of Fig. 4 = kapp = k ⋅ f(d) = k ⋅ dn

(9)ln(kapp) = ln k + n ln d

(10)n = 17.68
1

T
− 0.1057

Table 1  Differential and 
integral form of various models

Model Differential form
f (x) =

1

k

dx

dt

Integral form
g(x) = kt

R
2

Diffusion model
 10 diffusion (10) 1∕(2x) x

2 0.911
 20 diffusion (20) −[1∕ln(1 − x)] ((1 − x)ln(1 − x)) + x 0.861
 30 diffusion (30)

[

3(1 − x)
2

3

]/[

2

(

1 − (1 − x)
1

3

)]

(

1 − (1 − x)
1

3

)2 0.755

Nucleation model
 Avrami–Erofeev (A2)

2(1 − x)[−ln(1 − x)]
1

2 [−ln(1 − x)]
1

2
0.984

 Avrami–Erofeev (A3)
3(1 − x)[−ln(1 − x)]

2

3 [−ln(1 − x)]
1

3
0.977

 Avrami–Erofeev (A2)
4(1 − x)[−ln(1 − x)]

3

4 [−ln(1 − x)]
1

4
0.951

Interfacial chemical reaction model
 Contracting area (R2) 2(1 − x)1∕2 1 − (1 − x)1∕2 0.944
 Contracting volume (R3) 3(1 − x)2∕3 1 − (1 − x)1∕3 0.944



987Metals and Materials International (2019) 25:982–990 

1 3

So, the equation for hydrogen reduction of nickel oxide can 
be formulated as following Eq. (11)

(11)[− ln(1 − x)]
1

2 = A ⋅ exp

(

−
Ea

RT

)

⋅ d17.68
1

T
−0.1057

⋅ t

3.4  Comparison of Calculated and Experimental 
Data

The reduction equation obtained through this study was 

Fig. 4  Relationship between [− ln(1 − x)]
1

2 and reduction time a 673 K, b 773 K, c 873 K, d 973 K
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compared with the values obtained through experiments. 
The reliability was verified by comparing the reduction rates. 
The experimental data were derived from the slope of the 
time vs reduction degree plot (Fig. 3). The Eq. (12) obtained 
by differentiating the suggested reduction equation Eq. (11).

At 773 K, reduction rates vs time can be plotted as Fig. 8. 
And it can be seen that the tendency of the reduction rate 
obtained by the experiment and calculation are in agreement 
with each other.

The purpose of this study was to predict the reduction 
rate with varying particle size and to predict the time, tem-
perature and reduction degree. In the drop tube furnace, the 
reduction time is determined according to the falling veloc-
ity of the powder, and it is expected that the reduction con-
ditions to obtain the target reduction rate can be predicted 
(Fig. 9). 

(12)

dx

dt
= 2 ⋅ A ⋅ exp

(

−
Ea

RT

)

⋅ d17.68
1

T
−0.1057

⋅ (1 − X) ⋅ [− ln(1 − X)]
1

2

Fig. 5  Arrhenius plot between ln k and 1/T

Fig. 6  The relationship between d and k ⋅ f(d) from 673 to 973 K

Fig. 7  The relationship between n and temperature
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4  Conclusion

The aim of this experiment was to predict the reduction rate 
of nickel oxide powders by changing the particle size and 
temperature.

The hydrogen reduction of nickel oxide was proceeded 
through TGA, and reduction modeling was applied through 
the obtained reduction degree graph. The Avrami 2nd model 

was found to be most suitable for defining the reduction 
equation for the whole region. Through the mathematical 
modeling, the reduction equation for the hydrogen reduc-
tion of nickel oxide can be derived. So that a condition for 
obtaining a desired reduction degree within a predetermined 
time can be obtained.

Because the incubation period is ignored in calculated 
results. So there is tendency the experiment results show 
higher degree at the start of reduction. At the end of the 

Fig. 8  Comparison of calculated and experimental reduction rate versus time plot a 0.05 μm, b 50 μm, c 150 μm at 773 K
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reduction, which is caused by diffusion rate period, the 
experimental reduction rate shows slow down.
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