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We report the dependence of the radius of the encapsulated nanoparticles, the inner metal nucleus and the thickness of the 
a-C encapsulant layer on the argon gas pressure and the diameter of the silver electrode in the high-current pulsed arc 
synthesis technique. The deposits were studied by XRD, TEM, SEM and EDX. The radius of the nanoparticles varied from 
~55 to 9 nm as the Argon pressure was decreased from 106 to 13 kPa, at 66 kPa the radius of the nanoparticle and nucleus 
decreased from 34 to 11 nm and 19 to 9 nm, respectively, as the cross-sectional area of the silver electrode was increased 
from 0.13 to 1.13 x 10-6m2. 
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1. Introduction 
 
The discovery of the formation of diverse 

nanostructured forms of carbon by the Kratschmer-
Huffman carbon arc method and the modifications 
developed by Dravid together generated a strong interest 
in the production of nanostructured materials for many 
applications [1,2] Such techniques have been used to 
produce not only carbonaceous materials but also a wide 
range of encapsulated metal nanoparticles (EMN´s) using 
DC continuous arcs, of around 100A in He, Ar or H at 
26.7 – 66.5 kPa. The interest in core-shell nanostructured 
materials arises from the fact that their intrinsic properties 
can be tuned by changing either their relative size [3] or 
the composition of both core and shell [4]. For example, 
both nanoshells (a dielectric core surrounded by a metallic 
shell) and nanocables (nanowires encapsuled in various 
kind of nanotubes) have been widely investigated recently 
[5-8]. 

One of the more interesting of such core-shell systems 
is that of Ag nanoparticles encapsulated with crystalline or 
amorphous carbon. Silver exhibits outstanding optical 
properties and excellent thermal and electrical 
conductivity and, therefore, has been extensively used in 
catalysis, electronics, photonics, photography, biological 
labeling, surface-enhanced Raman scattering and optical 
devices [9-11]. However, these nanoparticles readily 
oxidize in air and have a poor biocompatibility; 
nevertheless, if a carbon outer-shell is added both 
problems are solved and the range of prospective 
applications is increased. Based on this strategy, 

composite nanostructures, Ag/C nanocables and Ag/C 
nanoparticles, have been prepared by some groups [12-
14]. 

In this work we have used high-current pulsed electric 
arcs in argon between graphite and silver electrodes to 
produce silver-carbon nanoparticles. 

 
 
2. Experiment 
 
The experimental apparatus is described in detail 

elsewhere [15,16]. We used for electrodes, high purity 
AERO graphite from ESPI of 3.12 x 10-3 m diameter and 
silver wires (99.9% purity) of different diameters. The 
temporal form of the arc current was measured by the 
voltage-drop across a low inductance 0.98 mW resistor 
using a HP54522A Digital oscilloscope. For the 
experiments versus pressure, range from 13 to 106 kPa, 
the arc was generated in argon (99.99 % purity) using an 
applied voltage of 60V.to the capacitor bank For the 
experiments with variable diameters of the silver electrode 
the applied voltage was 40V. For the TEM analysis, the 
deposit was removed by ultrasonic agitation in methanol. 
Drops of this liquid were then applied to a TEM grid 
coated with a holey polymer layer, or for the SEM, EDX 
and XRD analysis the liquid was applied to a piece of 
silicon wafer. At least 3 samples were prepared under each 
of the experimental conditions and the results are an 
average for each condition. 
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Fig. 1. The measured maximum of the arc current as a 
function of the argon gas pressure. The inset shows the 
temporal  variation  of  the arc current for a gas pressure  
                                    of 13 kPa. 

 
 

 
 

Fig. 2. A TEM micrograph of a silver nanoparticle 
prepared in 40 kPa of argon. 

 
 

3. Results 
 
Fig. 1 shows that the maximum arc current decreased 

linearly as the argon pressure was increased from 13 to 
106 kPa. The inset in Fig. 1 shows the temporal variation 
of the arc current; the FWHM duration of the arc was 
approximately 25 ms. Fig. 2 is a TEM micrograph of a 
nanoparticle prepared using an argon pressure of 40 kPa 
the crystalline silver nucleus and amorphous carbon coat 
can be clearly seen. More than 20 different sized 
nanoparticles have been studied by TEM and the carbon 
layer was always amorphous. The a-C layer was seen to be 

a very effective chemical barrier since no reaction was 
observed when nanoparticles were added to concentrated 
hydrochloric acid.  

The left-hand side axis of figure 3 and 4 shows the 
average particle radius, obtained from the measurements 
of at least 50 particles in SEM micrographs, of the 
deposits prepared at the different pressures or at 66kPa for 
the different silver electrode diameters, respectively. The 
average composition of the samples was measured over an 
area which included the 50 nanoparticles, only Ag, C, Si 
and O were detected and measurement of the silicon 
substrate without nanoparticles showed that the oxygen 
signal was from the native SiOx layer.  
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Fig. 3. The left hand side axis shows the measured 
nanoparticle radius versus the argon gas pressure. The 
right  hand  side  axis  shows  the calculated radius of the  
                    silver nucleus and the a-C coating. 
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Fig. 4. The left hand side axis shows the measured 
nanoparticle radius versus the area of the Ag electrode. 
The right hand side axis shows the calculated radius of  
             the silver nucleus and the a-C coating. 

 
 

The TEM analysis of the deposits demonstrated that 
the nanoparticles consist of a small crystalline metal 
nucleus cover by an amorphous carbon layer, therefore, if 
we assume that the particle is spherical then: 
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where mC and mAg are the mass of carbon and silver in the 
nanoparticle,C and Ag are the  densities of carbon and 
silver, rnp and rAg are the radii of the nanoparticle and the 
silver nucleus. This can be rearranged to give: 
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Using the bulk density of silver, 10.5 g/cm3, and an 
estimated amorphous carbon density of 1.8 g/cm3 [17], 
together with the measured nanoparticle radius and the C 
to Ag mass ratio of the deposit calculated from the EDX 
measured composition (ignoring the signal from Si and O), 
see Table 1, it was possible to estimate the radius of the 
silver nucleus and the thickness of the a-C layer in the 
nanoparticle. The variation of the radius of the nucleus and 
layer thickness with argon gas pressure is plotted in Fig. 3 
against the right-hand axis. For the range of pressures 
studied, the nanoparticle radius, the nucleus radius and the 
layer thickness increased linearly with the gas pressure    
(R ≥ 0.98).  

 
 

Table 1. The composition of the nanoparticles, expressed as percentage mass of silver and carbon, for the argon 
pressures and silver electrode diameters used. The radius of the crystalline grains size obtained from the FWHM of 
the x-ray diffraction peaks and the radius of the silver nucleus of the nanoparticles  calculated  as  described  above. 

 

Radius of the silver 
nucleus (nm) Pressure (kPa) Area of the Ag 

electrode (mm2) 
% mass of 

carbon (mC) 
% mass of 

silver (mAg) 

Ratio of the mass of 
carbon to silver 

(mC/mAg) 

XRD Calculated 

13 1.27 32.36 67.64 0.48 10.4 5.0 

40 1.27 44.73 55.27 0.81 14.0 10.3 

66 1.27 52.02 47.98 1.08 22.6 12.61 

106 1.27 57.22 42.78 1.34 46.1 28.5 

66 0.13 75.54 24.46 2.52 36.3 15.60 

66 0.25 61.96 38.04 1.08 34.8 19.62 

66 0.56 41.4 58.6 0.71 29.3 19.44 

66 1.13 15.1 84.9 0.18 10.6 9.21 

 
The right-hand axis of Fig. 4 shows the variation of 

the ratio of the silver nucleus to the thickness of the a-C 
layer as a function of the area of the silver electrode used. 
It can be clearly seen that as the electrode area was 
increased the total radius of the nanoparticle decreased but 
the relative thickness of the a-C coating was considerable 
smaller. 

The XRD spectrum obtained from all of the deposits 
only contained diffraction peaks from pure silver; no peaks 
associated with graphite were observed. The Table 1 lists 
the grain size obtained by a Scherrer analysis of the silver 
111 XRD peaks [18]. The radius of the nucleus obtained 
from the mass ratio/density analysis, as described above, 
and the grain size from the XRD data were very similar for 
the lowest pressures but the XRD value was almost double 
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that of the mass ratio calculated value for the highest 
pressures. 

 
4. Discussion 
 
The discrepancies in the radii of the nuclei determined 

by the two methods are probably related to the group of 
particles sensed by each technique: the XRD grain size is 
an average value somewhat weighted towards the larger 
mass nanoparticles and the SEM images showed that the 
distribution of sizes was almost proportional to the size of 
the nanoparticle, the EDX size is based on a somewhat 
truer average since the compositional information was 
collected over an area of various square microns. The 
variation of the nucleus to coating size may be due to the 
fact that for a thinner silver electrode proportionally less 
total mass of silver is evaporated during a pulse. This 
could be because: 1) there is a temperature gradient along 
the length of the electrode away from the point of contact 
and/or 2) at a certain length of evaporated silver the 
plasma is extinguished. However, the possibility 2 did not 
occur, except at very short times relative to the duration of 
the pulse, because the arc current measurements rarely 
showed an interruption of the arc. In the case 1, the  
amount of energy delivered to the graphite should be 
almost constant regardless of the area of the silver 
electrode. Therefore, a possible explanation of the results 
is that for each pulse the amount of emitted carbon vapour 
was constant but amount of silver vapour increased as the 
silver electrode area was increased. The results from the 
two studies indicate that the diameter of the produced 
nanoparticles also depends on the arc current used; in the 
table the nanoparticle radius for 66kPa, an applied voltage 
of 60V and a silver electrode of 1.27 mm2 was 72.6 nm 
and for 66 kPa, an applied voltage of 40 V and a silver 
electrode of 1.13 mm2 the size was 23.3 nm.  

 
 
5. Conclusions 
 
In this work we have produced and characterized 

encapsulated silver nanoparticles by high-current pulsed 
electric arcs in an Ar atmosphere. The resulting 
nanoparticles consist of a crystalline silver nucleus coated 
with amorphous carbon. It was found that the diameter of 
the nanoparticles increased when the gas pressure was 
decreased, and when the area of the silver electrode was 
decreased or the applied voltage to the capacitor bank (arc 
current) was increased. The size of the relative silver 
nucleus and the thickness of the amorphous carbon coating 
were found to be somewhat dependent on gas pressure and 
strongly dependent on the area of the silver electrode. The 
nanoparticles could be collected either as a colloidal 
suspension and the amorphous carbon coating was an 
effective chemical barrier.  
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