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Reduction of Ni’t by hydrazine in solution
for the preparation of nickel nano-particles
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The reduction of Ni?t by hydrazine in solution for the preparation of nickel nano-particles has
been studied. It was found that the reactions occur in two stages. The first stage is the
reduction of Ni?* by NoH, according to 2Ni?* + NoHy + 40H™ = 2Ni| + Na1+ 4H,0, while the
second stage consists of two side reactions, the decomposition of hydrazine (N;Hs = N2t +
2H,%) and the disproportionation of hydrazine (3N,H4s = N2t + 4NH31) catalyzed by the formed
nickel nano-particles. The reaction for the formation of nickel is also catalyzed by nickel as an
autocatalytic reaction. Accordingly, a small amount of inducing agent, NaBH, can be added to
initiate the reaction that can then proceed continuously at 288 K. Kinetic study reveals that the
reaction orders with respect to Ni>*, N,H, and Ni are 1, 0 and 1, respectively. Thus, the increase
of the initial concentration of Ni?t and the amount of inducing agent used accelerate the
reaction rate and decrease the consumption of N,H4 significantly. Pure nickel nano-particles
with high surface areas are produced and the surface area can increase from 18 to 79 m?/g with
the increase of concentration of Ni?* used. The fully understanding of the reaction between
Ni?* and hydrazine in solution may provide a new optimized technique to prepare the nickel
catalysts with high surface areas, in addition to the currently available techniques for the
preparation of Raney nickel and supported nickel catalysts.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Metal nano-particles have important applications as
catalytic and magnetic materials. They can also be used
for the preparation of porous metallic ensembles and as
fillers for polymers. Different techniques have been used
to prepare the metal nano-particles, for example, the
reduction of metal oxide or salts [1,2], decomposition of
metal carbonyls [1] and reduction in solutions by strong
reducing agents [3-9]. The reducing agents reported
include potassium borohydrides, sodium hypophosphite
and hydrazine, corresponding to the formation of metal
borides [3-5], metal phosphides [6—8] and pure metals
[9]. In recent years, quite a few publications reported the
reduction of metal cations, especially Ni’*, by hydrazine
in solutions to produce metallic nano-particles [9—15].
Some authors discussed the reaction mechanism for the
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reduction of nickel cations by hydrazine [9, 13]. However,
these studies on reaction mechanism and kinetics are
not intensive and conclusive. In fact, the features of the
reduction and factors influencing the reactions are not
clearly known so far, so that the choice of the ratio of
hydrazine to nickel cation, the reaction temperature and
time for the production of nickel nano-particles was not
based on the deeply understood reaction mechanism
and kinetics. It is known that the reduction of Ni’** in
solution by BH,~, H,PO,~ or N,Hy releases gases, and
the measurement of the gases evolved versus time gives
the reaction kinetics and may also indicate the percentage
of side reactions. In this way, we have analyzed the
reaction mechanisms and kinetics for the reduction of
Ni2* by BH;~ to form Ni-B nano-particles [5] and by
H,;PO,;~ to form Ni-P nano-particles [8]. In this work,
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we addressed the reduction of Ni>* by hydrazine in
solution. We first analyzed the electrochemistry for the
reduction to see how many reactions might be involved.
Then, we examined the main reaction for the reduction of
Ni?* to form nickel nano-particles and accompanied side
reactions. Finally, we determined the reaction kinetics by
measuring the gases evolved versus time and found out
when and in what extent the main reaction and the side
reactions occurred under different reaction conditions.

2. Experimental section
The apparatus used for this work is similar to those used
for the preparation of Ni-B and Ni—P nano-particles [5,
8]. For the reduction of Ni** by hydrazine, a jacketed
beaker was used, in which water at constant temperatures
from 288 to 323 K was cycled in the outer jacket. Ac-
cording to ref. [14], 1 g NiCl,"6H,0O (0.0042 mol) was
dissolved in 7.5 ml 95% ethanol and was added into the
beaker. 4 g 50%N,H4-H,0 (0.04 mol) was mixed with 2.5
g NaOH with stirring and the slurry formed was added into
the beaker. The mixture was stirred by a magnetic stirrer.
The reaction was initiated by adding a small amount of
inducing agent, NaBH,4, which reduced Ni2* into Ni-B
nano-particles that catalyzed the reaction between Ni**
and hydrazine. The gases evolved during the reaction first
passed 200 ml de-ionized water in order to absorb am-
monia produced and the pH of the ammonia solution was
determined versus time so that the production of ammonia
can be monitored. The volume of gases that can not be
absorbed by water (N, and H;) was measured also versus
time. Ammonia, N, and H; are the only gases produced
during the reduction of Ni** by N,H, and the kinetics of
evolving these gases is a measure of the kinetics for the
main reaction (reduction of Ni2T) and other side reactions
(e.g., decomposition of NpH, catalyzed by Ni surface).
A black precipitate was formed during the reduction of
Nizt by N>Hy in solution. It was washed first by ammo-
nia solution in order to remove possibly existed unreduced
Ni(OH); [7], and then by de-ionized water to remove re-
action residuals. The precipitate was further washed by
acetone for drying. Finally, it was flushed with N, (con-
taining about 1% O,) at room temperature for 24 h in
order to remove acetone and for passivation. The samples
thus prepared were stable when exposed to air. The tech-
niques of X-ray diffraction (XRD), Transmission Electron
Micrograph (TEM) and BET measurement were used to
determine the phase, particle size and surface area of the
samples.

3. Results and discussion

3.1. Electrochemistry of the reduction

In aqueous solution, Ni>*, H* and N,H, are species that
can be reduced as following:

Ni?t +2e~ =Ni ¢° =025V (1)
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Figure I Electrode potentials of related half-reactions (cf. context).

2H,0 +2e~ =Hy +20H™ ¢°=-083V (2

ONoH, + 4H,0 + 4e~ = 4NH; + 40H™  ¢° = 0.1V

3

On the other hand, N H,4 is a strong reducing agent
under basic medium:

NoHy+40H™ = Ny +4H,0+4e~ ¢ = —1.15V (4)

By assuming the unit activity of Ni>* and N,Hy in the
solution, the pH dependence of the electrode potentials of
these half reactions is plotted in Fig. 1. Fig. 1 shows that
N,Hy, is able to reduce Ni**, HT and itself under the pH
from O to 14. However, its ability to reduce Ni%t decreases
with the decrease of pH. That is why the reduction of
Ni2* by N,H; must be performed under the strong basic
medium. By combining the half-reaction 4 with the half-
reactions 1 to 3 , we obtained the following reactions:

2Ni** + N,H; + 40H™ = 2Ni} + Nyt + 4H,0 (5)
NoHy = Not +2Hx?t (6)
3N,H; = Nt +4NH;31 (7

The equilibrium constants of the reactions 5-7 are cal-
culated to be 7 x 10%°, 4 x 10%! and 3 x 10%* according
to the electrical potentials of these reactions. The great
equilibrium constants indicate that the reactions are ther-
modynamically very favorable.

3.2. The main reaction versus the side
reactions

The black precipitate formed during the reduction was
confirmed to be metallic nickel by XRD. After a period
of the reaction, the de-ionized water that used to absorb
ammonia was tested by the Nessler agent. The Nessler
agent turned to brown, confirming the production of am-
monia. The gas after the removal of ammonia could be



TABLE I The volumes of the gases produced during the reaction
Reaction pH of NH;3

time (s) V(N2+H>) (ml) solution V(NH3) (ml)
0 0 7.58 0

168 52 8.16 0.046

6290 2004 11.08 423

(end of reaction)

Total gas volume = 2004 ml + 423 ml = 2427 ml.
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0 500 1000 1500 2000
V (H,+N,) (ml)

Figure 2 pH of the solution absorbed ammonia versus the volume of gases
(N2+H>») evolved.

ignited, indicating the existence of H,. These phenomena
revealed that the reactions might proceed according to the
Equations 5-7.

Since we recorded the pH of the solution that absorbed
ammonia as well as the volume of the gas (without am-
monia) versus time, we can plot the pH of the solution
with the volume of the gas (N, + H;), as shown in Fig.
2. Fig. 2 shows that the pH of the ammonia solution in-
creased fast from 7.5 to 10 up to about 250 ml of the gas
and then approached to 11 with the further increase of the
gas volume up to about 2000 ml. According to the pH of
the ammonia solution (200 ml), the volume of ammonia
evolved can be calculated and given in Table I with the
volume of N, + H, at the same time (0, 168 and 6290 s).
It is seen that the volume of ammonia (0.046 ml) is much
less than the volume of N, and H; (52 ml) at the reaction
time of 168 s.

Since we used 0.0042 mol Ni?* for a reaction with
excess NoHy (0.04 mol), the complete reduction of such
amount of Ni>* by N,H, according to Equation 5 would
consume 0.002103 mol N;H4 and produce 52 ml N,. The
excess gases produced are due to the side reactions 6 and
7. Since the total amount of ammonia produced during

the reaction was measured to be 423 ml, the amount of
hydrazine disproportionated to N, and NHj3 according to
Equation 7 can be calculated to be 0.0128 mol, producing
105 ml N, and 423 ml NHj, respectively. The remaining
0.02509 mol N,H4 would be consumed by the decom-
position according to Equation 6 and produced 622 ml
N, and 1243 ml H,, respectively. Thus, the total vol-
ume of the gases calculated according to Equations 5-7
should be 2445 ml, agreeing well with the volume of the
gases (2427 ml) measured experimentally. Table II sum-
marizes the data about the consumption of hydrazine and
the gases produced according to the reactions 5 — 7. Table
II shows that only 5.3% hydrazine were consumed for the
reduction of Ni’*, while 62.7% hydrazine were decom-
posed to N, and H;, and the other 32% hydrazine were
converted to N, and NHj due to the disproportionation
reaction.

Now that the reduction of 0.0042 mol Ni** consumed
only 0.002103 mol N;H4 and produced 52 ml N, we
stopped the reaction once it produced 52 ml gases. Upon
filtration and washing of the black precipitate and analy-
sis of the remaining Ni** in the residual solution, it was
found that 99.7% Ni>* had been reduced to nickel metal.
At the same time, only 0.046 ml NH3; formed, account-
ing for about 0.7% of Ny;H, consumed by the reaction 7.
In this case, the reaction 6 did not occur. These results
showed that the overall reaction proceeded in two stages.
The first stage is the reduction of Ni>* by N,H, accord-
ing to 5 while the second stage is the decomposition of
N,H4 6 and the disproportionation of N,H, 7 catalyzed
by the product, metallic nickel. Therefore, we focused
on the reaction kinetics for the reaction at the first stage
below.

3.3. Reaction kinetics for the reduction of Ni%*
The reaction between NiCl, and N,H, in solution is a
typical autocatalytic process. The rate equation can be
written as,

dvt ldqg -
r= —— = —— = k[Ni*T]¥[N,H4]?
7 T T, [Ni""]%[N2Ha4]
+k [Ni2T ][N, Hs 1P g7 (8)

where r is the reaction rate, V, the volume of gases pro-
duced up to time ¢, g the amount of product (Ni or Ni
surface), k the rate constant for the non-catalytic reaction,
k' the rate constant for the autocatalytic reaction, and «,

TABLE II Consumption of NoHy4 and production of gases according to the reactions 5—7
N2Hy4 consumption
Viotal (ml)
Reaction n (mol) % V (N3) (ml) V(H3) (ml) V (NH3) (ml) (calculated)
%) 0.002103 53 52
(6) 0.02509 62.7 622 1243 2445
7 0.01280 32.0 105 423
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Figure 3 Volume of gases (N2+H>) evolved versus time with different
initial concentrations of Ni** as indicated in the legend. Other conditions:
T = 288 K, [N2H4]o = 3.35 mol/l, m(NaOH) = 2.5 g and the quantity of
inducing agent (NaBHy), ¢ing = 0.002 g.

B, and y are the reaction orders with respect to [Ni’*],
[N;H4] and g. Without the addition of an inducing agent,
the reaction does not occur at 288 K, and therefore & is
equal to 0. Then, the Equation 8 is simplified to be,

dvt ldg
= — = —— = I'[Ni*"|*[N,H; )% ¢” 9
r=—_ T [Ni""]*[NoH4]"¢q )

Upon the addition of a small amount of the inducing
agent, NaBHy, the reaction occurred at 288 K. NaBHy is
very active in reducing Ni** to produce Ni-B amorphous
nano-particles [5] that catalyze the reaction between Ni**
and NHy in the solution. Once the Ni-B nano-particles
were produced (¢), the reduction of Ni>* by N,H, at 288 K
in the solution began, producing Ni nano-particles (also
q) that catalyzed the reaction continuously. The reaction
was accelerated when more and more Ni nano-particles
(g) were produced. On the other hand, the concentration
of Ni** decreased continuously with the proceeding of the
reaction. The two factors determined that the volume of
the gases evolved versus time displayed a sigmoid curve
as shown in Fig. 3, characteristic of an autocatalytic reac-
tion. Differentiation of such a curve gave the reaction rate
versus time, which exhibited a maximum.

According to Equation 9, we write out an equation for
the maximum rate,

Fmax = K'[Ni#11% [N H, 12

max max ql’};lax ( 1 0)

For the autocatalytic reaction, the following relations
hold: [Ni**]max = A1[Ni*]o, [N2Halmax = As[N2Hulo,
Gmax = A3qo, g0 = A4qing, Where A, A, A3 and A4 are
constants, [Ni*t]o, [NoHa]o, and qo are the initial con-
centrations or quantities of the reactants and the catalyst,
and ginq the quantity of inducing agent. Substituting these
relations for the items in Equation 10, we have,

Fmax = K'AYINIPTIE N HyloP A3 AgY Gind”
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Keeping [N,H4]p and ¢ constant while varying
[Ni2*],, we have,

1 = ki [INi#T]2 (11)

Similarly, we obtain the following equations:
Fivax = ka[NaHaG (12)
Fmax = k36]i)r/1d (13)

Or we have,

Inr, . =1Ink +aIn[Ni*t], (ar)
In ’;1/1/ax =In kz + ,B 1I1[N2H4]0 (12/)
In 7 =1n ks + y Ingina (13"

While keeping [N>Hy4]p = 3.35 mol/l, m(NaOH) = 2.5
g and ging = 0.002 g at T = 288 K, we varied [Ni**],
(0.179, 0.352, 0.543 and 0.678 mol-dm_3) and measured
the volume of gases evolved versus time. The sigmoid
curves obtained are displayed in Fig. 3, from which the
maximum rates ('ax) can be derived according to the
slopes at the inflexion points of these curves. In Fig. 4
are shown the experimental results for the linear relations
expressed by Equations 1113, The reaction orders are
then found to be about 1, 0 and 1 with respect to [Ni>*],
[NoHy] and ¢, i.e., =1, 8 =0and y = 1 in Equation 9.

Thus, the Equation 9 can be written as,

ave 1d
r=21 = 28 Nty

= = 14
dt 2 dt (14

Integration of Equation 14, we obtain,

1 Ni2+ —
27 {ln (N o = 4o +In ~2+q } =k
[N+ 9o (N —¢q
2
= (Inr vs Inq jpqd)
1 e (Inrvs 1n[Ni2+]0)
E N 4 (Inr vs In[NpH4] )
E AhA
=
2

6 5 4 -3 -2 -1 0 1
In[C, (mol/D)]

Figure 4 Logarithmic plots of reaction rates with respect to the initial
concentrations of Ni2*, N,Hy and inducing agent, gind-
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Figure 5 Plots of reaction time versus In[V;/(Vs —V})] according to Equa-
tion 15 for the reaction at different temperatures. Other conditions: [N i+,
= 0.35 mol/l, m(NaOH) = 2.5 g and [NoHy]p = 3.35 mol/l.
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Figure 6 Plots of reaction time versus In[V;/(Vs—V})] according to Equa-
tion 15 for the reaction with different initial concentration of NpHy. Other
conditions: T = 299 K, [Ni*t]o = 0.35 mol/l and m(NaOH) = 2.5 g.

If we use V; and V, to represent the volumes of gases
evolved at time ¢ and at the end of reaction, respectively,
we have,

q _ Ut
[Ni**]p? Voo — ¥

And then we derive the following equation,

1 [Ni**1o — qo
t = ——1In
k'[Ni="]o qo0
1 V:

+ In 15
KINi*tlo Voo — Vi (1>

This equation demonstrates the linear relationship be-
tween ¢t and In V{vam. Accordingly, the rate constant
k' can be obtained through the slope of the straight
lines. In Figs 5 and 6 are shown the experimental re-
sults treated according to Equation 15 for the data ob-
tained at different temperatures and different concentra-
tions of N,Hy. In both cases, the linear relationships are
clearly seen, indicating that the Equation 15 is valid in
describing the reduction of Ni** by N,H, in the solu-
tion. According to the slopes ( = 1/k’ [Ni2*]y) of the
lines in Fig. 5, reaction constants k' at different tem-
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Figure 7 Arrhenius correlation for activation energy for the reduction of
Ni>* by hydrazine in solution.
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Figure 8 Kinetics of the reduction of Ni?* by hydrazine in solution. Reac-
tion conditions: T = 288 K, [Ni%t]o = 0.179 mol/l, [NoH4]o = 3.35 mol/l,
m(NaOH) = 2.5 g and the quantity of inducing agent (NaBHy), ¢ing =
0.002 g.

peratures are obtained. Then, by using the Arrehnius
correlation as shown in Fig. 7, the activation energy of
the autocatalytic reaction was found to be 85 kJ mol~".
The parallel lines in Fig. 6 indicate that the rate con-
stant k' does not depend on the initial concentration of
N,H,4.

The constant ¢ = {[Ni**]y — o }/qo in Equation 15 can
be calculated according to the intercepts of the lines in
Fig. 5 and 6. gy is the quantity of Ni—B catalyst produced
by the addition of NaBHy, and depends on the temperature
and pH. The Equation 15 can be rearranged into,

Vi 1
— = = (16)
Voo 1+ INi*TJo—q0 ,—k'[Ni?*]ot

q0

Using the c value in Equation 16 for the certain reaction
conditions (T = 288 K, [Ni**]y = 0.179 mol/l, m(NaOH)
=2.5 gand [NyH4]p = 3.35 mol/l), a plot of V/V, versus
time ¢ can be obtained according to Equation 16 and is
shown in Fig. 8. Fig. 8 shows that the Equation 16 fits
the experimental data quite well. Fig. 8 also shows that
the reaction completes in 24.6 min at the given reaction
conditions.
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When V, = 1/2V, i.e., when the reaction proceeds
half way, the Equation 15 becomes,

1 [Ni*"1o — qo
= n
K'[Ni*T1o q0

ty2

Since [Ni2*]y >> ¢o, we have,

1 [Ni**]o
= n
k'[Ni** 1 40

ti2 a7

When keeping [Ni>*]o and g constant, k¥ increases
while t,, decreases with the increase of temperature.
Differentiating #;, with respect to [Ni**], and qo obtains
the following inequalities,

ot 1 Ni2+
[—lﬁ} ZWO—IH[I ]0><0
O[NI" Jodgopr  K'[INITTIG qo0

|: ot /2 ] 1
—= = <
990 iz, x k'[Ni**1oqo

These inequalities indicate that the half life of the reac-
tion, t >, or the reaction rate decreases with the increase
of [Ni**], and qo.

3.4. The ratio of NyH4/Ni?* for the reduction

Ni et al. [14] used greatly excessive amount of N,Hy
for the reduction of Ni*t, in which only about 5%
was used for the reduction of Ni** and the remain-
ing N,Hs was decomposed into N,, NH; and Hj, ac-
cording to our results above. However, if we used the
stoichiometric ratio of N>H4/Ni2* (0.5) according to the
reaction 5, we found that the reduction did not proceed.
Further tests showed that the amount of N,H,4 needed de-
pended on the concentration of Ni?*. With the increase of
[Ni%*]o, the amount of N,H,4 needed to reduce the same
amount of Ni’* decreased. This may be due to the fact
that the reaction rate increased (or ¢/, decreased) with the
increase of [Ni**]o, leading to the decrease of consump-
tion of NpHy. Table III gives the experimental results. It
is seen that the consumption of hydrazine decreased from
0.02 to 0.006 mol (or the ratio of n(NoH,)/n(Ni*T) de-
creased from 4.8 to 1.5) when [Ni%*], increased from 0.68
to 1.10 mol/l, although the total amount of Ni’>* reduced
was not changed. Therefore, by increasing the concentra-

TABLE III Ratio of n(N>Hs)/n(Ni2) versus the concentration of Niz+

n(N,H,)/n(Ni*")=1.5
76.3

n(N,H,)/n(Ni*")=2.4

n(N,H,)/n(Ni*")=4.8

30 40 50 60 70 80
20 (degree)

Figure 9 X-ray diffraction patterns of the samples precipitated by the
reduction of Ni%* with different n(NoHy)/n(Ni21) ratios as indicated.

tion of Ni**, the consumption of hydrazine can be greatly
decreased. In any case, a ration of n(N,H,)/n(Ni*t) as
high as 10 used in [14] is not necessary according to our
current work.

3.56. Characterizations of precipitates

Fig 9 and 10 display the typical XRD pattern and TEM
image of the precipitates formed by the reaction between
Ni?* and hydrazine in the solution. The XRD patterns
exhibit the typical face-centered cubic structure of metal-
lic nickel. No other species were clearly observed in the
XRD pattern, indicating that pure nickel powders were
obtained in our experiments. The surface areas of the
samples prepared using different concentration of Ni**
are given in Table III. The surface area was increased
from 18 to 79 m?/g with the increase of Ni*>* concen-
tration from 0.68 to 1.10 mol/l, i.e., with the decrease of
n(N,H,)/n(Ni**) ratio from 4.8 to 1.5. Accordingly, the
XRD peaks were broadened with the increase of surface
area (see Fig. 9). Calculations according to the Scherrer
equation revealed that the particle sizes decreased from
13.8 to 8.4 nm for the samples with surface areas in-
creased from 18 to 79 mz/g, which were much smaller
than those calculated according to the surface areas
supposing that the particles are spherical (from 37 to
9 nm). The TEM graph shows that the sample with the

d (nm) according to

n(Ni2t) (mol) [Ni%*]o (mol-1~1) n(N2Hy) (mol) n(NpHz)/m(Ni2t)  BET (m%/g) Scherrer equation ~ BET
0.0042 0.35 0.04 10:1

0.0042 0.68 0.02 4.8:1 18 13.8 37
0.0042 0.81 0.01 2.4:1 28 11.0 24
0.0042 1.10 0.006 1.5:1 79 8.4 9
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Figure 10 Transmission electron micrograph of the sample precipitated by
the reduction of Ni>* with hydrazine in solution. Reaction conditions: T =
298 K, [Ni2*]g = 0.68 mol/l, [NoH4]p = 3.26 mol/l and m(NaOH) = 2.5 g.
BET area = 18 m?g.

surface area of 18 m?/g had an average particle size of
about 30 nm, close to 37 nm calculated according to the
surface area. These results seem to imply that the particles
seen by TEM might contain smaller crystallites with sizes
detected by Scherrer equation.

4. Conclusions
1. The reduction of Ni>* by hydrazine in solution is com-
posed of three reactions:

OINi?* 4+ NoH, 4+ 40H™ = 2Ni| +Not +4H,0  (5)
N>H, = Nyt +2H,t ©)

3N>H4 = Not + 4NH3 1 (7N

Electrochemically, the reactions must be carried out un-
der strong basic medium. When excessive NoHy is used,
the reduction of Ni** by N,Hj as the reaction 5 occurs at
the first stage and consumes only about 5% of N,H, added
when the ratio of n(N,H4)/n(Ni**) of 10 is used according
to Ni et al [14]. The remaining N, H4 undergoes decompo-
sition to N and Hj, and disproportionation to N, and NH3
catalyzed by the product nickel nano-particles. At the first
stage, Ni** is completely reduced, while only negligible
amount of N,H, are disproportionated or decomposed.

2. When the stoichiometric ratio of n(N,Ha)/n(Ni?t)
(0.5) is used according to the reaction 5, the reaction does

not proceed. However, it was found that the amount of
N,H, needed to reduce the same amount of Ni?t depends
on the concentration of Ni**. For example, a ratio of
n(N,Hy)/n(Ni?*) of 1.5 is sufficient to reduce completely
the Ni** when the initial Ni’** concentration is about
1 mol/l.

3. Kinetic studies reveal that the reduction of Ni’*
by N,H, is an autocatalytic reaction. The nickel nano-
particles produced during the reduction catalyzes the re-
duction reaction. Accordingly, if a small amount of induc-
ing agent such as NaBHy, is used, the reaction can proceed
at 288 K. The reaction orders with respect to Ni2*, NoHy
and Ni are found to be 1, 0 and 1, respectively. Thus,
the increase of the initial concentration of Ni** and the
amount of inducing agent used accelerate the reaction rate
and decrease the consumption of NoHy. At the same time,
the surface area of the produced nickel nano-particles are
increased due to the more nuclei formed for the reduction
of Ni’*.

4. Pure nickel nano-particles with high surface areas
(from 18 to 79 m?/g) may be produced through the reduc-
tion of Ni>* by N,Hy in the solution. The surface area of
the nickel nano-particles was found to increase with the
increase of concentration of Ni** used.

5. Outlook

Metallic nickel is an important catalyst widely used for
hydrogenations. Preparing the porous Raney nickel or us-
ing a support is the usual ways to increase the number of
surface nickel atoms. Sodium borohydride and hypophos-
phite are sometimes used to produce Ni-B and Ni-P nano-
particles. When a support is used, the interaction between
NiO and the support determines the reducibility of Ni**
and the dispersion of nickel on the surface. Activated car-
bon (AC) has high surface areas with weak interactions
with metal cations and metals. When nickel is supported
on AC, the high reducibility is usually guaranteed, but the
dispersion may not be high because of the weak inter-
action between nickel and the surface of carbon. On the
other hand, NiO interacts strongly with the supports such
as y-Al,03 and SiO, so that Ni>* can be highly dispersed.
Nevertheless, it is difficult to reduce such highly dispersed
Ni?*. The high temperatures that are used to reduce the
Ni2* on y-Al,03 and SiO, may lead to the sintering of the
reduced nickel. The reduction of Ni?* by N;Hy in basic
solutions may provide a new way to prepare highly dis-
persed and reduced nickel catalysts supported on y-Al,O3
and SiO,. In fact, through the sol-gel method, Ni>* can be
highly dispersed in the sol, e.g., (SiO,),,.nH,0, and are
then reduced by N,H4. Upon washing, drying and heat
treatment, a highly dispersed and reduced nickel catalyst
supported on SiO; may be obtained.
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