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Temperature dependences of the conductivity of onion-like carbon (OLC) and catalytic multiwalled carbon nanotubes 
(MWNTs) were measured in various gas environments: helium, hydrogen, oxygen, air, methane. We have found that in the 
vicinity of the melting and vaporization temperatures of oxygen and methane the conductivity sharply decreases for MWNTs 
(by 2−12%) and for OLC (by 4-12%). The observed reversible changes of the conductivity of investigated samples are 
discussed in the terms of processes of gases adsorption-desorption on the surface of nanotubes and OLC and breakup-
recovery of contacts between nanotubes and particles of OLC as a result of melting and vaporization of environment gases. 
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1. Introduction  
 
Recently, the influence of gas adsorption on physical 

properties of carbon nanoparticles has attracted a 
considerable interest of researchers. Such interest is 
caused, basically, by two reasons. The first is an aspiration 
to create the gas nanosensors [1–3], while the other is the 
problem of accumulation and storage of hydrogen [4, 5]. 
One of the main factors of the influence of gases on the 
physical properties is the gas adsorption in space between 
nanoparticles [6]. The analysis of calorimetric data has 
shown that the gas adsorption in space between nanotubes 
gives the main influence on physical properties [6]. 
Conductivity measurements are one of the most simple 
and convenient methods of registration of the response of 
conducting nanoparticles on the external influence; this 
response can be used to construct a resistive sensor. In this 
paper we present the results of the influence of gases on 
the conductivity of onion like carbon and catalytic 
multiwalled carbon nanotubes. 

 
 
2. Experimental and samples 
 
Onion-like carbon (OLC) was synthesized by vacuum 

annealing of nanodiamond particles at 1850 K.[29] The 
mean diameter of OLC was 3.5 nm, the distance between 
two neighbouring layers was ~0.35 nm (Fig.1). Curved 
lines correspond to graphite-like shells with the distance 
between them equal to 0.34–0.35 nm. Irregularities in the 
micrograph of the OLC particle are likely caused by holes 
in the fullerene-like shells or spiral-like structure of the 
OLC particle. The OLC was combined to agglomerates 
with typical dimension 50-500 nm. Some of the 

agglomerates were surrounded by common graphite 
layers. MWNTs were synthesized by chemical vapor 
deposition method (CVD-method) via catalytic 
decomposition of acetylene on the FeCo-catalysts 
supported on CaCO3 at 950 K [30]. Distinctive  

 

 

 
 

Fig. 1. HRTEM images: top image - OLC particle 
produced by annealing of ND at 1850 K for 1h in vacuum  
                    of 10-6 Torr; bottom image – MWNT. 
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feature of this synthesis is the presence in the reaction 
environment of oxidizing gas (CO2), which results from 
decomposition of CaCO3. The reaction of carbon dioxide 
with amorphous carbon allows to synthesize pure 
nanotubes material [7, 8]. After synthesis the MWNTs 
samples were purified from catalyst by boiling in HCl. The 
structure of OLC and MWNTs was investigated with using 
of transmission electron microscopy (TEM) (Fig. 1). 
According to TEM investigation the synthesized 
nanotubes material consisted mainly from multiwalled 
nanotubes with defective structure and didn’t contain 
amorphous carbon. The mean diameter of MWNTs is 20 
nm. For electrical measurements the powder of OLC and 
MWNTs was pressed in a glass ampoule. The electrical 
contacts were made by 0.1 mm silver wires. The 
temperature dependences of the conductivity σ(T) were 
measured by four-point-probe technique in the temperature 
range 4.2–300 K. Our previous researches of powder 
carbon nanostructures carried out by this method [9–11] 
showed stability and reproducibility of results of the 
conductivity measurements.  
 

 
3 Results and discussion 
 
σ(T)/σ(300K) in helium atmosphere 
Before measurements the sample was treated in 

vacuum (10−2 Torr) at 200oC during 12 hours. After that 
the sample was placed on a measuring platform. We had 
carried out the degassing of measuring volume in vacuum 
(10−2 Torr) at room temperature during 1 hour and then 
measuring volume was filled by gaseous helium. 
According our previous investigations [9-11] for all 
samples of OLC annealed at temperature higher 1170 K 
the electrical conductivity showed the temperature 
dependence typical of the systems with variable range 
hopping conductivity (VRHC) [12]. For these systems, the 
temperature dependence of conductivity σ(T) may be 
described by the equation:  

 
σ(T) = A*exp[-(T0/T)1/n]                  (1) 

 
where A are constant, the value of n is determined by 
dimensionality d of the motion of current carriers as 
n=1/(1+d) [12], T0=CTα/kBN(EF), CT~1 for one-
dimensional VRHC [13, 14], α is the inverse length on 
which the amplitude of wave function fall down (α~8-10 
Å), N(EF) - density of localized states at the Fermi level, 
kB is the Boltzmann constant. Fig. 2 shows the curve of 
temperature dependence of relative conductivity 
σ(T)/σ(300K) of OLC (Fig. 2a) and MWNTs (Fig. 2b). 
Here σ(T) - conductivity at temperature T, σ(300K) - 
conductivity at room temperature. The data for OLC are 
described by the Eq. (1) with n=2 (one-dimensional 
VRHC d=1) in the all intervals of temperature. The 
cooling part of σ(T)/σ(300K) curves (in both cases – 

MWNTs and OLC) coincides with subsequent heating part 
and any anomalies on the curves are not observed. The 
temperature dependence of conductivity of MWNTs is 
described by two-band model [15-16] and at low 
temperatures (4.2–20 K) is described by the theory of 
quantum corrections to the conductivity [11, 17-20]. The 
VRHC (such kind of the dependences as on Fig. 2a) or 
quantum corrections (Fig. 2b) is typical for carbon 
materials with local disorder, for example: OLC [11], 
catalytic MWNTs [11, 18], arc-produced MWNTs [16], 
carbon nanocomposites [21, 22], and for graphite-like 
nanosize crystallites [23]. In order to find out the influence 
of other gases on conductivity of catalytic MWNTs and 
OLC we have carried out investigation of σ(T)/σ(300K) 
behaviour in various gas environments (50% helium and 
50% other gas). 
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Fig. 2. (a) Relative conductivity in the ln[σ(T)/σ(300K)] -
 T-1/2 axis of OLC measured in the helium atmosphere. 
(b) Relative conductivity in the ln[σ(T)/σ(300K)] - T-1/2 
axis of MWNTs measured in the helium atmosphere.        
The inset shows relative  conductivity  of  MWNTs  in  the  
                          σ(T)/σ(300K) - T axis. 

 
 

σ(T)/σ(300K) in oxygen-helium atmosphere 
Fig. 3 shows the σ(T)/σ(300K) for OLC (Fig. 3a) and 

for MWNTs (Fig. 3b) in the ln[σ(T)/σ(300K)] - T-1/2 axis, 
which was recorded in the helium-oxygen atmosphere. In 
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Fig. 3a as in the case of Fig. 2a the curve is linear in all 
temperature range in the ln[σ(T)/σ(300K)] – T -1/2 axis at 
cooling process. At heating process the temperature 
dependence of conductivity is deviated from cooling curve 
at temperature about 54 K (melting temperature of 
oxygen) (see inset Fig. 3a). At temperature 91-115 K the 
feature of temperature dependence of conductivity is 
observed in the ln[σ(T)/σ(300K)] – T -1/2 axis. The 
distinction is obtained between significance of the 
conductivity on cooling and heating curves at room 
temperature. In Fig. 3b we presented two kinds of curves. 
The first curve obtained in helium (open circles) is given 
for comparison. The second curve is received in helium-
oxygen atmosphere (filled circles). In the case of helium-
oxygen atmosphere the curve of cooling deviates at T≤150 
K from the curve received in helium.  

 
 
σ(T)/σ(300K) in methane-helium atmosphere 
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Fig. 3.(a) Relative conductivity in the ln[σ(T)/σ(300K)] –
 T -1/2 axis of OLC measured in the helium-oxygen 
atmosphere. The inset represents data in the interval 
from 0.06 – 0.14 K -1/2. (b)Relative conductivity in the 
ln[σ(T)/σ(300K)] – T -1/2 axis of MWNTs measured in the 
helium-oxygen atmosphere (filled circles), the open 
circles was cited for comparison – curve measured in 
helium atmosphere. The inset shows the relative 
conductivity in the σ(T)/σ(300K) - T axis of MWNTs, 
arrows indicate directions of the temperature change. 
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Fig. 4.(a) Relative conductivity in the ln[σ(T)/σ(300K)] –
 T -1/2 axis of OLC measured in the helium-methane 
atmosphere. The inset represents data in the interval 
from 0.08 – 0.12 K -1/2. (b) Relative conductivity in the 
ln[σ(T)/σ(300K)] – T -1/2 axis of MWNTs measured in the 
helium-methane atmosphere (filled circles), the open 
circles cite for comparison – curve measured in helium 
atmosphere. The inset shows relative conductivity in the 
σ(T)/σ(300K) - T axis, arrows indicate directions of the  
                        temperature change. 
 
 
Fig. 4 shows the curve σ(T)/σ(300K) for OLC 

(Fig. 4a) and for MWNTs (Fig. 4b) in the 
ln[σ(T)/σ(300K)] – T -1/2 axis, which was measured in the 
helium-methane atmosphere. The cooling curve for OLC 
(Fig. 4a) is linear and similar to curve on Fig. 2a. The 
anomaly is observed on heating curve. The heating curve 
becomes linear at temperature higher 130 K in the 
ln[σ(T)/σ(300K)] – T-1/2 axis. On Fig. 4b as well as in a 
case with oxygen, the curve of cooling deviates from the 
curve received in helium, but at higher temperature ≈200 
K. The curve of heating deviates from the curve of cooling 
at temperature of methane melting (90.5 K) on the 
magnitude by ≈5%.  

The curves measured in air medium have all 
anomalies of curves received in oxygen and nitrogen. But 
the temperatures of these anomalies are 64 and 77 K (air 
consists of 78% nitrogen) and the magnitude of changes is 
4%. The experiments in hydrogen medium are analogous 
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to experiments in air, oxygen and methane mediums, 
except for magnitude of changes of conductivity (the 
changes magnitude of conductivity less 1%). Based on the 
results described above, we suggested a model explaining 
the behavior of σ(T) of MWNTs and OLC in various 
gases: helium and its mixtures with air, methane, oxygen, 
and hydrogen. The experimental data indicate that the 
features of σ(T) are related to the presence of a certain gas 
(except for the inert helium, which produces no features in 
the temperature interval 4.2-300 K and plays the role of a 
heat exchange gas). 

Kotosonov et al. [15, 16] showed that the electron 
properties of MWNTs with diameters above 14 nm are 
analogous to the properties of quasi-two-dimensional (2D) 
graphite. Using a two-band model of 2D graphite [24, 25], 
we can propose the following qualitative explanation of 
the observed temperature dependence of the conductivity 
of MWNTs. In the ideal MWNTs at T=0, the valence band 
is completely filled, while the conduction band is partly 
filled. Owing to the presence of acceptor defects in the 
carbon layers in real MWNTs, the Fermi level (EF) is 
shifted deep in the valence band, which results in the 
appearance of hole carriers [15]. Since EF~kBT an increase 
of the temperature is accompanied by smearing of the 
Fermi level and significant increase of the carrier density 
(holes and electrons). This should result in a significant 
increase of conductivity, which is actually observed in the 
temperature range from 20 to 300 K (see Fig. 2b). In 
addition to this process the conductivity (see Fig. 3b, Fig. 
4b) changes under the action of adsorbed gases as 
described in detail below. 

When the sample temperature is decreased, the gas 
adsorbs on the MWNTs surface in the range from a 
temperature about 200 K to the condensation temperature. 
This effect is accompanied by a decreasing of the 
conductivity of MWNTs, because all gases (except for 
oxygen) physical adsorb on surface and dope nanotubes by 
electrons [27]. Take into account that the main 
contribution to the conductivity of MWNTs is related to 
hole carriers [18, 22], the electron transfer from adsorbed 
gas molecules to MWNTs leads to a shift of the Fermi 
level toward to the valence band edge, i.e. to a decreases 
of the density of holes. This decrease accounts for a 
decrease of the conductivity, in agreement with our 
experimental cooling curves. Recently, Jhi et al. [28] 
demonstrated that oxygen chemisorbed on MWNTs. Take 
into account that defects in the carbon layers are acceptors 
[15] we proposed that oxygen leads to modification of 
these defects, which probably leads to a decrease of the 
holes density. Consequently, the conductivity decreases in 
experiments with oxygen (see Fig. 3b). At temperatures 
above the boiling temperature of gas added to helium on 
heating curve, the conductivity increases owing to 
desorption of molecules from surface MWNTs in 
temperature range from T boiling to 200 K (see Fig. 3b, 
Fig. 4b). 

The velocity of cooling and heating was varied from 
60 to 6 K/h, at that the result of experiments is not 
changed. This implies that the anomalies at melting 
temperatures of gases (64 K – nitrogen, 54 K – oxygen, 90 
K – methane, 14 K – hydrogen) are not connected with 
prolonged melting of a gas inside nanotubes. At this stage 
of investigation, we believe that according to the Kelvin 

equation the cooling leads to capillary condensation of gas 
primarily at the junctions of nanotubes. After that at the 
melting temperature on heating curve the condensed gases 
expand in the solid and then in the liquid phases. This 
leads to deterioration of the contact between nanotubes 
and, hence, to a decrease of quantity of charge transport 
pathways, i.e. the conductivity decreases in the interval 
between the melting and boiling temperatures of gas. The 
observed phenomenon consists of two contributions. The 
first contribution is connected with an irreversible 
destruction of contacts between individual nanotubes or 
nanoonions during vaporization of gas and with an 
increase of the local pressure in the space between two 
objects. Thus, deformation of nanotubes and onions is 
occurred. Some nanoobjects are moved and a part of 
electric contacts between them are irreversible destroyed. 
The second contribution is connected to an reversible 
elastic deformation of nanotubes and nanoonions. 
Reversibility of this deformation is determined by the fact 
that during heating the hydrogen, oxygen, air and methane 
vaporizes and quits from nanopores located in sample, the 
local pressure decreases and the contacts between 
nanotubes are restored. In the first cooling–heating cycle, 
as in case of oxygen at room temperature is obtained 
distinction between significance of conductivity at room 
temperature on cooling and heating curves because of 
irreversible deterioration of contacts between MWNTs or 
due to the residual oxygen adsorbed on the surface of 
nanotubes and nanoonions. In subsequent cycles, the 
significance of conductivity returns to the initial level after 
heating-cooling cycle. 

In the case of the OLC in different gases we obtain the 
result analogous to the MWNTs (Fig. 3a, Fig. 4a). In all 
cooling curves the linear dependence in the 
ln[σ(T)/σ(300K)] – T -1/2 axis is present. This fact indicate 
that in OLC adsorbtion and desorption processes are 
absent. In addition to on heating curves the capillary 
condensation on OLC is present in all experiments with 
different gases (except for helium) and the temperatures 
are coincide with typical boiling and melting temperatures 
of gases. 

 
 
4. Conclusion 
 
In summary, we have observed that the variation of 

gas environment under nanocarbon sample (MWNTs, 
OLC) leads to significant changes of the conductivity of 
catalytic multiwalled carbon nanotubes and onion-like 
carbon. It was shown that for all investigated gases the 
cooling curves of the conductivity of the OLC have no 
anomalies and are linear in the ln[σ(T)/σ(300K)] - T -1/2 
axis. On the other hand the conductivity of MWNTs 
during the cooling was decreased in comparison with 
helium in temperature interval from 200 K up to boiling 
point of various gases used in this work.  

During the heating of the samples the decrease of 
conductivity both of OLC and MWNTs was observed. The 
main decrease of the conductivity took place in the 
vicinity of temperatures of the melting and condensation 
of environment gas. The largest changes of the 
conductivity were observed in the case of oxygen and 
methane. The weakest effect was observed for hydrogen. 
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The first cycle of measurements after the gas replacement 
results in an irreversible downturn of conductivity for 
helium-oxygen and helium-air atmospheres. But during 
next measurements the conductivity behavior becomes 
reversible. We have proposed that the anomalies on the 
heating part of conductivity curves of MWNTs and OLC 
at melting and vaporization temperatures of environment 
gas is related to capillary condensation process. This 
process decreases the quantity of contacts between 
nanotubes or onion-like carbon as described above and 
thus leads to a decrease in the number of current paths. In 
experiments with air and oxygen the conductivity is not 
restored after first cycle owing to irreversible destruction 
of contact between nanotubes or carbon onions or residual 
oxygen adsorption.  

Presented results demonstrate a possibility of 
application of multiwalled carbon nanotubes for creation 
of stable and reversible gas sensors in the range of the 
melting and vaporization temperatures of investigated 
gases.  
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