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Abstract: Ni nanopowders were successfully prepared in large quantities by anodic arc discharged plasma method

with homemade experimental apparatus in inert gas. The particle size, microstructure and morphology of the parti

cles were characterized via X-ray diffractometry( XRD), transmission electron microscopy( TEM) and the corre

sponding selected area electron diffractometry(SAED). The specific surface area and pore parameters were investi

gated by nitrogen sorption isotherms at 77 K with Brunauer Emmett-Teller (BET) equation and BarrettJoyner

Halenda (BJH) method. The chemical compositions were determined by X-ray energy dispersive spectrometry

(XEDS) and element analysis. The experimental results indicate that this method is convenient and effective, and

the nanopow ders with uniform size, higher purity, weakly agglomerated and spherical chain shape are gotten. The

crystal structure of the samples is FCC structure as the bulk materials, the particle size distribution ranges from 20

to 70 nm, and the average particle size is about 46 nm obtained by TEM and confirmed by XRD and BET results. The

specific surface area is 14.23 m*/ g, specific pore volume is 0.09 cm’/ g and average pore diameter is 23 nm.
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1 INTRODUCTION

In recent years, a great deal of attention has
been paid to metal nanoparticles because of their
novel physical and chemical properties'”?. The
nickel nanopowders as a new type of material have
many applications in the electronic industry, chem-
ical engineering, national defense, high technolo-
gy, etd ™
application aspects of the nanopowders depend

Due to the fact that the properties and

strongly on the particle size and morphology. The
preparation methods and characterization of these
pow ders have been main topics in the field of metal
materials. Many techniques have been developed to
prepare nano-metal pow ders, such as vapor decom-
position, sputtering, high energy ball milling,
chemical vapor condensation, sol-gel processing,
gas-phase chemical reaction, laser high tempera
ture burning method, micro-emulsion and hydro-

=9 . . .
!, However, some limitations

thermal synthesis'®
still exist in the above-mentioned methods. For ex-
ample, such powders prepared by these methods u-
sually cannot be isolated; the majority of the pro-

cedures cannot be fulfilled promptly and generally

cannot be adaptable to industrial production; in ad-
dition, commercial exploitation of nanopowders is
currently limited by high synthesis cost.

From a practical view point, it is vital to devel-
op a way to manufacture high quality nanopowders
in large quantities at low cost. For this reason, an
efficient preparation method has been developed in
our laboratory to prepare high quality nanopow-
ders'" | which hopefully will meet all these condi-
tions. Some metals have been prepared and ample
evidences are available to show that this technique
is a very promising method and has some advanta-
ges as follows: 1) this method is convenient, inex-
pensive and effective; 2) the nanopowders with u-
niform size, are weakly agglomerated, and have a
narrow size distribution and low impurity contami
nation; 3) the properties( particle size, morphology
and other characteristics) can be easily improved
by varying the technological parameters''"; and 4)
this is a continuous production method and is suit-
able for bulk production in factory.

In this paper, we report a convenient approach
to prepare Ni nanopowders by anodic arc dischar-
ging plasma method in inert atmosphere. The par-
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ticle size, mircostructure, morphology, specific
surface area, pore parameters, and chemical com-
position of the samples by this process were char
acterized via X-ray diffractometry ( XRD), trans-
mission electron microscopy( TEM) and the corre
sponding selected area electron diffractometry
(SAED), Brunauer Emmett-Teller( BET) surface
area analyzer, X-ray energy dispersive spectrome
try (XEDS) and element analysis instrument, and
the results were discussed.

2 EXPERIMENTAL

The schematic diagram of the experimental in-
stallation designed for obtaining metal nanopow-
ders is presented in Fig. 1. The experimental appa-
ratus mainly consists of the stainless steel vacuum
chamber, the gas supply device, the DC power
supply, the plasma generator with high frequency
initiator, the vacuum pump, the water-cooled col-
lection cylinder, the fixed water-cooled copper an-
ode crucible and plumb moveable tungsten cathode
in a vacuum chamber.
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Fig. 1 Schematic diagram of
experimental installation
1 —T ungsten cathode; 2 —Water coolant outlet;
3 —Water coolant inlet; 4 —Vacuum chamber;
5 —W ater cooled collection cylinder;

6 —Window; 7 —Pump; 8 —Water coolant outlet;
9 —Vacuum gauge; 10 —Water cooled anode;
11 —Gas supply; 12 —Water coolant inlet;

13 —Working gas inlet

In the process of preparation, the vacuum
chamber was pumped to 107’ Pa and then was
backfilled with inert argon( purity 99. 99%) to near
10’ Pa. The electric arc in the argon environment
was automatically ignited between the wolfram e-

lectrode and the nozzle(well cooled) by high fre
quency initiator. Under argon pressure and electric
discharge current, the ionized gases were driven
through the nozzle outlet and formed the plasma
jet'' . The bulk metal Ni was heated and melted
by the high temperature of the plasma. The melt
detached from the metal surface when the plasma
jet kinetic energy exceeded the melt superficial en-
ergy, and then evaporated into atom soot. The
metal atoms diffused around and collided with inert
gas atoms to decrease the germ forming energy,
and then the nano Ni drops were formed by colli-
sion among the metal atoms''™ . The as-formed
drops were stable when their potential energy was
the minimum as the particle was spherical. The
drops deposited before their deposition in enclo-
sure, and the formed particles finally solidified on the
inner walls of the cooled collection cylinder' ™ ', The
loose nanopowders can be obtained after a period of
passivation and stabilization with working gas.

To investigate the structure of Ni nanopow-
ders, the as-obtained pow ders were analyzed by Ja
pan Rigaku D/ max-2400 X-ray diffractometer using
monochromatic high-intensity Cu K. radiation( A=
1.54056 A 40 kV, 100 mA). The average grain
size of the powder was estimated from X-ray line
broadening measurements according to the Scher-
rer formula.

The particle size and morphology of the sam-
ple were examined by transmission electron mi
croscopy(TEM) and the corresponding selected ar-
ea electron diffraction( SAED) with a Japan JEOL
JEM-1200EX microscope with an accelerating volt-
age of 80kV.

The specific surface area and pore parameters
were measured by nitrogen sorption isotherms at
77 K. The data were conducted automatically on a
micromeritics ASAP-2010 porosity analyzer ( M1
cromerities Corp, USA). From the sorption data,
the specific surface area of Ni nanopowders was e
valuated by using the BrunauerEmmett-T eller
(BET) equation, and the average pore diameter
and cumulative pore volume of pores were esti-
mated by Barrett-Joyner-Halenda( BJH) method.

The main constituent elements and their rela-
tive content were examined by X-ray energy disper-
sive spectrometer( XEDS) that was attached to the
scanning electron miscroscope( SEM, JEOL Ltd.,
Tokyo, Japan). Impurities, such as nitrogen, hy-
drogen, oxygen and carbon were determined by u-
sing element analysis instrument ( Elemental Vario

EL, Germany).
3 RESULTS AND DISCUSSION

3.1 TEM Results
Fig.2(a) shows representative TEM image of
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Ni nanoparticles. It can be seen from the image
that the particles distribute homogeneous, and a
few large agglomerates of particles are seen. Be-
cause of their extremely small dimensions and high
surface energy, most of the particles appear to be
fairly uniform in size, with smooth surface and
spherical in chain or random shape. The spherical
chainlike morphology is the result of magnetic
force and surface tension collaboration between the
ultra-fine particles. Fig. 2(b) shows the corre
sponding selected-area electron diffraction( SAED)
pattern. It can be indexed to be the FCC structure.
Random particles orientation and small particles
cause the widening of diffraction rings that is made
up of many diffraction spots, which indicates that
the nanoparticles are of polycrystalline structure.
Fig. 3 shows the particle size distribution of Ni
nanopowders. It can be seen that the particle sizes
range from 20 to 70 nm, and the average diameter
is about 47 nm by calculation, showing a relatively
narrow size distribution.

Fig.2 TEM micrograph(a) and selected area
electron diffraction pattern(b) of Ni nanopow ders

3.2 XRD results

Although TEM may give us direct information
of the microstructures of the nanopowders, statis-
tically the XRD could provide us more reliable
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Fig. 3 Particle size distribution of
Ni nanopow ders

knowledge. Fig. 4 shows the X-ray diffraction
(XRD) pattern for the samples. The diffraction
peaks are broad, suggesting that the sample con-
sists of very small particles. On the other hand, all
the peaks with 20 values of 44. 52°, 51. 88", 76.
40°, 92. 96’ and 98. 48 correspond to the (111),
(200), (220), (311), (222) planes of the bulk
metallic Ni, respectively. The XRD spectrum does
not reveal any other phase except the characteristic
peaks of nickel, which can be assigned to Ni face
centered cubic ( FCC) phase. This result shows
that the physical phases of the nickel nanoparticles
synthesized in this work have high purity.
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Fig. 4 XRD pattern of Ni nanopow ders

The average grain size of Ni nanopow ders was
estimated from X-ray pattern broadening measure
ments. The calculation was done using the (111)
diffraction peak in the XRD spectra according to

the Scherrer formula: d = AN , where d is the
Bcos 0

crystallite size; K = 0. 89 is approximately the
Scherrer constant related to the shape and index
(hkl) of the crystals; Ais the wavelength of the X-
ray(Cu Ka, 1.4954 A); 0is the diffraction angle;
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and B is the corrected halt-width of the diffraction
peak(in radians) given by B> = By - B! . B, is the
measured hal-width and B; is the half-width of a
standard sample with a known crystal size greater
than 100 nm. The effect of geometric( instrumen-
tal) broadening on the reflection peaks was calibra-
ted. The average grain size is calculated to be a
round 42 nm, which agrees with the result of TEM
image.

According to electron diffraction formula
Rdwi= L and X-ray diffraction formula X 2dm
cosfl the values of interplaner spacings dm were
calculated from the diameters of the diffraction
rings, as well as obtained from XRD analysis. For

FCC structure, dwi = a/ Jh2+ E+ I, and the

lattice parameter (a) of (111) Miller plane can be
calculated respectively. Compared with standard
ASTM data (a= 0.3526nm) in Table 1, it can be
seen that the lattice parameter is in good agreement
with each other.

Table 1 Comparison of interplaner spacings( du:)
and lattice parameter (a) with
standard ASTM data

Interplaner spacing, Lattice parameter,

Method dmxi/ nm al/ nm
TEM 0.203 6 0.3529
XRD 0.203 6 0.3526

ASTM standard 0.203 4 0.352 6

value

3.3 BET results

Fig. 5 shows the typical nitrogen sorption iso-
therms of Ninanopowders. It shows that the sam-
ple presents typical IV adsorption. In the low-
pressure region( p/po < 0. 8), the adsorption-de-
sorption isotherms are relative flat. Adsorption
and desorption completely are over-lapped because
adsorption mostly occurs in the micropores. In the
high relative pressure region( p/po > 0. 8), the i-
sotherms increase rapidly, and form a lag loop ow-
ing to capillary agglomeration phenomenon.

The surface area analysis was carried out on
the as-prepared powders by BET. Fig. 6 shows
BET plots of Ni nanopowders. T he specific surface
area is 14. 23 m*/ g, which is calculated with the
multrpoint BET-equation. Assuming that the par
ticles have solid, spherical shape with smooth sur-
face and same size, the surface area can be related
to the average equivalent particle size by the equa-
tion: Dper= 6 000/ ( P+ S.), where D is the aver
age diameter of a spherical particle, nm; S. repre-
sents the measured surface area of the powder,
m’/ g; and Pis the theoretical density, g/cm’. The
calculated average equivalent particle size is 46 nm.

The average particle size values of the as-pre-
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Fig. 5 N2 adsorption-desorption isotherms
of Ni nanopow ders
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Fig. 6 BET plots of Ni nanopow ders

pared powders, calculated from the Scherrer for-
mula, obtained based on TEM data and estimated
from BET values are listed in Table 2. We notice
that the particle size obtained from the BET and
the TEM methods, agree very well with the result
given by X-ray pattern broadening measurement.
The results of TEM observations and BET meth-
ods further confirm and verify the relevant results
obtained by XRD as mentioned above.

Fig.7 shows the typical BJH pore size distrr
bution curves of Ni nanopowders. The experimen-

Table 2 Average particle size calculated by
various methods

Method Average particle size/ nm
BET 46
TEM 47
XRD 42

tal fact indicates that the micropore with a size
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smaller than 40 nm is observed, and the average
pore diameter estimated from the peak position is
about 23 nm with narrow pore size distribution.
Moreover, such micro-pores have not been ob-
served within particles by TEM (Fig.2). There
fore, these particles are actually grain clusters,
i. e. small polycrystals. By assuming full satura
tion of the pores at the relative pressure of 0. 95,
the cumulative pore volume of pores is approxi-
mately 0.09 cm’/ g.

0 0 40 60 R0 100 120

Pore diameter/nm

Fig.7 BJH pore size distribution curves
of Ni nanopowders

3.4 Chemical composition analysis

There are four elements ( nickel, nitrogen,
silicon and oxygen) in the powder from the X-ray
energy dispersive spectrometry ( XEDS) result
shown in Fig. 8. It is obvious that the silicon peak
is caused by the glass substrate on which Ni nan-
opow ders are mounted for XEDS analysis. Table 3
lists XEDS quantitative microanalysis result that
indicates a predominance of nickel(98. 30% , mass
fraction) as the main nanopowders constituents.
Impurities, such as nitrogen, hydrogen, oxygen
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Fig. 8 X-ray energy dispersive spectrometry
of Ni nanopowders

and carbon were determined by element analyze in-

strument. Table 4 lists C, H, N and O contents of
the samples. It shows that C, H, N and O con-
tents are very low. We can judge that it is conceiv-
able for N>, CO2 and Oz to exist in the surface of
the particle as it is exposed in air. It has been
proved that the peaks of the impurities in the prod-
uct by this method are very weak, that is to say,
the samples are highly pure.

Table 3 X-ray energy dispersive spectrometry
quantitative microanalysis of Ni nanopow ders

Blement Peak 1 000 ratioa fractions %
N K« 051 00012  0.46 2.06
0 Ka 0.5 0.0021 1.49 2.07
Si Ko 061 0.0022  3.20 122
Ni K« 9830 0.9796 338.86  94.65

Table 4 Chemical composition analyses of
Ni nanopowders( mass fraction, %)

Element C H N (0}

Content 0.41 0.34 0.82 0.19

4 CONCLUSIONS

Ni nanopow ders were successfully prepared by
anodic arc discharged plasma with homemade ex-
perimental apparatus in inert gas. This is a con-
venient and effective method that can produce the
nanopow ders with desirable characteristics, inclu-
ding uniform size, higher purity, weak agglomera-
tion, narrow size distribution and spherical chain
shape. The crystal of the samples has FCC struc
ture as same as the bulk materials. The particle
size distribution of the powders ranges from 20 to
70 nm, and the average particle size is about 47 nm
obtained by TEM and confirmed by XRD and BET
results. The specific surface area is 14. 23 m*/ g,
specific pore volume is 0. 09 ¢cm’/g and average
pore diameter is 23 nm.
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