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Abstract

The process of obtaining of highly dispersed metal powders of Ni-Cd system by 
reduction of their salts by hydrazine in aqueous medium at high alkalinity was 
investigated. The possibility of production metal powders containing up to 50 mol% 
of cadmium is established and conditions for their synthesis are optimized. Phase 
composition, structural parameters, dispersity of solid products during the reduction 
process were studied by X-ray diffraction (XRD) and SAXS. The formation of metal 
solid solutions with FCC lattice contradicts to the known phase diagram for Ni-Cd 
and may be explained by increasing the energy of the particles in the nanostate. The 
formation of intermetallide NiCd5 in the studied compositions area is caused by 
sequential character of reduction process; as a result the metal product on the initial 
stage of reduction is significantly enriched with cadmium.
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Nomenclature
XRD – X-ray diffraction;
SAXS – small angle X-ray 
scattering;
FCC – face-centered cubic 
compact.

1. Introduction

Highly dispersed polymetallic powders based 
on the iron group metals are quite interesting from 
both a technical and scientific point of view [1–3]. 
The main areas of their applications are based on 
magnetic and catalytic properties of these materi-
als, which can vary significantly depending on the 
chemical and phase composition, dispersion and 
also on the fact whether the phases of a system are 
in equilibrium state or not. These questions – de-
pendence of structural and phase state of these sys-
tems on sizes of the constituent particles (crystal-
lites) and the synthesis conditions – are important 
for modern material science and physical chemistry 
of nanoscale and nanostructured systems. Among 
the main features of a general character detect-
ed during the synthesis and study of a number of 
systems based on iron metal group [4–11] are the 
following: 1) the formation and coexistence of non-
equilibrium phases; 2) the formation of phases be-
longing to a significantly higher temperature than 
during synthesis; 3) the formation of solid solutions 
with considerably greater content of a second com-
ponent than it follows from the phase diagrams. 

Besides, there was not revealed the formation of 
intermetallic compounds which are known, in par-
ticular, for Fe-Co and Fe-Ni systems. Perhaps this 
is caused by the proximity of the properties of iron 
group metals, because of what the energy gain by 
the formation of ordered states, like intermetallic 
compounds, compared with solid solutions (disor-
dered state) is small. In this regard, the hope for 
intermetallic compounds formation in the system 
Ni-Cd is certainly more.

2. Experimental

The synthesis of powders of investigated system 
was carried out using the method close to procedure 
of synthesis of individual metals in the row Fe-Cu 
including their mutual systems [6–7] and also tak-
ing into account [12]. In this case coprecipitated 
hydroxides subjected to reduction by hydrazine (in 
the form of hydrazine hydrate) under the high alka-
linity conditions. In some cases, these hydroxides 
are monophase solid solutions in the other – it may 
be two different solid solutions. The formation of 
such a highly mixed nanoscale states (both on phys-
ical and on chemical level) ultimately promotes the 
formation of mixed metallic phases.
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Usually the temperature required when reduction 
previously studied systems is 360–370 K. However, 
at high values of standard redox potential the pro-
cess can be undertaken at a lower temperature (for 
example, in the case of copper). By the value of the 
redox potential, the system Ni-Cd is close to the sys-
tem Fe-Ni. So for the hydroxides of iron, nickel and 
cadmium the values –0.877; –0.72; –0.81 V respec-
tively are known. Nevertheless, obtaining the metal 
product in the Ni-Cd system proved possible only at 
significantly more severe conditions – at the boil the 
reaction mixture at about 500 K.

Base composition of initial reaction mixture is 
following: metal salts – 0.34 M (Me), sodium hy-
droxide – 4 M; hydrazine – 4 M. With the purpose 
of optimization and depending on metals ratio, the 
composition has considerably been varied.

The obtained high-dispersed powders were in-
vestigated by usual X-ray diffraction (XRD) and 
SAXS techniques. Phase composition and struc-
ture parameters determination were carried on DI-
FREY-401 (Russia) and D8 ADVANCE (Germany) 
X-ray diffractometers. SAXS measurements were 
carried out using small-angle X-ray diffractometer 
KRM-1 (Russia). In all cases Fe Kα radiation was 
used. The mathematical treatment of X-ray diffrac-
tion data was performed with the help of computer 
programs created by the authors [13] and also by 
means of Microsoft Office.

3. Results and Discussion

Unlike the previously studied metals in the row 
Fe-Cu and their mutual systems the reduction pro-
cess of mixed or partially mixed Ni-Cd hydroxides 
is characterized by an induction (latent) period. Its 
duration is 5–45 min and depends on initial con-
centrations of reagents in the reaction medium and 
ratio of metals. Generally the smaller is content of 
cadmium in the system and greater the overall con-
centration of the reagents, the shorter is duration of 
the induction period. However the reproducibility of 
induction period duration is not quite reliable: at the 
same initial conditions, the duration of the induction 
period may differ even twice.

Since the process is carried out in boiling mode 
its duration is limited by time of liquid phase evapo-
ration. Under certain conditions due to large induc-
tion period the reduction reaction may not start at 
all. As a result yet we failed carry out the reduction 
process for the compositions containing more than 
50 mol% of cadmium.

Carrying out the reduction process for a limited 
time allows to fix the different stages of conver-

sion of intermediate solid product from precursors 
into a final products. So at the cadmium content 
of 10 mol% after 10 and 20 min of reduction pro-
cess, X-ray diffraction pattern reveals almost only 
the diffraction lines of hexagonal brucite structure 
of mixed Ni Cd hydroxide. During these 20 min a 
significant change of the profile of the diffraction 
reflections takes place – they become narrower that 
indicates on hydroxide crystals growth (aging ef-
fect). It is well seen also from SAXS data (Fig. 2).

The strongest reflex 111 of metal FCC phase 
(about 56 degrees) in 20 min is still very small, but 
then the process goes faster and already in 30 min 
the amounts of hydroxide and metal become com-
parable. This is seen both on XRD patterns (Fig. 1), 
and on size distribution curves (Fig. 2). The trans-
formation of initial substance into a final product 
looks clearer depending on the time since the appar-
ent beginning of reduction reaction (a color change 
of the reaction medium) (Fig. 3).

Fig. 1. XRD patterns for the reduction during 10 (1), 20, 
(2) and 30 (3) min; 10 mol% of cadmium.

Fig. 2. The particle size distribution in the products of 
incomplete reduction of nickel-cadmium hydroxides: 
1 – 10 min of reduction; 2 – 20 min; 3 – 30 min; 10 mol% 
of cadmium.
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Fig. 3. The particle size distribution in the products of in-
complete reduction of nickel-cadmium hydroxides: 2 min 
from the start of reaction (1), 4 min (2) and 8 min (3); 5 
mol% of cadmium.

Another important feature of the reduction pro-
cess is following: despite the fact that the rate of re-
duction process becomes in general slower with in-
creasing of cadmium content, cadmium is reduced 
first. This can be seen (Fig. 1) from the shift of the 
reflexes of mixed hydroxide to larger angles. It is 
the result of reduction of cadmium content in it and 
therefore decreasing of lattice parameters.

The influence the amount of alkali on the reduc-
tion process is observed in the experiments using 
of 6–8 g of sodium hydroxide. Base composition 
(4 M) corresponds to 8 g of NaOH; at less quantity 
the initial concentration is proportionally smaller. 
It is clearly seen that a small change in alkalinity is 
generally significantly affect the rate of reduction. 
At equal time of reduction (30 min) the intensity of 
reflexes 111 (56.0 deg) and 200 (65.5 deg) of FCC 
metal phase increases while reflexes of the mixed 
hydroxide (all others) symbatically disappear al-
most to zero at 8 g of alkali (Fig. 4). Similarly, on 
size distribution function the fraction of 20–30 nm, 
belonging to a hydroxide phase, decreases in favor 
of basic mode 150–170 nm and mode 40–50 nm, 
obviously corresponding to phase of metal product 
(Fig. 5).

The considered area (up to 10 mol% of cad-
mium) is almost monophase in regarding both to 
mixed hydroxides formation and the final metal 
product. The confirmation of solid metal solutions 
formation (besides the results of X-ray analysis) is 
the obtained by us dependence of the lattice param-
eters on the composition of system (Fig. 6). Hypo-
thetical line shows how the lattice parameter should 
change at gradual replacement of nickel atoms by 
larger cadmium atoms and is built on the basis of 
elementary geometric representations.

Fig. 4. XRD patterns at 30 minute recovery using 6 g (1), 
7 g (2) and 8 gram (3) of sodium hydroxide; 10 mol% of 
cadmium.

Fig. 5. The particle size distribution in the reduction prod-
ucts of nickel-cadmium hydroxides during 30 min effect 
of amount of alkali: 6 g (1), 7 g (2), and 8 gram (3) of 
sodium hydroxide; 10 mol% of cadmium.

Fig. 6. The dependence of the lattice parameter of the 
metal phase (FCC type) from mole fraction of cadmium 
in the system: experimental (1) and hypothetical (2).

Formation of solid solutions of nickel and cad-
mium does not correspond to the known phase di-
agram for this system (Fig. 7) according to which 
the equilibrium phases in this area should be nickel 
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and intermetallide NiCd. That is, in this case, like 
in others nanostructured and nanosize systems we 
have studied, the formation of non-equilibrium (su-
persaturated) solid solutions takes place. The prob-
able cause of their formation is mainly an increased 
energy of nanosized state.

According to the plot (Fig. 6), the observed sol-
ubility has a limit at about 8–10 mol%. A clear dis-
crepancy between the experimental curve and the 
possible hypothetical line may indicate not only a 
more complex character of this dependence but also 
a possible presence (formation) of the second metal 
phase in small amounts insufficient for an explicit 
manifestation in the XRD.

Compositions with a higher proportion of cadmi-
um at a base composition of the initial reaction mix-
ture are reduced difficultly. To intensify the process 
it is necessary to increase the amount of hydrazine 
or reduce initial amounts of metal salts.

In the range of 10–50 mol% of cadmium the hy-
droxides are represented by two phases: mixed nick-
el-cadmium hydroxide and almost pure cadmium 
hydroxide. Both hydroxides have a structure of bru-
citetype. Reflexes of mixed hydroxide are located to 
the left of the lines of nickel hydroxide depending 
on the cadmium content in it. The position of cadmi-
um hydroxide reflexes is very stable. This fact indi-
cates that the cadmium hydroxide may enter into the 
lattice of nickel hydroxide during the precipitation 
with alkali, whereas the nickel hydroxide does not 
enter into the cadmium hydroxide lattice.

The final metal product is also two-phase. Be-
sides the FCC solid solution, the intermetallide 
NiCd5 is formed which characterized by only one 
intensive line of about 49.5 degrees. This interme-
tallide begins distinctly to appear on the XRD at 20 
mol% of cadmium, especially in the early stages 
of reduction (Fig. 8). It is well seen that the ratio 
of the intensities of the main reflexes of the inter-
metallide (about 50 deg) and the FCC phase (about 
56 deg) is rapidly changed in time in favor of the 
FCC phase. Besides, the intermetallide line shifts to 
larger angles due to enrichment of the intermetallic 
compound by nickel. All this suggests that cadmi-
um is reduced faster than nickel (before nickel). If 
the content of cadmium is less than 10 mol%, the 
intermetallide is formed in a very small quantity; 
it can also change into other forms more enriched 
by nickel, mainly, the normal FCC solid solution. 
At the content of cadmium 20 mol% or more the 
intermetallide prevails in the metal product only in 
the early stages of reduction process. The amount of 
intermetallide in the final product correlates with a 
total cadmium content in the composition (Fig. 9). 

Fig. 8. XRD pattern in the recovery times of 12 min (1) 
and 15 min (2); 20 mol% of cadmium.

Fig. 9. XRD reduction products of compositions 
containing 25 mol% (1) and 30 mol% (2) of cadmium.

On the XRD the diffraction lines of intermetal-
lide are commonly narrower than the lines of FCC 
phase, i.e. the intermetallide crystallites are larg-
er. This is also seen on the particle size distribu-
tion functions (Fig. 10). The broadening of XRD 
line is about 0.5–1.2 degrees, that corresponds to 
the crystal size of 10–20 nm. But it is necessary to 

Fig. 7. The phase diagram of the Cd-Ni system [14].
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take into account that the broadening is partly due 
to the inhomogeneity of the crystal composition, so 
the estimated crystallite size may to some extent be 
understated. The average particle size on the size 
distribution curves obtained from SAXS, of course, 
higher (100–200 nm), but this is natural, because it 
depends on the size of not only individual nanocrys-
tals but also polycrystalline agglomerates. As a rule, 
quite definite correspondence is observed: the larger 
is crystallite size the larger is size of agglomerates. 
However, on the particle size distribution functions 
the modes corresponding to the individual crystal-
lites, which form the polycrystalline agglomerates 
may appear. In this case, such modes are distinctly 
appearing in the area of about 20 nm, which coin-
cides with the estimates of the crystallite size from 
the broadening of the diffraction lines.

Fig. 10. The particle size distribution in the metal product: 
25 mol% (1) and 30 mol% (2) of cadmium.

4. Conclusion

On the basis of results obtained in studied range 
of compositions it can be stated that the main pe-
culiarities of Ni-Cd system connected with the syn-
thesis conditions and nanosize factor are character-
istic for systems of metals in the row Fe-Cu. The 
obtained high-dispersed powders at a sufficiently 
high content of the second component contain two 
non-equilibrium phases. It is caused by predominant 
reduction of one of the components on the initial 
stage of the reduction process. As a result, even at 
relatively small amount of the component which is 
reduced faster (sooner) obtained particles (crystals) 
may contain of this component much enough. That 
is why in such system is possible the formation of 
intermetallide NiCd5 even if the content of cadmium 
in the system is only 15–20 mol%.
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