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The present study has attempted to elucidate the formation mechanism of nanocrystalline (nc) Ni by hydrogen reduction of fine NiO
powder in terms of related kinetics aspects. So, the kinetics and related mechanism of hydrogen reduction of NiO were investigated on the
basis of structure modification of the NiO powder during reaction. The ball-milled NiO agglomerate powder having 20 nm in grain size and a
log-normal pore size distribution was used for study. The non-isothermal reduction study showed that the nano-agglomerate NiO underwent
a two-step reduction process which is presumably due to a chemical reaction at lower temperatures and a diffusion controlled process at
higher temperatures. The activation energy for the nano-agglomerate NiO was 85.4 kJ/mol for lower temperatures and 105.1 kJ/mol for higher
temperatures. The value for lower temperatures is consistent with that of as-received NiO of 85.6kJ/mol. Such higher activation energy for
higher temperatures can be attributed to the retardation of the reduction process by the change in the reduction mechanism from the chemical
reaction to the diffusion process. Conclusively, the structure change during the reduction is believed to be responsible for the change in the

reduction mechanism.
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1. Introduction

Recently, the issue of hydrogen reduction of ultra fine metal
oxides has become desirable for the field of nanostructured
materials synthesis for the applications of functional materi-
als such as catalyst, magnetic-, optical- and electronic materi-
als. This is because metal nano particulate materials with high
purity can be produced by hydrogen reduction of fine metal
oxides.!® In these nano-materials, the structure and proper-
ties of the nano-crystalline (nc) metal phase play a substantial
role in determining the final properties and related applica-
tions.™ !

In recent years, it has been reported by the author’s group
that a distinct and unusual reduction behavior occurs dur-
ing hydrogen reduction of ball-milled oxide powders of
WO;—CuO” and NiO-Fe,03.!" They found that the reac-
tion during the hydrogen reduction proceeds in a two-step
process while one continuous process takes place in the as-
received oxides. This has an important implication in that
such a discontinuous reduction process is closely related to
the nano-porous structure of the ball-milled oxide agglomer-
ates, resulting in a complexity of the reduction mechanism.
Such a discontinuous type of hydrogen reduction process of
NiO was observed earlier by Gallagher and his coworkers.'?
However, they did not explain the phenomenon and only tried
to show that the magnetic properties or Ni had no influence
on it. Other experimental evidence can be deduced from the
previous works on reduction kinetics of NiO.!*!4) Sohn and
Kim'® experimentally found that the reduction of porous NiO
powder by hydrogen gas is rate-controlled by a chemical reac-
tion mechanism. Recently Sridhar ef al.'® also demonstrated
that the reduction kinetics for NiO is controlled by a chemical
reaction mechanism. However, they overlooked the signifi-
cance of their nonlinear Arrhenius relationship of the reduc-
tion kinetics, implying the possibility of a mechanism change
during the reduction process. In other words, the reduction ki-
netics in their work might not be controlled by a single mech-

anism. This could be due to the fact that the structure and
characteristics of NiO were not taken into account when con-
sidering the kinetics. Hence, the lack of unanimous kinetics
for NiO hydrogen reduction, despite a number of previous
studies can be attributed to the fact that there has not been an
understanding of reduction behavior depending based on the
structure of NiO.

From this point of view, it is important to understand ex-
actly the reduction process of fine metal oxides in association
with structure change. This is a prerequisite for optimiza-
tion of the mechano-chemical process for synthesis of nano-
materials from metal oxide. For this purpose, the present
study attempted to investigate the synthesis and related ki-
netics of the reduction process depending on the structure of
oxide agglomerates. As an experiment material, the NiO was
selected for the study because it has only one stable phase,
thus enabling it to ignore other complex reactions. Another
reason why NiO was selected is because it has a great po-
tential for utilization of catalyst as well as magnetic materi-
als." The reduction kinetics for nano-porous NiO agglom-
erate powder experiment was conducted by non-isothermal
thermogravimetry (TG) and hygrometry studies, as well as
isothermal kinetics study. Based on the results, the mecha-
nism of hydrogen reduction of NiO was discussed in terms of
the reaction kinetics.

2. Experimental Procedure

2.1 Materials

As a raw material for synthesis of nc Ni by hydrogen re-
duction, commercial NiO powder with a purity of 99.9% and
a nominal average particle size of 7um was utilized. The
powder was ball-milled for 10h in a stainless steel attritor
at a speed of 300 revolutions per minute. Methyl alcohol
was used as a milling agent. After ball-milling the powder
was dried at 333 K for 24 h. The dried cake that formed was
crushed and sieved down to a mesh size of 20 pm. The aver-
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age grain size was calculated by the Scherrer formula based
on the X-ray diffraction method (XRD) using full width at
half the maximum of the peak.'® The pore size distributions
and specific surface areas of NiO powders were measured by
BET (Brunauer, Emmett and Teller) with the nitrogen adsorp-
tion method.'”

2.2 Kinetics study and microstructure characterization

The kinetics of reduction of the ball-milled NiO powders
were measured by means of the measurement techniques of
weight loss (TG) and water evaporation rate (hygrometry).
These two measuring systems are equipped in one system
so that one can conduct both measurements simultaneously.
Namely, the gas outlet from TG system is directly connected
with the humidity sensor of the hygrometry system, so that
weight loss and water vapor removal can be measured simul-
taneously. It is noted here that the connecting tube passing
the outlet gas from the TG system to the hygrometer was kept
warm above room temperature to avoid condensation of water
vapor below the dew point.

First, the TG setup comprised of a quartz reaction tube
mounted vertically inside a tungsten lamp furnace. A small
top-loading alumina crucible was used as a container mounted
on an alumina pole extending from the microbalance. A shal-
low alumina crucible of a 5 mm inner diameter and 3 mm in
height was used as the container to hold the oxide powder
bed during the reaction. The powder bed was positioned in
the uniform temperature zone of the furnace. Before heating,
the furnace tube was evacuated and then flushed with argon
gas. The powder sample was heated in a constant hydrogen
gas flow (dew point 197 K) of 0.35 L/min at which any starva-
tion of the reactant gas during the reduction could be avoided.
The weight loss of the NiO powder was continuously mon-
itored and the humidity level was checked every 10s. The
non-isothermal reduction studies were carried out at a tem-
perature range from room temperature to 773 K with a heat-
ing rate of 10 K/min. For the isothermal reduction study, the
ball-milled powders were reduced in the 550 to 623K tem-
perature range and the as-received powders were reduced in
the 523 to 588 K temperature range. In these experiments, the
temperature ranges were selected based on the results of TG
and hygrometry studies.

In order to understand the reduction mechanism of NiO
relating to powder structure, scanning electron microscopic
(SEM) analyses of oxide and reduced samples were con-
ducted. As well, pore size distribution of the powders was in-
vestigated using BET measurement. Kinetics and the related
mechanism of hydrogen reduction of NiO were discussed,
based upon the results of micro structure observation.

3. Results

3.1 Structure of ball-milled NiO powder

Figure 1 represents SEM morphologies of as-received NiO
powder (a) in comparison with the ball-milled powder (b).
It is seen that the ball-milled NiO powder in the agglomerate
state is comprised of many nano-sized particles and pores less
than 100nm. Meanwhile, the as-received NiO shows dense
surface structure with about 2 jim in grain size. XRD analysis
of Fig. 2 reveals that the ball-milled NiO agglomerate shows
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Fig. 1
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SEM micrographs of (a) as-received and (b) ball-milled NiO pow-
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Fig. 2 XRD profiles of as-received and ball-milled NiO powders.

only the NiO phase and larger line broadening. The grain size
of the ball-milled NiO powder calculated using Scherrer eq.
based upon the XRD result amounts to 20—30 nm. This struc-
tural discrepancy between both NiO powders is reinforced by
comparing the pore size distributions of Fig. 3. It demon-
strates that the ball-milled oxide has a log-normal pore size
distribution for intra-agglomerate pores having a size range
below 100 nm. Contrary to this, as-received powder does not
include nano-sized pores.

3.2 Reduction process of NiO powder
3.2.1 Non-isothermal behavior

The chemical reaction for the reduction process of NiO can
be expressed as

NiO(s) + Hz(g) = Ni(s) + H2O(g) ey
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Fig. 3 Pore size distributions of as-received and ball-milled NiO powders.
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Fig. 4 TG curves for hydrogen reduction process of as-received and
ball-milled NiO powders during heat-up to 773 K with the heating rate
of 10 K/min.

Equation (1) shows that the hydrogen reduction of NiO pro-
duces a nickel phase leading to weight loss as a product of
water vapor. Hence, the result of the TG study enables us
to understand the reduction process for NiO. Figure 4 shows
the TG curve for NiO powders in which nc NiO agglomerates
undergo different weight loss behavior from the as-received
oxide powder. Namely, the reduction started at a lower tem-
perature but gradually retarded, and finally finished at a higher
temperature when compared to the as-received oxide sample.
Since the weight loss is due to removal of oxygen weight in
the form of water vapor, the measurement of the water vapor
generated during the reaction should give us very important
information about the reaction mechanism.

Figure 5 shows the result of hygrometric measurement rep-
resenting the removal rate of water vapor. While the as-
received NiO powder shows a normal distribution for the re-
moval rate of water vapor, this is not the case in the nc NiO
agglomerate. In other words, the removal rate of water vapor
in the nc oxide sample follows a stepwise process consisting
of two peaks. Intuitively it seems that the reduction of NiO
and the formation of Ni nano particles proceed in a differ-
ent way in both cases. When we compare this result with the
differential value of weight loss of Fig. 4, almost congruent
behavior is observed in Fig. 6. This is strong evidence for the
claim that the hydrogen reduction process of nc NiO powder
follows the reaction of eq. (1) as described.
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Fig. 5 Humidity curves for hydrogen reduction process of as-received and

ball-milled NiO powders during heat-up to 773 K with the heating rate of
10 K/min.
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Fig. 6 Differential TG curves for hydrogen reduction process of
as-received and ball-milled NiO powders during heat-up to 773 K with the
heating rate of 10 K/min.

3.2.2 Isothermal behavior

In order to confirm the unusual differential TG behav-
ior in nc NiO, we investigated the reaction kinetics with an
isothermal kinetics experiment in the temperature ranges of
two peaks of Fig. 5; 523-571 K for the as-received NiO and
513-623 K for the nc NiO agglomerate. The isothermal re-
duction curves measured in these temperature ranges are rep-
resented in Fig. 7. Here the fraction of reduction, «, is de-
scribed by the ratio of the instant weight loss to the theoret-
ical final weight loss. It is seen that the reaction rate con-
sistently increases with the increase of temperature in both
powder samples. However, a linear relationship for time de-
pendence of the reduction fraction is observed differently in
both cases. The as-received powder shows a linear reduc-
tion behavior for « up to 0.8, on the contrary, the ball-milled
powder ceases to be linear at lower o values with decreasing
temperature. Since there appears to be a change of reaction
mechanism for o beyond this fraction, the reduction rate de-
creases dramatically. The value of o corresponding to this
transition point decreases as the temperature increases. Be-
yond this point, a decrease of the reduction rate is observed
with the increase of temperature.
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Fig. 7 Fraction of hydrogen reduction of (a) as-received and (b) ball-milled
NiO powders versus time at various temperatures.

3.3 Microstructure of nc Ni powder

According to the TG curve in Fig. 4, the NiO samples were
reduced during heat-up to 773 K in a hydrogen atmosphere at
the heating rate of 10 K/min and quenched. Figure 8 discloses
the morphologies of the reduced Ni powders. It is apparent
that both powder samples keep the initial structure of oxide
powders. Specially, the ball-milled agglomerate NiO powder
is transformed to the Ni agglomerate, which is composed of
ultra fine Ni particles. XRD analysis of Fig. 9 reveals that the
line broadening of the ball-milled powder yielded the average
grain size of 20 nm while the grain size of as-received sample
could not be measured due to large grain size as depicted in
Fig. 8.

4. Discussion

The most important result of the present investigation is
that nc Ni phase of about 20 nm in grain size is successfully
produced by hydrogen reduction of nano-agglomerate NiO
depending on powder structure. In order to optimize the pro-
cessing of nano-powder synthesis, it is essential to understand
the reduction mechanism in kinetics aspect.

As described above, the ball-milled NiO agglomerate has a
different powder structure from the as-received oxide powder.
It was also described that the ball-milled oxide underwent an
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Fig. 8 SEM micrographs of Ni powders produced by hydrogen reduction
of (a) as-received and (b) ball-milled NiO powders (heated-up to 773K
with the heating rate of 10 K/min and quenched).
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Fig. 9 XRD patterns of Ni powders represented in Fig. 8.

unusual reduction behavior during the reduction process as
shown in TG and hygrometric studies.>® This structure re-
lated reduction process could be explained by estimating the
reduction mechanism in terms of quantitative kinetics.

If the particles are assumed to be spherical, the
“shrinkage-core model” can be applied to the individual parti-
cle. The relationship between the fraction of reaction, o, and
time, ¢, has been derived for cases where either the chemi-
cal reaction or the diffusion through the product layer is the
rate-controlling step. The relationship corresponding to reac-
tion can be express as

__pnioro f(a)

= 2
Myiopn, k

where pnio is the density, rg is the initial radius of the par-
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ticle and My,0 is the molecular weight of NiO, py, is the
partial pressure of hydrogen gas and k is the reaction rate
constant.!329 Since pnioro/Mnio pu, is constant at a given
temperature, eq. (2) will lead to a linear relationship between
f (@) and ¢. Equation (2) can be rearranged as

= _PNioro J(@)

= 3)
Myiopn, t

The reaction rate constant £ is a function of temperature and
can be represented by the Arrhenius relationship

k = kgexp (__I—QQ?) “)

where kg is a constant, T is the temperature in K, R is the
gas constant and Q represents the activation energy of the
reduction reaction. Combining eqs. (3) and (4), the following

relationship can be obtained.
Q p
—— )=k 5
P ( RT) )

fle)  Mniokopn,
t Pri0%0
It is to be noticed that the left side of eq. (5) is equal to the
value of the slope of the plot f(«) vs. ¢ in Fig. 7. By taking
the logarithm on both sides of eq. (5), we get the following
relationship;

In(k) =In (—Ji(ﬂl) =1In (———MNIOkOpHZ) — (g) <l)
t PNi0T0 R T
6)

where the value of the slope corresponds to that of f (o) vs.
t, which physically indicates the reaction rate constant. The
slopes at various temperatures are obtained from the linear
relationship presented in Fig. 7. When plotting the slopes in
Arrhenius relationship of Fig. 10, the activation energy for the
reduction process can be obtained. The as-received NiO pow-
der reveals only one value of activation energy, 85.6kJ/mol.
Meanwhile, the ball-milled powder shows a discontinuous
type of behavior in which the activation energy can be divided
into two temperature regions; 85.4 kJ/mol below about 570 K
and 105.1 kJ/mol above 570 K.

The most salient result of the activation energy is the ob-
servation that the fine agglomerate NiO undergoes a discon-
tinuous reduction process. Such a discontinuity in the case of
nano-agglomerate NiO implies a change of reduction mecha-
nism depending on the temperature. The change of reduction
mechanism has been already indicated by the results of the
TG and hygrometry studies of Figs. 5 and 6. They clearly
showed the occurrence of two independent reaction peaks
with respect to the removal rate for hydrogen reduction of
nano-agglomerate NiO. The first peak of a lower temperature
range is sharp and narrow, which is similar in appearance to
that of the as-received powder. On the other hand, the second
peak of a higher temperature range, which overlapped with
the first one, is much smaller and wider than the as-received
NiO only. Moreover, the reaction due to this second peak fin-
ished at a much higher temperature than the as-received one.

Since the NiO powder bed in this study is very shallow
(less than 1 mm in height), and the H, flow rate is reason-
ably high, the reactant gas, H, has access to all the fine par-
ticles in the bed and the product gas, H,O, can leave the site
without any hindrance. For this reason, it is expected that
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Fig. 10 Arrhenius plot for the isothermal hydrogen reduction rate of
as-received and ball-milled NiO.

the reduction rate of the NiO powder used in this study is ba-
sically controlled by the chemical reaction before « = 0.8
in Fig. 7(a). The decrease in the reduction rate beyond 0.8
could be due to the increase of the interdiffusion distance,
consequently increasing the significance of the role of mass
transfer in the rate-controlling process. As mentioned, the
value of the fraction of reduction corresponding to the mech-
anism change decreased with increasing temperature. Af-
ter this change, the reduction at a higher temperature had a
somewhat lower reaction rate.!® This could be attributed to
the concept that a denser product layer would be formed as
the temperature is increased and hinders the reduction pro-
cess. This argument seems reasonable considering the re-
sult of Fig. 7(b) in which the nano-agglomerate NiO pow-
der shows different saturation temperatures. In view of this,
the reduction of nano-agglomerate NiO powder is initially
rate-controlled by the chemical reaction comprising a nucle-
ation and growth mechanism which occurs rapidly represent-
ing a sharp and narrow peak of removal rate and growth. It
then gradually proceeds by the diffusion controlled reaction
showing a smaller and wider peak.

This interpretation is qualitatively consistent with the re-
sults of activation energy of Fig. 10. As can be seen in
the result, the apparent activation energy, 85.4kJ/mol for
the nano-agglomerate oxide below 570K is almost equal to
that of the as received one, 85.6kJ/mol. However, above
570K the nano-agglomerate powder has a higher energy of
105.1 kJ/mol. The present data for apparent activation energy
are comparable with the results of the previous works.?!:22)
Since the higher activation energy implies the retardation of
the reduction process, the slow-down of the reaction in the
case of the nano-agglomerate powder at higher temperatures
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Fig. 11 Variation of pore size distribution during hydrogen reduction of
ball-milled NiO agglomerate powder (heated-up with the heating rate of
10 K/min and quenched).

is presumably due to a slow-diffusion of removing water
vapor through the dense product in the agglomerates. Re-
garding such a dramatic change of the reduction process in
the ball-milled nano-agglomerate oxide powder, Lee and his
coworkers®?® suggested that structural modification of the
agglomerate powder during reduction might be responsible
for the mechanism change. Namely, in the initial stage of the
reduction process, the reduction of the nano-agglomerate NiO
occurs rapidly by a nucleation-growth mechanism. As the re-
action proceeds, however, the reduced nano-sized Ni parti-
cles tend to be sintered together, leading to the decrease of
nano-pore channel acting as a high diffusion path for removal
of water vapor. It would be possible when the closure of
intra-agglomerate pores hinder the further diffusion process
for reaction. In other words, in the case of nano-agglomerate
oxide, the reduction initially starts by the nucleation-growth
process and then retards gradually due to the diffusion con-
trolling process.

This explanation can be also reinforced in micro-structural
aspects. As mentioned above, it became clear that the retar-
dation of reduction kinetics of the nano-agglomerate NiO at
higher temperatures is due to the decrease of pore channel for
the gas diffusion path. This can be ascertained by the result of
the pore size distribution changing during the reduction pro-
cess. Figure 11 clearly discloses that with increasing temper-
ature the distributions of nanosized pores smaller than 100 nm
are gradually shifted to the much smaller range. This implies
that the pore volume in the nano-agglomerates is decreased as
the reduction proceeds.

5. Conclusions

In the present study the synthesis and related kinetics of nc
Ni by hydrogen reduction of NiO were investigated by mi-
crostructure observation and reduction kinetics experiments
using a TG and hygrometry. The ball-milled NiO agglomer-
ate powder, which has 20 nm in grain size and a log-normal
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pore size distribution in the range of below 100 nm, was used
for this study. The non-isothermal reduction study showed
that the nano-agglomerate NiO underwent a two-step reduc-
tion process, which is presumably due to a chemical reaction
at lower temperatures and a diffusion controlled process at
higher temperatures. The activation energy calculated from
the isothermal kinetics study for the nano-agglomerate NiO
was 85.4kJ/mol for lower temperatures and 105.1 kJ/mol for
higher temperatures. The value for lower temperatures is con-
sistent with that of as-received NiO of 85.6kJ/mol. Such
higher activation energy for higher temperatures can be at-
tributed to retardation of reduction process by the change of
reduction mechanism from chemical reaction to the diffusion
process. Conclusively, the structure change during reduc-
tion is believed to be responsible for the change of reduction
mechanism.
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