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A B S T R A C T

The atmospheric pressure carbon arc in helium is an important method for the production

of nanomaterials. Typical arcs operate in a dc mode between a graphite anode, which is

consumed, and a cathode which may be a lower melting point material. During arc opera-

tion, a carbon deposit is formed on the cathode surface. This deposit may contain different

forms of the synthesised fullerenes. It is shown that this deposit plays a crucial role in

conducting the arc current. Temperature measurements demonstrate that a sufficiently

large area of the cathode deposit is hot enough for thermionic emission to be the source

of most of the arc current. Due to the deposit’s low thermal conductivity, the cathode

behind the deposit does not reach its melting point. The role of the deposit in emitting elec-

trons can probably be generalized for other arc synthesis methods with consumed anodes.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Since their discovery in the early 19th century [1], carbon arcs

have been used as radiation standards [2], in image furnaces

[3] and in carbon arc welding among other things. More

recently, they have been used as an efficient method for the

production of high purity carbon nanotubes [4–6], in which

the graphite anode ablates and nanotubes and other fuller-

enes are formed in a carbon deposit on the cathode surface

[5,7]. Due to their unique electrical and mechanical properties

[8–10], nanotubes could potentially be used for hydrogen stor-

age, nanoelectronics, chemical sensors and many other appli-

cations [9,8,11].

Although the initial discovery of nanotubes used graphite

for both cathode and anode [4], and this setup is commonly

used [5,12,13], Colbert et. al. [7] found that using a water

cooled copper cathode reduced sintering in the nanotubes

formed in the deposit, while other workers have used cath-

odes of materials such as copper and stainless steel [14–16].
The use of low melting point cathodes (copper melts at

1085 �C compared to graphite which sublimes at 3642 �C)

raises a basic question about the operation of the arc, namely

how electrons are emitted from the cathode. While this prob-

lem has been studied in detail for cathodic arcs [17–21], the

arc used in nanosynthesis is an anodic arc and operates in

a different regime [22]. Models of the anodic carbon arc

[23,22] show that temperatures over 3000 �C are required at

the cathode, while experimentally, cathodes remain undam-

aged during the process.

To explain this discrepancy, the current density at the

cathode could be reduced by having the current flow to the

entire cathode surface, reducing the temperature required

for thermionic emission to support the current, which has

been observed in simulations [12]. Alternatively, it has been

proposed that the deposit formed during the arc is the source

of emission based on its structure after arc operation [24].

This is supported by observations that carbon–copper arcs

became carbon–carbon arcs after deposit formation on the
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copper electrode [25]. Similar processes and suggestions

about the role of the deposit were also proposed for hydrocar-

bon arc discharges with copper cathodes [26,27].

In order to determine the source of electrons in the arc and

the current distribution at the cathode, we operated the car-

bon arc using different cathode geometries and materials,

including copper and graphite, together with temperature

measurements. It is shown that during the steady state oper-

ation of the arc, most of the current flows within the area

directly across from and of similar size to the anode, and that

the formation of the deposit plays an important role in elec-

tron emission. In particular, the deposit (1) changes the arc

from graphite–copper or graphite–graphite to graphite-

deposit and (2) reaches the high temperatures necessary for

thermionic emission to provide the electron current. More-

over, the carbon deposit on the cathode (3) reduces the heat

flux from the arc plasma to the cathode. This is due to a very

low thermal conductivity of the cathode deposit, which was

deduced from electrode temperature measurements during

the arc experiments. A preliminary material evaluation sug-

gests that the low thermal conductivity of the cathode deposit

could be due to its complex morphology and a very low den-

sity as compared to graphite and the cathode material.

The main implication of this study is that the formation of

the cathode deposit during the arc should be taken into

account for self-consistent modelling of the arc discharge

for the synthesis of nanomaterials, including, but not limited

to, the synthesis of carbon nanostructures such as nanotubes,

fullerenes and graphene. As the size of the deposit increases

with ablation rate, which determines deposition and hence

yield, the inclusion of the deposit in models will be important

in regimes favourable for high yield nanosynthesis.

2. Experimental setup

The arc experiments were performed in a helium atmosphere

within a 10 inch 6-way cross using the setup shown in Fig. 1,

which is similar to that used in Refs. [14,28]. The helium pres-

sure was maintained at 500 Torr using a computer-controlled

solenoidal valve. Cylindrical graphite anodes and cathodes of
Fig. 1 – Setup used in carbon arc experiments, similar to Ref.

[14]. (A colour version of this figure can be viewed online.)
diameter 6 mm and 12 mm were used, where 6 mm is the typ-

ical anode diameter in synthesis experiments [29,5,7]. The

copper cathodes had diameters 38 mm and 50 mm.

The position of the anode was controlled by a stepper

motor and a potentiometer used to measure the arc voltage,

both connected to a data acquisition system. In all the exper-

iments performed, the electrode separation was controlled by

maintaining the voltage in the external circuit between 20 V

and 25 V as the anode ablated. Discharge current was kept

at approximately 65 A. Arcing was initiated by bringing the

anode into contact with the cathode, after which the control

system would increase the electrode separation until the

specified arc voltage was reached. With the 6 mm anode,

the voltage remained at approximately 25 V while the voltage

during the arc with the 12 mm anode was approximately 21 V.

The actual discharge voltage was approximately 20 V for the

6 mm anode arc and 18 V for the 12 mm anode arc after sub-

tracting the resistance of the circuit elements and carbon

deposit.

To measure the cathode temperature, a K-type thermocou-

ple was placed 2 mm below the surface of a copper cathode

directly opposite the anode. Experiments to measure the

deposit temperature used an electrode in which existing cath-

ode deposits to be mounted (Fig. 2(a)), and a C-type thermo-

couple was placed just below the surface of the deposit.

Additionally, a FLIR Tau 640 1.7 infrared camera together with

a 3.2% transmittance neutral density filter was used for tem-

perature measurements. Absolute calibration of the camera

was performed using arcs between graphite electrodes in

conjunction with thermocouple measurements.

For the experiments used to determine the current distri-

bution in the arc, shielded and segmented cathodes were

used with 6 mm graphite anodes (Fig. 2(b) and (c)). The

shielded copper cathode was covered by an insulating layer

of boron–nitride except for a 6 mm diameter opening, while

the segmented cathode consisted of an inner region of

6 mm diameter insulated from an outer ring of diameter

50 mm by a 2 mm layer of insulation.
3. Electron emission

We now analyse possible mechanisms of electron emission

which could supply the electrons necessary to maintain the

current observed in arcs. To do so, we first estimate the elec-

tron current fraction by measuring the ablation rates for 65 A

arcs, and show that the current cannot be supported by emis-

sion from the copper surface. Under the conditions described

in the previous section, the arcs operated in the anodic mode

with deposit formation on the cathode [14,29]. The results are

shown in Table 1 and are consistent with measurements by

Fetterman et. al. [14]. We found no appreciable difference

between the rates for copper and carbon cathodes. The

deposits grown were roughly circular with diameter 7–

9 mm. With the 6 mm diameter anodes, deposits would grow

until the extinguishing of the arc (in this set of experiments

the longest was 17 mm), while with the 12 mm diameter

anodes deposits did not exceed 1 mm in thickness.

The maximum ion current is estimated by assuming that

all the ablated material is singly ionised and delivers current



Fig. 2 – Cathodes used in the experiment. (a) Copper cathode with mounted deposit, (b) segmented cathode, (c) shielded

cathode. (A colour version of this figure can be viewed online.)

Table 1 – Ablation rates and estimated ion current for a 65 A
arc with different cathode materials and anode diameters.

Cathode Anode diameter
(mm)

Ablation
(mg/s)

Max ion
current (A)

Carbon 12 0.33 � 0.12 5.2 � 1.9
Carbon 6 8 � 2 128 � 32
Copper 12 0.33 � 0.08 5.2 � 1.2
Copper 6 10 � 2 160 � 32
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to the cathode. To account for current due to evaporation

from the cathode and redeposition [30,31], we assume that

the evaporation rate at the cathode is less than that at the

anode. If all of the evaporated atoms at the cathode were ion-

ised and redeposited, the total ion current would be twice

that due to ions from the anode. The resulting current is

shown in the final column of Table 1. For the 12 mm anode,

an electron current of larger than 60 A would be required to

support the arc. For the 6 mm anode, the observed ablation

could support the arc current; however, in a typical carbon

arc, the ionisation degree is 10�3 to 10�4, much less than the

100% assumed here [32]. The ion current would then be

reduced to less than 0.12 A, so we would also expect a large

electron current for the 6 mm anode.

Supplying this electron current requires electron emission

from the cathode, which can take the form of thermo-field

emission, secondary emission or photoemission [17,1,33]. In

particular, Ref. [33] shows that field emission and various ion-

isation mechanisms cannot account for the electron current

observed in an argon arc with a non-thermionic cathode,

and we perform a similar analysis for the carbon arc in

helium.

3.1. Thermo-field emission

Heating a solid to high temperatures increases the number of

electrons with the energy needed to overcome the work func-

tion, while strong electric fields at the surface modify the

shape of the potential well. Electron emission due to the com-

bination of these effects is known as thermo-field emission

[34,17,35]. A convenient parameterisation of the thermo-field

current in units of A/cm2 is given by Hantzsche [34]:

jTF ¼ kðAT2 þ BE9=8Þexp � T2

C
þ E2

D

� ��1=2
" #

ð1Þ

where k ¼ 1:45;A ¼ 120;B ¼ 406 E0:1ð/�4:5Þ expð�2:22ð/� 4:5ÞÞ;
C ¼ 2:727� 109ð/=4:5Þ2 and D ¼ 4:252� 1017ð/=4:5Þ2. T is the
temperature in K, E the electric field in V/cm and / the work

function in eV. The values of A;B;C and D are from the limit-

ing thermionic and field emission expressions, while k and

the functional form are determined by minimising the error

in Eq. (1) when compared with numerical calculations [34].

For reference, the work functions of copper and graphite are

4.4 eV and 4.7 eV respectively [1].

With respect to our experiments, the current density was

estimated as at least � 230 A/cm2 for a 65 A arc with an

electron current fraction of greater than 0.9, which would

require temperatures of above 3200 �C – above the melting

point of copper – or electric fields of greater than 107 V/

cm. If these conditions were to hold, there would be visible

damage to the cathode due to melting and/or ablation,

which we do not observe, while the typical field at the cath-

ode under these conditions is on the order of 105 V/cm [1].

As such, thermo-field emission from the copper cathode

cannot account for the observed electron emission during

the steady state operation of the arc. Note that during the

initial phase of the arc, it operates in the cathodic mode

before a transition to the anodic mode which is studied here

[32].

3.2. Secondary emission

Electrons are also emitted due to the bombardment of the sur-

face by ions and excited atoms. In the carbon arc, only carbon

ions are considered due to helium’s high ionisation potential

[12], though metastable helium atoms are present and can

cause Auger emission [32,36]. At low energies, the secondary

electron yield ci from ion bombardment depends only on

the ionisation energy I and work function / and can be esti-

mated by the empirical formula ci ¼ 0:016ðI� 2e/Þ [1,37]. For

carbon ions impacting a copper surface, this is approximately

0.04. Given the ion current fraction of less than 0.1 in our

experiment with the 12 mm anode, secondary emission due

to ions provides at most 0.2 A for a 65 A arc and cannot be

the source of the electrons in the arc.

In Ref. [33], Auger emission due to metastable excited

argon atoms the main source of electron current [33]. For

helium atoms and copper surfaces, the electron yield is about

1 electron per incident atom [38]. However, due to the higher

excitation energies of helium and low arc voltage, the meta-

stable density is too low to provide the required current.

The density is found by balancing production by electron

excitation against cumulative ionisation [36], given by:

nNneC
0
M ¼ nMneC

þ
M: ð2Þ
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Fig. 3 – Cathode temperature and discharge current during

the operation of arcs with (a) 12 mm and (b) 6 mm anodes.

The thermocouple was placed 2 mm below the cathode

surface exposed to the arc. (A colour version of this figure

can be viewed online.)
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Here nN is the neutral density, ne the electron density and nM is

the metastable density. The C’s are rate coefficients which are

found by integrating the cross sections for excitation and

ionisation with the electron distribution, assumed to be

Maxwellian [36]. At an electron temperature of 0.6 eV, the esti-

mated metastable helium density is on the order of 1011 m�3,

which gives a current of 13nA assuming thermal flux to the

cathode. Auger emission due to carbon is not considered as

the metastable 1D and 1S states have energies 1.3 eV and

2.7 eV, below the work functions of copper and graphite of

4.4 eV and 4.7 eV [39,40,1,41].

3.3. Photoemission

To estimate the maximum photoemission from the surface,

we assume that at most half of the radiation from the arc

reaches the cathode, and a photon energy of 5 eV, the lowest

wavelength line of carbon, which gives a yield of 10�2 elec-

trons per photon at a copper surface [42,43]. If all of the arc’s

power were radiated, at most 825 W of radiation would be

available for photoemission, which would give a maximum

current of approximately 1.7 A. The yield for graphite is

approximately 10�6, which would provide 1:7� 10�4 A [44].

We have thus shown that the above emission mechanisms

cannot account for the electron current from a low melting

point cathode during an anodic arc. Instead, temperature

measurements will reveal that it is the formation of the

carbon deposit on the cathode which allows the high temper-

atures necessary for electron emission to be reached.
Fig. 4 – Top: infrared camera image of electrodes during an

arc discharge between two 12 mm graphite electrodes.

Bottom: electrodes during arc between 12 mm graphite

anode and copper cathode.
4. Current distribution and cathode
temperature

To determine if the arc current flows through the entire cath-

ode or just a small region across from the anode, experiments

with shielded and segmented cathodes were performed. In

the experiment with the shielded cathode, a carbon deposit

formed over the unshielded area, after which the arc contin-

ued to operate with the entire current flowing through the

cathode deposit. With the segmented cathode, at most 4 A

flowed through the outer segment during a 65 A arc. At lower

currents, no current in the outer segment was observed. This

shows that most of the current flows through the small cen-

tral region directly opposite the anode. As such, the observed

current density is over 230 A/cm2. The observation that the

arc operates between the deposit and anode is also consistent

with Upson’s [25] observations that the copper–carbon arc

becomes the carbon–carbon arc after deposit formation.

The variation of copper cathode temperature with time for

arcs with 12 mm and 6 mm diameter anodes respectively is

shown in Fig. 3. The highest temperature measured in the

copper electrode was 1000� 20 �C during the experiment with

the larger anode, which is still below the melting point of cop-

per of 1085 �C. This was due to the cathode deposit being thin-

ner, so that the thermocouple was in closer proximity to the

actual cathode surface. Also of note in Fig. 3(b) is the extin-

guishing of the arc around t ¼ 100 s and re-ignition at

t ¼ 120 s, caused by the deposit becoming detached from the

cathode and falling off. Immediately after re-ignition, the rate
of increase of temperature was larger than just before

t ¼ 100 s, showing that the presence of the deposit reduces

heat flux to the cathode. These observations show that the

deposit is a critical element in the operation of the arc.

Fig. 4 shows infrared images of the electrodes during an

arcs between 12 mm diameter anodes and graphite and cop-

per cathodes. During both arcs, small deposits formed on the

cathode, and the highest surface temperature was

ð3500� 200Þ K, with a larger region where temperatures were

over 3100 K. The uncertainties in the temperature measure-

ments are due to the extrapolation of the calibration curve.

Thermocouple readings within the deposit were consistent

with the infrared measurements and exceeded 2593 K, the



Fig. 5 – Carbon deposits removed from the cathode after a

65 A arc discharge was run for about 1 min: (a) about 8 mm

diameter and 5 mm height deposit from the arc discharge

with a 6 mm diameter anode; (b) about 9 mm diameter and

0.6 mm height deposit from the arc discharge with a 12 mm

diameter anode. (A colour version of this figure can be

viewed online.)
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maximum temperature which can be measured by C-type

thermocouples. Data for 6 mm diameter anodes are not avail-

able due to the growth of the ‘‘collar’’ around the deposit pre-

venting a clear view of its surface from being obtained. These

results show that the deposit reaches the high temperatures

necessary for thermionic emission to provide the electron

current in the arc, in agreement with observations of the

deposit structure after the arc [24]. Within the observed sur-

face temperature range, the thermo-field emission current

is between 60 A/cm2 and 500 A/cm2, with most of the contri-

bution being thermionic. This would supply at least a quarter

to all of the current in the arc.

The deposit is thus the source of electron emission and is

effectively the cathode, meaning that the arc should not be

considered graphite–copper, but graphite–carbon deposit

[25,24]. This also explains why the cathode remains undam-

aged, as the deposit reduces heat flux to the copper surface,

as seen earlier in Fig. 3(b). Apparently, the carbon deposit acts

here as a thermal insulator.

The known conductivity value for graphite is approxi-

mately 13 W/m/K above 2500 �C [45], which is already lower

than that of copper, which is over 300 W/m/K above 1000 �C
[46]. It is known from previous work on Raman spectroscopy

of carbon arc deposits [28] and also shown in the following

section for the deposits obtained in this work that their struc-

tures and properties are different from graphite. This may

imply that thermal conductivity of the carbon deposit can

be different from graphite. While data are not available, the

upper image in Fig. 4 with the graphite–graphite arc shows

that it is lower than that of graphite based on the different

temperature gradients in the deposit and graphite regions.

From our experiments, the estimated thermal conductivity

is 1–2 W/m/K, which is not unusual for carbonaceous prod-

ucts [47]. Our estimate here does not include the effects of

convective and radiative cooling. These additional cooling

mechanisms would effectively increase the observed conduc-

tivity of the deposit, and as such, the value of thermal con-

ductivity we determined is likely an overestimate. For

example, the addition of radiative cooling would increase

heat loss from the sides of the deposit by a term proportional

to T4, which would cause a steeper temperature gradient to

exist in the deposit than if there were conductivity alone.

In previous works on hydrocarbon arcs with deposit for-

mation, the low thermal conductivity has been attributed to

contact resistance between the deposit and copper [27], but

this is not necessary as the thermal conductivity of amor-

phous hydrocarbons can be low. For example, the thermal

conductivity of hygdrogenated amorphous carbon films is

1 W/m/K [47]. Furthermore, in our work, the large tempera-

ture gradient is also observed in the graphite–graphite arc

where there is good contact between the deposit and cathode.

The results of our experiments reveal that the arc current

flows through a small region opposite the anode and that

thermionic emission is the source of electron emission during

the anodic arc and explain how the high temperatures

required for this process are reached without damaging the

low-melting point cathode material. Due to the measured

low heat conductivity of the deposit, the high temperatures

at the surface exposed to the arc required to support emission

can exist without the cathode reaching its melting
temperature. It should also be emphasized that the deposit

also forms in experiments with graphite cathodes, meaning

that the role of the deposit in the arc described here is more

general and not exclusive to arcs with low melting point cath-

odes. Thus, after the formation of the deposit, the arc is not

between the graphite anode and the cathode material, but

is a graphite-cathode deposit arc. With respect to nanosyn-

thesis, the growth of single-walled nanotubes mainly takes

place on the periphery of the deposit [13,5,12], away from

the region where the current flows, implying that the cathode

material not covered by the deposit (in our case copper) is

important in their formation [7].

5. Carbon deposit on the cathode surface

A preliminary ex-situ characterization of the cathode depos-

its was conducted for the arc discharges with 6 mm and

12 mm diameter anodes and with the copper cathode. The

deposits were collected after the arc discharge. Then, their

dimensions and weight were measured to estimate the den-

sity. For different anodes, the cathode deposits had different

dimensions (Fig. 5) and densities. For example, the density

of the deposit formed with the 6 mm anode was

1:34� 0:06 g/cm3. This is smaller than the density of the

graphite 2.09 g/cm3 but comparable with the density of graph-

ite-like amorphous carbon, 1.2–1.5 g/cm3 [48]. For the 12 mm

diameter anode, the measured density was even smaller

� 0:8� 0:2 g/cm3. These density results correlate with the

above results for the thermal conductivity obtained for differ-

ent anodes and graphite. In particular, smaller densities of

the cathode carbon deposits as compared to graphite corre-

late with their lower thermal conductivity measured in these

experiments.

A FEI XL30 FEG-SEM field emission high resolution scan-

ning electron microscope (SEM) was used for structural eval-

uation of the cathode deposits. This SEM is equipped with an

EVEX Energy-dispersive X-ray spectroscopy (EDS) system to

provide a high-resolution two-dimensional elemental distri-

bution map of the deposit surface. For all deposits, carbon

was the only element detected by the EDS system. Evaluation
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of SEM images (Fig. 6) revealed that all deposits have an inho-

mogeneous porous morphology consisting of spherical, flat,

tubular and chain-like particles of different nano and micro

sizes. Similar types of particles were also obtained in other

carbon arc discharges [49–51,24]. Spatial variation of deposit

morphology is very complex and requires a detailed analysis.

This is beyond the scope of this paper, which is focused on

the role of the deposit in the current conduction between

the arc and the cathode and the thermal insulation of the

cathode from the plasma.

It is known that for carbon materials, such as carbon black

and coal ash, the grain size and porosity can strongly affect

the thermal conductivity of these materials [52,53]. In partic-

ular, the thermal conductivity decreases with the porosity,

but increases with the grain size. We could not detect a reli-

able and reproducible correlation between the size of the

microstructures, particularly for spherical particles (Fig. 6),

and the cathode deposits produced with the 6 mm and

12 mm anodes. Spherical morphology was dominant for the

plasma-facing surfaces of both deposits (Fig. 6), but sphere

sizes varied for different runs with the same anode diame-

ters. On the opposite surfaces of the deposits facing the cop-

per cathode, morphology was different, consisting of tubular

and chain-like particles. From a visual evaluation of SEM

images, the cathode deposit formed with the smaller 6 mm

anode appears to be less porous (Fig. 6) than the deposit

obtained with the larger anode. A somewhat similar observa-

tion was obtained for the interiors of both deposits. Thus, the

thinner deposit formed with the 12 mm anode would be

expected to have a lower conductivity than the larger deposit

formed using the 6 mm anode, which would support the
Fig. 6 – Examples of SEM images of the cathode deposits obtaine

(b) From the plasma-facing surfaces of the 6 and 12 mm anodes

the same deposits.
larger temperature gradient between the emitting surface

and the copper. This hypothesis requires a more comprehen-

sive validation.

Complex structural variations of the deposits were also

detected with Raman spectroscopy (Fig. 7) using a Horiba Sci-

entific LabRam HR800 l-Raman system. During all the Raman

spectra measurements, the power of the green laser (wave-

length 532 nm) at the deposits was kept very low at about

3 mW. For nearly all deposits and different locations within

the deposits the Raman spectra display two typical peaks at

1340 cm�1 and 1590 cm�1, which correspond to the D and G

bands respectively.

The G-band is associated with the first-order scattering of

the E2g mode observed for sp2 carbon domains, while the pro-

nounced D-band is disordered band associated with local

defects and disorders, particularly the defects located at the

edges of graphene and graphite platelets [54]. Higher disorder

in graphite leads to a broader D-band of higher intensity as

compared to the intensity of the G-band. Therefore, the inten-

sity ratio of D-band to G-band (ID=IG) is usually used as a mea-

sure of the disorder. It appears from Fig. 7 that for different

spots on different sides of both deposits, there are different

ID=IG values, indicating the crystal quality changes with the

location. Because the ID=IG values obtained for the deposit

from the arc with the 12 mm anode are generally higher than

the ID=IG values for the deposit obtained with the smaller

anode, the deposit from the arc with the larger anode appears

to have more disordered structure. Furthermore, for each

deposit, the plasma-facing side has generally a fewer defects

because the ratio ID=IG is lower than the cathode-facing side.

These observations seem to be consistent with results of
d in the arc discharge with different graphite anodes. (a) and

respectively. (c) and (d) From the cathode-facing surfaces of



Fig. 7 – Raman spectra of the cathode deposits. (a) Arc with

the 6 mm anode and (b) arc with the 12 mm anode. For each

deposit, the measurements were conducted at different

locations of the plasma-facing side (PFS) and the cathode

facing side (CFS). Centre, top and bottom refer to different

locations of the deposits shown in Fig. 5.

Fig. 8 – X-ray diffraction patterns of the (a) graphite material

before the exposure to the plasma, (b) the cathode deposit

obtained for the arc with the 6 mm diameter anode and (c)

the cathode deposit obtained for the 12 mm diameter

anode.
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SEM evaluation, which pointed to strong differences between

opposite sides of the same deposit.

Interestingly, for the deposit obtained for the 12 mm

anode, Raman spectra have a scattering peak at 1850 cm�1

on both plasma-facing and cathode-facing sides of this

deposit (Fig. 7(b)). In Ref. [55], a similar peak was observed

for cathode deposits of the carbon arc discharge in a hydrogen

atmosphere. This peak was attributed to carbon nanowires

formed in multiwalled carbon nanotubes formed on the cath-

ode. Tubular structures were also observed in this work

(Fig. 6(d)), but no transmission electron microscopy studies

were conducted to identify their detailed structure or the

presence of one-dimensional carbon chains such as

nanowires.

Finally, Fig. 8 compares X-ray diffraction (XRD) patterns

measured for the cathode deposits and the graphite material

of the anode before its exposure to the plasma. XRD measure-

ments were conducted using a Rigaku MiniFlex XRD/X-ray

diffractometer (k ¼ 1:5406 Å). The data was processed with

X-ray Powder Diffraction Software PDXL. Measured XRD pat-

terns show characteristic peaks of a typical hexagonal struc-

ture. Analysis of diffraction peaks, including calculation of

lattice parameters, crystalline sizes, and the diffraction angle

was conducted using a standard procedure for carbon materi-

als described elsewhere [56].

For the (002), (100) and (004) diffraction peaks, the lattice

constant, interplanar distance and crystallite size of both

deposits increased as compared to the graphite material of

the anode. In addition, for the deposits, the (002) and (004)
diffraction peaks are shifted to lower angles. For example,

for graphite and the deposits from the arcs with the 6 mm

and 12 mm anodes, d002 ¼ 0:3382 nm, 0:3406 nm and

0.3443 nm at 2h ¼ 26:33�;26:14� and 25:86�, respectively. A

qualitatively similar trend was also observed for the (004) dif-

fraction peak. Refs. [57,26] observed similar behavior for

graphite before arc evaporation and deposits produced by

arc discharge. Larger interlayer spacing of carbon deposits

was attributed to the turbostratic structure of carbon nano-

tubes and nanofibers. This may be consistent with the

reported SEM observation of tubular structures for the deposit

obtained with the 12 mm anode (Fig. 6(d)) and measured

Raman spectra for this deposit (Fig. 7(b)).

The material analysis shows that the deposit has a com-

plex and inhomogeneous structure, with spherical morphol-

ogy observed on the plasma facing surface and tubular and

chain like structures on the copper facing surface. These

observations are supported by Raman, SEM and XRD data.

The porosity and lower density of the deposit as compared

to graphite is consistent with the lower thermal conductivity

estimated from our experiments.

6. Conclusion

To summarise, anodic arc experiments were conducted

between graphite anodes and graphite and copper cathodes.

Using 6 mm diameter graphite anodes, which is typical for

nanosynthesis [5,13], all of the current was found to flow

through the deposit formed on the region of the cathode

directly opposite the anode, and the current was largely due

to electrons. The formation of the cathode deposit is essential

in the sustaining of the arc during steady state operation as it

allows the high temperatures necessary for thermionic emis-

sion to provide the electron current in the arc to exist without

damaging the cathode. In addition, it changes the arc from a
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graphite-cathode to a graphite-deposit arc. The results sup-

port phenomenological descriptions of the role of the deposit

in Refs. [24,25].

Analysis of the deposits using SEM, Raman spectroscopy

and XRD revealed complex inhomogeneous morphologies

and more porous structures with lower densities as compared

to the original graphite electrode material. This could be the

cause of the lower thermal conductivities observed but

requires further theoretical and experimental confirmation.

The important practical implication of this work is that

self-consistent models of the arc discharge for nanosynthesis,

including, but not limited to, carbon and boron nitride nano-

tubes and fullerenes, need to account the important role of

the cathode deposit in the sustaining the arc discharge.
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