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Abstract: Nanocrystalline nickel is an interesting material for catalysis, and also, like all nanocrystalline 
metals, it has potential for structural application. Our aim was to develop a method for preparation of precur-
sor materials for powder metallurgy. Because of this, selective leaching of binary alloy was chosen as it leads 
to production of nanocrystalline clustered (sub)micro particles. In this work, the preparation of Ni particles 
by selective leaching of Al matrix from Al-50 wt.% Ni in NaOH water solution is described. It was found that 
structure and magnetic properties were strongly dependent on leaching temperature, which was proven by 
characterization of Ni particles leached at − 20, 0, 20, 40, 60 and 80 °C. The microstructure of as-prepared par-
ticles was observed by HRTEM and also by small angle neutron scattering. Magnetic properties were charac-
terized by measuring of saturation magnetization. It was proven that with increased leaching temperature the 
grain size of prepared nanocrystalline particles increased. Also the value of saturated magnetization follows 
the same trend. The amount of hydrogen stored in nickel particles is independent on leaching temperature.

Keywords: magnetic properties; magnetization; nanocrystals; neutron scattering; nickel; SANS; SSC-2016; 
X-ray diffraction.

Introduction
Metallic nanoparticles [1] and especially nickel nanoparticles have [2, 3] wide application potential in chemi-
cal catalysis. On the top, they can be used as powder precursors for powder metallurgical preparation of 
bulk materials with ultra-fine structure [3]. Nickel nanoparticles can be prepared from solution of nickel 
salt by chemical reduction [4–10] or reduction by gamma irradiation [11]. Nickel chemical reduction e.g. by 
hydrazine is performed in ethylene glycol environment [12], which brings the need of cleaning the nickel 
nanoparticles before utilization. Because of this reason, obtaining of Ni particles by selective leaching of 
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Al–Ni alloys in NaOH water solution is very promising. Selective leaching method is a process consisting of 
preparation of binary alloy in form of supersaturated solid solution and consequent dissolution of its matrix 
and obtaining nanoparticles from the minor element [13, 14]. Nickel produced by this way is also called the 
Raney nickel. It is popular in catalysis due to large surface and also due to presence of hydrogen in the nickel. 
The properties of prepared nanoparticles as well as progress of the leaching process depend on initial alloy 
and also on leaching temperature. It was proven that gas-atomized powders are sufficient due to their small 
granulometry and also non-equilibria phase composition [15].

Magnetic properties of Raney nickel differ based on preparation route. One possible explanation is pres-
ence of various amount of residual aluminium in the product [2, 3]. It was already proven that this is not the 
only reason and grain size of nickel particles also plays crucial role [16].

The presence of hydrogen, which was proven in nickel particles, can help the catalytic ability. It provides 
to the nickel particles also feasibility of hydrogen storage. On the other hand, it is disadvantageous in powder 
metallurgy. The aim of this article was to describe influence of leaching temperature on Ni particles structure, 
properties and hydrogen intake.

Experimental
The master alloy with compositions of Al-50 wt.% Ni (32 at.% Ni) was prepared by gas atomization process. 
The rapidly solidified powder alloy was leached in 20 % (wt.) solution of NaOH, following this reaction 
scheme: (1)

	 2 4 2Al(Ni) 2 NaOH 6 H O 2 Na[Al(OH) ] 3 H ( Ni)+ + → + + � (1)

The nickel nanoparticles were prepared by selective leaching at different temperature: − 20, 0, 20, 40, 60 
and 80 °C. Leaching at 0–80 °C was performed using magnetic stirring and heating device, while leaching 
at − 20 °C took place in cryostatic cell with mechanical stirring. The leaching was performed for 3 h at high 
temperatures (40–80 °C), 2  days at middle temperatures (0–20 °C) and 14  days at the lowest temperature 
(− 20 °C). The 20 % concentration of NaOH solution was chosen, since it enables to work at wide range of 
temperatures (determined by the freezing point of the solution), as shown in Fig. 1 [17].

The microstructure of nanoparticles was observed by scanning electron microscope TESCAN VEGA 3 
LMU operated at 20 kV equipped by EDS detector (Oxford Instruments) and by transmission electron micro-
scope Jeol JEM 3010 operated at 300 kV (LaB6 cathode, point resolution = 1.7 Å). Particle- and grain-size were 
determined using image analysis software Image J.

Small angle neutron scattering measurements were done at the Budapest Research Reactor SANS instru-
ment, called Yellow Submarine. The samples were measured in the form of uni-axialy pressed powders 
into a cylinder with 10 mm diameter and height of 3 mm. The whole covered Q range was: 0.008–0.4 Å − 1 

Fig. 1: NaOH solution freezing point dependence on NaOH concentration (given in wt.%) [17].



A. Michalcová et al.: Structure and properties of nanocrystalline nickel      547

(Q = 4πsin2θ/λ). The Q range 0.008–0.02 Å − 1 corresponded to 11.61 Å wavelength and 5.4 m sample to detector 
distance, the 0.002–0.08 Å − 1 corresponded to 4.88 Å and 5.4 m, the 0.08–0.4 Å − 1 corresponded to 4.88 Å and 
1.3 m.

Phase composition of initial materials and prepared nanoparticles was determined by X-ray diffraction 
(PANanalytical X’Pert PRO + High Score Plus, Co Kα radiation, 2Θ range of 20–140°). The crystallite size was 
obtained by evaluation of peak broadening by Rietveld analysis.

Magnetic properties of the powder samples were measured at room temperature by vibrational mag-
netometer PAR 4500 in form of air-dried powder. Partial oxidation took part during the drying process. So 
the magnetization measurements were repeated by measuring in small plastic cuvettes filled and dried in 
a glovebox. Subsequently the magnetic properties were characterized by Physical Property Measurement 
System (PPMS, Quantum Design).

The thermogravimetric measurements as well as measurements of amount of released hydrogen were 
performed by Setsys Evolution 1750 TG-DTA-MS Setaram, STA-EGA + Quadrupole MS Omnistar Pfeiffer. There 
was used about 50 mg of particles in isopropanol for one measurement that were subsequently dried in inert 
atmosphere to a constant weight, which was 14–19 mg. For estimation of released hydrogen amount the peaks 
of weight 1.1 and 2.1 (A) were integrated.

Results and discussion
The nickel nanoparticles were prepared by selective leaching at different temperature − 20, 0, 20, 40, 60 and 
80 °C. The size of prepared nickel particles is given in Table 1 and it is obvious that the influence of leach-
ing on the particle size is negligible. The particles are dendritic and have internal microstructure formed by 
crystalline grains separated by high angle grain boundaries. It was already shown [16] that the size of crys-
tallite depends on leaching temperature. The dendritic-shaped particles are agglomerated in the clusters. It 
was published [15] that dendritic shape of Raney nickel origins from dendritic microstructure of initial Al–Ni 
gas-atomized alloy. Our previous studies on Al–Ni [16] and Al–Ag [11] alloys prepared by melt spinning and 
consequently subjected to selective leaching shown that dendritic particles are formed independently on the 
microstructure of initial alloy.

The results from HRTEM observation and XRD are in a good agreement and they show that at low leach-
ing temperature small grains are formed and their size increases with increasing temperature, see Table 1. 
The microstructure of particles prepared at 0 °C is shown in Fig. 2.

The results obtained by microscopy and XRD are compared with results from small angle scattering.
The 2D scattering maps do not show any anisotropy in the bulk structure. Therefore the SANS curves 

were radially averaged, and the scattered and calibrated intensities were plotted versus the scattering vector 
Q. The obtained curves can be devided in two different regions (Fig. 3): the smaller Q region gives a so-called 
Guinier scattering from particles of size Rg1, the larger Guinier region gives a Guinier scattering from particles 
of size Rg2, and additionally to this we obtain a scattering from larger surfaces, that can be characterized with 
the so-called Power-law exponent.

Table 1: Average particle and grain sizes (given in nm) determined by image analysis and by XRD.

Temperature (°C) Particle size (TEM) Grain size (TEM) Grain size (XRD)

− 20 240 4.99 ± 1.33 3.89
0 270 4.06 ± 1.01 3.95
20 240 4.18 ± 1.54 3.76
40 210 5.68 ± 1.18 4.08
60 240 6.17 ± 1.45 6.05
80 280 9.01 ± 2.46 6.43
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The fitting functions were the following:
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where A, B, C are constant values of samples macroscopical features and instrument characteristics. SANS 
scattering curves of the nickel are given in Fig. 3.

Q is the scattering vector, Rg1 and Rg2 are radii of gyration, p is the power-law exponent. The values for 
the Rg1, Rg2 and p are listed in Table 2.

Fig. 2: Microstructure of nickel powder prepared by selective leaching at 0°.
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Fig. 3: SANS scattering curves of the nickel samples, prepared at different temperatures. The straight lines represent the fitted 
models. The curves are offset.
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Two sets of different sized scattering objects were detected in the bulk structure of the samples: the 
smaller size is approximately between 50 Å and 80 Å diameter (Rg2), the larger (Rg1) is around 300 Å. The 
most probable explanation is that Rg2 value is coming from the crystalline grains, while the Rg1 value cor-
responds to the residual porosity originated from uni-axial presing of the particles into tablets. A fact proov-
ing this theory is that by measuring the powder sample in a glass cuvette only one radius of gyration was 
observed [16].

Additionally a power-law exponent can be obtained from the larger Q range fit (the Guinier model alone 
did not fit the measured data), which value is above 4, for every sample. A steep power-law scatteirng slope 
can be attributed to a gradual scattering length density change on the limit of large surfaces. Previously 
the power-law exponent above 4 has been observed for the crystalline-amorphous surfaces with a gradual 
density change. As the samples are analyzed after drying the explanation of p value is in presence of thin 
oxide layer on the surface of particles.

The exceptional behavior of sample prepared by leaching at 20 °C can be probably explained by partial 
oxidation of the sample during drying process which cannot be fully omited.

The grain sizes of Ni particles obtained by above mentioned methods (HRTEM, XRD and SANS) are 
summarized in Fig. 4.

High reactivity of samples prepared at 20 and 40 °C is also documented by measuring of magnetic proper-
ties on dried samples. The curves given in Fig. 5 show very different behavior for these two samples. As the 
saturated magnetization is significantly lower, the reason is oxidation of the samples. Based on this experi-
ence, the magnetization measurements for selected samples was repeated by measuring the samples in small 
plastic cuvettes dried in a glovebox that prevented the samples from oxidation. The curves in Fig. 6 shows 
dependence of saturated magnetization on leaching temperature as it is increasing with increasing leach-
ing temperature. While the value of saturated magnetization for sample prepared at 80 °C is lower than that 
prepared at 60 °C, it might be hint for some contamination of the sample (or partial oxidation). All samples 

Table 2: Radii of gyration (Rg1 and Rg2) and power-law exponent (p) obtained by fitting of SANS curves.

Temperature (°C) Rg1 (Å) ± err of the fit Rg2 (Å) ± err of the fit p ± err of the fit

− 20 158.1 ± 0.4 32.34 ± 0.07 4.61 ± 0.01
0 155.3 ± 0.4 35.14 ± 0.08 4.56 ± 0.01
20 161.3 ± 0.3 24.02 ± 0.03 5.14 ± 0.01
40 161.4 ± 0.3 33.20 ± 0.06 4.44 ± 0.01
60 151.5 ± 0.3 37.32 ± 0.09 4.53 ± 0.01
80 146.6 ± 0.5 40.45 ± 0.10 4.58 ± 0.01

Fig. 4: Comparison of nickel grain sizes obtained by TEM, XRD and SANS.
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had significantly lower saturated magnetization than standard material (electolytical Ni, saturated magneti-
zation 57 emu/g). It confirms the results from HRTEM, XRD and SANS showing very fine structure of particles 
formed by grains with size of few nanometers. The reason for suppression of saturated magnetization is in so 
called “dead zones” [18]. These are areas of grain boundaries where the structure is deformed and, therefore 
they do not contribute to ferromagnetic behavior of the material. The decrease in saturated magnetization 
value was also proven for chemically reduced nickel nanoparticles [12]. The authors obtained saturated mag-
netization of 22 emu/g for nanoparticles with size of 9.2 nm. This result is in a good agreement with ours.

Based on thermogravimetric measurement accompanied by mass-spectroscopy, the hydrogen was 
released from particles between 80 and 150 °C. It is a big advantage compared to hydrazine reduction, where 
the hydrogen is released during the process of nickel particles formation [12]. In case of nickel particles pre-
pared by selective leaching method, hydrogen is stored until heating up of the particles. The curves shown in 
Fig. 7 indicate that for samples leached at higher temperature more hydrogen is released at lower tempera-
tures but the effect is not significant. The amount of released hydrogen was about 1.5 wt.% independently on 
sample preparation. Hydrogen is created and enters nickel particles during dissolution of Al matrix. The ratio 
of Ni and Al is the same for all the samples. The same amount of hydrogen trapped in Ni particles illustrates 
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that there is no kinetic problem of hydrogen intake although at higher leaching temperatures the process runs 
faster.

Conclusion
The results given in this article shows that the microstructure of Ni particles prepared by selective leaching 
method from Al–Ni alloy is dependent on temperature. While the size of the particles remains approximately 
the same (about 250 nm), the size of grains forming the particles increase with increasing leaching tempera-
ture. This behavior was proven by HRTEM observation, analysis of peak broadening in XRD and by small 
angle neutron scattering.

Magnetic properties derive from the grain size of polycrystalline material. So with decreasing leaching 
temperature (decreasing grain-size) the value of saturated magnetization decreases.

The amount of hydrogen released from nickel particles by heating is independent on leaching temperature.
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