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Abstract.  In-situ XAFS was used to study the crystallization process of Ni-B nano-amorphous alloy by heat treatment 
from room temperature to 823 K. It was found that the crystallization of the Ni-B nano-amorphous alloy is completed in 
two steps. The first crystallization process starts at 498 K with the main product of Ni3B, and finishes at about 523 K. 
The second crystallization process begins as the annealing temperature reaches 548 K, at which the crystalline Ni3B is 
partly decomposed to form crystalline Ni. This second step of crystallization is almost finished at about 623 K with the 
unique product of crystalline Ni. With further increase in temperature, there is no apparent structural change except the 
increase of thermal disorder. 
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INTRODUCTION 

Ni-B nano-amorphous metal-metalloid alloy 
prepared by chemical reduction has received much 
attention over the past decade because it possesses 
high activity and selectivity in the hydrogenation of 
furfural, ethylene, cyclopentadiene and benzene [1-4] 
as compared with the traditional Raney Ni catalysts. 
However, the poor thermal stability limited its 
industrial application because the Ni-B nano-
amorphous alloy would decompose at about 573 K. Li 
et al [5] used in-situ XRD to monitor the structure 
changes in the crystallization process. They conclude 
that the crystallization of the Ni-B sample starts at 
about 523 K and completes at 623K, accompanied 
with a decrease of hydrogen activity. Wei et al [6] 
used EXAFS to study the local structure of a series of 
samples annealed at different temperatures, and found 
that there appears not only crystalline Ni3B and Ni2B, 
but also some nano-crystalline Ni which can not be 
seen from the XRD in the sample annealed at 573 K. 
The phase change starts with the local structure change 
when the temperature is increased. XRD can only find 
new species after the corresponding peaks appear. In 
this work, using the powerful local structure sensitive 
technique XAFS, we study the evolution of local 
structure around the Ni atoms during the in-situ 
heating process and discuss the crystallization 
mechanism of nano-amorphous Ni. 

EXPERIMENTAL 

The nano-amorphous Ni-B sample was prepared by 
adding a drop-wise aqueous solution of potassium 
borohydride (KBH4, 3.0 mol/L) into an aqueous 
mixture of nickel acetate (Ni(CH3COO)24H2O, 0.25 
mol/L). [6] The solution was kept in a 313 K water 
bath and stirred vigorously for 1 hour. The black 
precipitate was filtered and washed thoroughly, then 
soaked in ethanol. Inductively coupled plasma 
spectrometry showed the atomic composition of Ni-B 
was Ni70B30. The SEM image showed that the particle 
size was about 20-30 nm.  

The Ni K-edge in-situ XAFS spectra were collected 
in transmission mode on beamline of U7C of the 
National Synchrotron Radiation Laboratory (NSRL). 
The storage ring of NSRL was operated at 0.8 GeV 
with a maximum current of 300 mA. A fixed-exit 
Si(111) double-crystal was used as a monochromator. 
The Ni-B slice was put in the heating cell with 1×10-4 
Pa vacuum and heated from room temperature to 773 
K. We held the sample at every set temperature about 
30 min before XAFS measurement. The thoroughly 
crystallized Ni-B sample with fcc-Ni like structure [6] 
(we call it NiB-crystal) was heated with the same 
process as the reference sample. XAFS data were 
analyzed by UXXAFS 3.0 (University of Washington) 
and NSRLXAFS 3.0 (University of Science and 
Technology of China) software packages. [7, 8] 



RESULTS AND DISCUSSION 

Ni K-edge XANES spectra of the NiB-crystal and Ni-
B nano-amorphous alloy are shown in Fig.1 (a) and (b) 
respectively. In Fig.1 (a), the fcc Ni structure is 
characterized by the double peaks located at 8345 and 
8354 eV, as well as other peaks at 8378, 8428 and 
8496 eV. While the temperature rises, only the 
intensity of the peaks decreases, without any energy 
position change. The in-situ XANES of Ni-B with the 
temperature ≥ 598 K shown in Fig.1 (b) has the 
obvious feature quite similar to that of the NiB-crystal. 
This means that at 598K or higher the Ni-B is 
crystallized to fcc Ni. However, at the initial 
temperature of 293K, the XANES of the Ni-B alloy 
has obviously different features. There is an abrupt 
white line peak at 8348 eV with other peaks at 8383, 
8410 and 8489 eV, which are quite different from the 
peaks of fcc Ni. The result for 423 K is just like the 
initial one. When the temperature increases to 498 and 
523 K, the intensity of white line peak decreases and 
the other peaks are different from those at 293 K. At 
548K, the double peaks attributed to the fcc-Ni 
structure appear except for a small difference in the 
intensity.  

To more directly display the local structure change 
in the thermal-dynamic procedure, the radial structure 
function (RSFs) results of Ni-B nano-amorphous 
alloys at different temperatures obtained by Fourier 
transforming the k2-weighted EXAFS functions are 
shown in Fig. 2. For the initial Ni-B sample at 293K, 
there is only one broad and low peak at 1.98 Å due to 
the first nearest neighbor of Ni atoms, without any 
peak at longer distances for the higher coordination 
shells. This indicates the amorphous state of the local 
structure around Ni atoms. At 423K, the intensity of 
the first peak at 1.98 Å decreases a little because the 
Debye-Waller factor σ

2 increases with increasing 
temperature. The apparent change takes place at 498 K 
with the intensity of the first peak jumping to about 
two times higher and some small peaks appearing in 
the longer distance range. At 523 K, the results are 
more alike except a little decrease of the first peak. But 
at 548K, the first peak jumps to about three times 
higher than that at 293K and two peaks appear in the 
region between 3.0 and 5.0 Å corresponding to the 
second and third shell peaks of fcc Ni. [6] It clearly 
reveals that at 548K the Ni-B sample decomposes to 
form the crystalline fcc Ni. The first nearest neighbor 
peak reaches its maximum in intensity at 573K and 
then decreases when the temperature further increases. 
At the same time, the high shell peaks gradually 
decrease in amplitude. We conclude that the 
decomposition procedure of the Ni-B sample may 
almost have finished at about 573 K. 
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FIGURE 1. (a) The Ni K-edge XANES spectra of NiB-
crystal sample at different temperatures. 
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FIGURE 1. (b) The Ni K-edge XANES spectra of Ni-B 
nano-amorphous alloy at different temperatures. 
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FIGURE 2. The RSF’s of Ni-B nano-amorphous alloy at 
different temperatures. 
 

To quantitatively illustrate the local structure change 
in the crystallization process, we fit the first shell 
EXAFS peak in the inversely Fourier transformed k-
space. The asymmetry model and cumulant expansion 
method were used for the Ni-B and NiB-crystal 
samples, respectively. The fitting results are listed in 
Table. 1.  
 



TABLE 1. The local structural parameters of nano-
amorphous Ni-B alloy at different temperatures. 

Tem. Bond 
type N R0(Å) σt(Å) σs(Å) σ

2(Å2) * 

293K Ni-B 2.9 2.03 0.06 0.06 0.007 
 Ni-Ni 10.6 2.38 0.07 0.29 0.089 

423K Ni-B 3.0 2.03 0.07 0.06 0.009 
 Ni-Ni 10.1 2.38 0.08 0.28 0.085 
498K Ni-B 2.8 2.03 0.07 0.06 0.009 
 Ni-Ni 10.1 2.37 0.08 0.23 0.069 
523K Ni-B 2.7 2.04 0.08 0.05 0.009 
 Ni-Ni 10.3 2.37 0.09 0.20 0.048 
548K Ni-B 1.2 2.09 0.09 0.05 0.011 
 Ni-Ni 10.6 2.40 0.09 0.08 0.015 
573K Ni-B 0.8 2.11 0.09 0.05 0.011 
 Ni-Ni 10.2 2.41 0.09 0.06 0.012 
598K Ni-B 0.6 2.15 0.10 0.05 0.013 
 Ni-Ni 10.4 2.41 0.10 0.04 0.012 
623K Ni-B 0.3 2.15 0.10 0.05 0.013 
 Ni-Ni 10.6 2.41 0.10 0.03 0.011 
673K Ni-B <0.3 - - - - 

 Ni-Ni 10.5 2.42 0.10 <0.02 0.010 
723K Ni-B <0.3 - - - - 
 Ni-Ni 10.5 2.43 0.11 <0.02 0.012 
773K Ni-B <0.3 - - - - 
 Ni-Ni 10.3 2.44 0.12 <0.02 0.014 
823K Ni-B <0.3 - - - - 
 Ni-Ni 10.6 2.45 0.13 <0.02 0.017 

* σ was defined as σ2 =σt
2

+σs
2 

The errors in the data and fits are roughly estimated from the change 
of the residual factors to be 15% for N, 0.25% for R, 10% for σ2 and 
3 eV for ΔE0. 

 
For the NiB-crystal sample, the bond between Ni 

and B atoms can be neglected. When the temperature 
increases from 293 to 773K, σ increases from 0.08 to 
0.13 Å and there is no obvious change in R0 (2.46 Å) 
and N (about 10.5). These fitting results are only 
temperature-dependent, similar to the theoretical 
calculations.9 The results are identical to those of the 
Ni-B nano-amorphous sample above 673K.  

Seen from Table 1, the coordination numbers of Ni-
B for nano-amorphous Ni-B samples are between 2.5 
and 3.0 with the temperature increasing from 293 to 
523K. This means that the local structure of the Ni 
atoms in the nano-amorphous Ni-B sample is similar 
to that in Ni3B. The coordination number, N, of Ni-B 
shell and the structural disorder degree, σs, of the Ni-
Ni shell decrease a little at 498 K indicating that the 
Ni-B amorphous alloy is crystallized into crystalline 
Ni3B and some nano-crystalline Ni. [5, 6]  N for Ni-B 
shell decreases from 1.2 at 548 K to 0.8 at 573 K. At 
the same time σs for the Ni-Ni shell decreases from 
0.20 Å (523K) to 0.08 Å (548K) and 0.06 Å (573K). 
This means that the local structure of the Ni atoms is 
more like the mixed structure of Ni3B and fcc Ni. It 
indicates that part of the Ni3B has been decomposed to 
form fcc Ni at 548K and 573 K. When the temperature 
rises to 623 K, the N of the Ni-B shell can be ignored 
for it is about 0.3. The σ2 of the Ni-Ni shell reaches a 
minimum of 0.010 Å2 at 673 K. So we consider that 
the Ni3B has been completely decomposed at 623K, 

and the thermodynamic process for Ni-B to form a 
more ordered structure has almost finished by 673K. 
At higher temperatures the only changes are due to 
increased σ2.  

CONCLUSIONS 
In-situ XAFS was used to study the crystallization process 

of Ni-B nano-amorphous alloys with heat-treatment from 
room temperature to 823 K. We consider that there are 
two obvious thermodynamic behaviors during the 
heating process of the nano-amorphous Ni-B. One 
takes place at about 498 K with the product of 
crystalline Ni3B and some nano-crystalline Ni. 
Another process starts at 548 K and finishes at 623K, 
where the crystalline Ni3B is decomposed to 
crystalline Ni. 
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