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ABSTRACT
Specific conductivity  of the composite nanomaterial layers with micron and submicron dimensions, consisting of
carboxymethyl cellulose (CMC) and multiwalled carbon nanotubes (MWCNT) was investigated. Ultradispersed aqueous suspension was deposited on soft (aluminum foil, plates made from polyester and polyimide, cotton fabric, office
paper) and solid (coverslip, silicon wafers with silicon oxide layer) substrates by silk-screen printing. Electrical resistance was measured by four-probe method and by the method of square on surface from which the conductivity  and
conductivity per square of surface were calculated taking into account layer’s geometric dimensions. Specific conductivity of the layers with thickness range 0.5 - 5 µm was   1.2  104  4  104 S/m , and max conductivity per square
was ~ 0.2 S. Investigated nanomaterial is attractive to electronic and biomedical applications.
Keywords: Multiwalled Carbon Nanotubes; Electroconductive Nanomaterial; Substrates; Carboxymethyl Cellulose;
Electroconductive Gel; Electroconductive Layers

1. Introduction
Carbon nanotubes (CNT) (single-walled (SWCNT) and
multi-walled CNT (MWCNT)) possess a number of unique properties (mechanical, thermal, electrical) and the
special interest is their high specific conductivity  . On
the basis of accumulated results we can conclude that
CNT have a great perspective in nanoelectronics because
the use of CNT nanowires is more advantageous as compared with the wires made from other materials. In fact,
carbon nanotubes, layers, films, wires based on CNT
have higher mechanical parameters as compared with
metal nanoconductors (especially the values of breaking
strength and modulus of elasticity). When one creates
micro and nanoelectronical devices based on flexible
substrates (flexible electronics) the most important are
acceptable mechanical and conducting properties of the
film materials based on CNT than based on well-known
semiconductor and metal materials. It should be noted
that for CNT the ratios of the breaking strength derivative (~10 GPa [1]) and specific conductivity (  
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101 -102 kS/m [2]) to the material density is several orders of magnitude greater than ones for Cu or Al films
and wires that are commonly used in microelectronics
[3,4]. For example in Cu nanowires the value of the current density J  106 А/cm 2 was achieved several orders
of magnitude smaller than in CNT wires  J  108 А/cm 2
at which the material starts to fail. Developed prototypes
of cable based on MWCNT doped by iodine possess high
current carry capability about ~ 105 А/cm 2 at room temperature [5]. Such capability is comparable with the constructional current carry capability of the cable based on
superconductive materials with operating temperature of
liquid nitrogen [6].
In the layers that consist of randomly interlaced SWCNT (in the form of entangled macaroni, so-called buckypaper) it was observed the high conductivity σ ~ 10 - 50
kS/m [7], and in the layers where SWCNT were in one
direction it was obtained the record conductivity  
800 kS/m [8]. We note that experimentally obtained
specific conductivity of the layers is worse than calculated values   20 MS/m for individual SWCNT. The
layers of buckypaper based on MWCNT also possess the
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high  about ~10 kS/m, and their electrical properties
are highly dependent on many factors including the kind
of MWCNT and the purification [9,10]. By now experimental layers of buckypaper with MWCNT are much
inferior to the calculated values of the individual specific
conductivity  in  108 S/m for MWCNT [11,12].
High values of the conductivity and aspect ratio of
CNT allow us to create on their basis composite conductive materials with extremely low percentage of CNT
filler to reach the percolation threshold. Particularly, in
the polymer matrix made from polyurethane with MWCNT filler the percolation threshold was obtained at the
concentration C = 0.13 wt% [13], and in the matrix made
from carboxymethyl cellulose (CMC) the percolation
threshold was obtained at the concentration C = 0.1 0.25 wt% MWCNT [14].
In general MWCNT are safer for environmental conditions and for public health [15] than SWCNT or soot,
and are more inexpensive than SWCNT. MWCNT provide good mechanical and conducting properties, low
percolation threshold in composite materials, they are the
subject of the extensive research, purpose of which is
creating nanomaterials based on them with various unique
properties.
In this article we present the preliminary results of investigated conductivity of the layers made from nanomaterials deposited on various substrates and containing
composition from: matrix—CMC, filler—MWCNT. Layers were deposited on various substrates: soft— polyimide
(PI), polyester (PE), aluminum foil (AF), cotton fabric
(CF) and office paper “Ballet −80 gr/m2” (OP); solid: Si
wafers with silicon oxide film (Si/SiΟ2) and coverslips
(CS).

2. Samples Preparation and Measurement
Techniques
Bimetallic catalyst Fe-Мo/МgO was used in MWCNT
fabrication. MWCNT synthesis was performed at t ~ 900˚C
in the flow of Ar and CH4 for 40 min. Achieved material
was oxidized in 8.8 М hydrogen peroxide solution for 1
hour for stable aqueous suspension. MWCNT mass concentration in finished material was 95 ± 1 wt%. In this
case the following intermediate procedures were performed: purification, drying etc, which are described in
detail in [16].
In our experiments we used electrically-conductive gel
(ECG) in the form of carboxymethyl cellulose aqueous
solution ((~4 wt% CMC), specific conductivity of which
was   0.4 S/m at t = 25˚C in the electric field with
intensity ~ 100 V/m. ECG served as a matrix for the fabrication of conductive nanomaterial. It was thoroughly
mixed mechanically in a magnetic stirrer and ultrasonic
(US) bath for about 1 hour and about 0.5 hours, respecCopyright © 2013 SciRes.

tively. MWCNT filler was added in finished matrix, after
that the aqueous dispersion consisting of ECG and
MWCNT was subjected to mix in a magnetic stirrer and
US bath for ~1.5 hours and ~1.5 hours, respectively.
There were also prepared control samples based on
ECG without MWCNT and samples based on ECG and
soot K-354. In the last case soot particles had micron and
submicron dimensions. In all dispersions concentration
ratio of carbon particles were the same ~5 wt%. Thus, in
sample preparation were used: ECG solution—4 wt%
CMC (#1), dispersion with 4 wt% CMC + 5 wt%
MWCNT (#2), dispersion with 4 wt% CMC + 5 wt%
soot К-354 (#3). Assigned numbers fit with the numbers
of layer’s series that were achieved from relevant solutions or dispersion. Sample #1 and #3 were the control
samples, sample #2 was the object of study.
Layers were deposited on all kinds of substrate at same
conditions by silk-screen printing, i.e. layers were deposited on the substrate through the stencil in the form of
square with dimensions 20 × 20 mm2 or in the form of
rectangle with dimensions 20 × 30 mm2. All series of
dispersions possess very good adhesion on CF and OP
substrate, and the worst adhesion was on Si/SiΟ2 and CS
substrates. Thereby, surfaces of these substrates were
subjected to extra washing and ion-chemical treatment in
vacuum. Layers on the substrates were dried at ≈30˚C for
60 hours. Final samples were measured; the measurements were repeated after annealing in the air at 180˚C
for 30 min or after annealing in the hydrogen environment at 200˚C for 30 min.
All electrical measurements were performed in “current source” mode. The current was in the range i = 100
nA - 10 mA, mounted current value i varied in the
range 0.1%. Measuring probes and appearance of the
samples are shown in Figure 1.
Before each measurement probe contacts were carefully cleaned which reduced inaccuracy of measurements
and gave good agreement between results obtained under
repeated measurements. In the case of four-probe measurements the probes were placed linearly with constant

(a)

(b)

Figure 1. Measuring probes for: (a) two-probe method (resistance per square of the surface), sample on CS substrate;
(b) four-probe method (1, sample on OP substrate; 2, sidewall probe with silver tip; 3, the screw for probe pressing
force control).
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distance s  3 mm from each other. The probes had silver contacts. Measuring probes was pressed to sample
surface by special control screw (see Figure 1(b), 3)
which allowed controlling the pressing force of the probes to the sample1.
Sample conductivity was measured by both two-probe
method (see Figure 1) and four-probe method (see Figure 2(a)). In first case conductivity per square  sq of
surface was measured. In second one, specific bulk conductivity  . In both cases from measured current value,
voltage and layer thickness the specific bulk conductivity
 was measured by the formula



0.22  i
,
ud

3

(1)

The value  sq defined as  sq    d , where 
was calculated from the Formula (1). Specific conductivities estimated from the measured values of the parameters according to (1) and from  sq values differed by
less than 15% - 20%, which indicated a good uniformity
of investigated layers and respected conditions for twoprobe and four-probe measurements in our experiments.
In both cases, the measurements were made in two different points of the sample, which located mutually

(a)

(b)

(c)

(d)

Figure 2. Typical SEM images of the layers from series #2 (a,b) and #3 (c,d) on SiΟ2 substrates. Layers thickness ≈5 µm:
layer from the series #2, (a) scale 30 µm, (b) scale 500 nm; layer from series #3, (c) scale 30 µm, (d) 500 nm.
In determining of the value  relative accuracy was <1 % because following conditons were respected: The ratio of distance l (from the edges of
the sample to the first probe) to value s exceeds 2, and the layer thickness d was much smaller than l .
1
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transverse to each other, and the average values  and
 sq were defined.
The thickness d of the layers on substrates was estimated by interference technique and micrometer technique. In both cases the relative accuracy of d value
didn’t exceed 15% - 20% from the average value. The
value d for investigated layers was fixed in the range
~0.5 - 80 µm.

3. Experimental Results and Discussion
Images of the layers deposited on CS and Si/SiΟ2 substrates were done by scanning electron microscopy (SEM).
As a part of study we obtained the images of ECG matrix
and fillers from MWCNT, ECG and K-354 soot. Typical
SEM images of the layers from series #2 (a,b) and #3
(c,d) on Si/SiΟ2 substrates are shown in Figure 2. There
are an appreciable difference between images: MWCNT
filler consist of long (3 µm) filamentous tubes with diameter 30 nm (Figures 2(a) and (b)), and soot filler consist of granular conglomerates with wide range of linear
dimensions (1 - 20 µm) (Figures 2(c) and (d)).
The electrical measurements for ECG solution showed
that at t  20˚C the conductivity was σ ~ 0.5 S/m, and
temperature coefficient    0   1 t  0.038 K 1 ,
where  0 —specific conductivity at t  0 , t —temperature range in region ∆t ≈ 0 - 70˚C. However, mentioned parameters of the samples from series #1 significantly reduced after annealing in air and hydrogen environments (  0  105 S/m,   0.0024 K 1 ). Therefore
we could suppose that drying and annealing significantly
reduce the concentration of the charge carriers.
Annealing of the samples with MWCNT (series #2) in
air and hydrogen environments led to significantly increase in conductivity. In the case with air annealing the
 values increased several times (<5); in the case with
hydrogen annealing the  values increased up to 200
times as compared with conductivity of the samples be-

fore the annealing. Higher  values were achieved in
the layers with low thickness (<5 µm) because in thick
layers numerous cracks and pores were formed which
disturb the wholeness of the samples. Measured and calculated data from certain samples with achieved maximum  values are shown in Table 1.
As seen from Table 1, in the samples that were done
without annealing by deposition on soft substrate (OP,
PE, CF) the layers with MWCNT (series #2) had 2 - 5
times higher values of specific conductivity as compared
with the samples on solid substrates (CS, Si/SiΟ2). However, the situation dramatically changes after annealing:
 value is several times higher in the layers on solid
substrate than on soft OP and CF substrates.
Maximum values of conductivity per square of surface
were in the range  sq  0.2 -1.0 S/m . In control layers,
that didn’t consist the MWCNT (see Table 1, series #1)
or contained the particles of soot K-354 (see Table 1,
series #3), values of  were 5 - 7 orders of magnitude
smaller than for the layers based on MWCNT (see Table
1, series #2).
Such high specific conductivity in investigated layers
from series #2 relative to the other series #1 and #3 apparently due to the following factors: higher aspect ratio
for MWCNT a  lс d с  102 (lc—CNT height, d с —
CNT diameter); their high value of individual specific
conductivity  in  108 S/m ; optimal composition of nanomaterial, that consist of poorly conducting matrix (CMC)
and highly conducting filler (MWCNT). Such nanomaterial composition during annealing provides an efficient
removal of polymer organics, which results in highly
conductive nanotube and conductive graphitic residue
that fill space between tubes and thus increase the conductivity of the layer.
Samples based on MWCNT (series #2 and #3) are
composite materials, and the analytical calculation of the
effective conductivity  e is a great challenge. With

Table 1. Certain characteristics of typical samples with maximum values of typical samples with maximum values of .
Samples

Composition

Substrate

σ, kS/m

d, µm
Before annealing

Air annealing

Hydrogen anealing

Series #2

4 wt% CMC
+ 5 wt% MWCNT

OP

2.1

0.36

0.75

13

«-«

«-«

PE

3.7

0.85

2.11

40

«-«

«-«

CF

2.2

0.43

0.87

12

«-«

«-«

CS

3.0

0.18

1.73

43

«-«

«-«

Si/SiΟ2

3.9

0.16

2.05

38

Series #3

4 wt% CMC+
+5 wt% soot К-354

OP

4.5

0.00005

0.00008

0.0001

Series #1

4 wt% CMC

plate

80

0.001

0.00001
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some approximation it could be possible to estimate the
value  e , when matrix is homogeneous and one kind of
filler is uniformly distributed in the volume [17]:
 1  n  f  m   f  
1 

1  n   m  n f 

,
e  m

nf  m   f  
1 

 1  n   m  n f 

(1)

where  m —specific conductivity of the matrix,  f —
specific conductivity of the filler, i.e. the ratio of the inclusion volume to the volume of the sample, n —form
factor of the inclusion particles along one of the principal
axis, which is concur with depolarization factor and in
the case of CNT is equal to n  a 2 ln  2a   1 . According to (1) it is followed that the value of  e significantly depends on the parameters f ,  m and n , for
example with a strong filling f  1 we have

e 

f  fm

1  n   m  n f  1  f  n f

,

(2)

According to (1) and (2) the effective conductivity of
the composite material increases rapidly with decreasing
n and with increasing f . In our experiment: n  104 ,
where was taken into account a  102 for MWCNT that
we used (see p.1); filling factor2 f  0.05; f   in ,
due to fact that MWCNT serves as a filler.
We performed the comparison between calculated
 e from (1) and (2) and measured  (from Table 1)
data. They strongly differ—measured  were several
orders of magnitude greater than calculated  e . In the
fact, classic expressions (1) and (2) allow us to define
effective specific conductivity of the composite material
when filler particles are oriented and isolated from each
other by parts of the matrix. In this case the change of
 e greater depends on the variation of the parameters
f , n and  m than on  f , for example with f  0.05,
n  104 ,  m  105 S/m and  in  107 S/m the value
 e have the order of 10-1 S/m, and with f  0.9 and
the same other parameters –σe~10 S/m. Even minimum
measured value σ  360 S/m for composite nanomaterial
4 wt% CMC + 5wt% MWCNT (see Table 1) is much
higher than the highest estimated value of the σe ~10 S/m
that was calculated by Formula (2).
Large difference (by more than 3 - 4 orders of magnitude) between measured and estimated specific conductivities suggests the fact that MWCNT particles are located in the matrix in intertangled not isolated states with
the formation of electrical contacts between them. By all
2

Filling factor approximately the same as specific part of MWCNT
(concentration 5%) due to the fact that there is a small difference in the
density of the matrix (ECG—1.4 g/cm3) and in the density of the filler
(MWCNT – 1.6 g/cm3) and we assume f  0.05 .
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appearances, random and numerous electrical contacts
between MWCNT create conductive infinite and parallel
clusters, which are the reason of high specific conductivity in the investigated layers. It can be assumed that the
contacts between MWCNT particles are tunnel and their
transparence (i.e. their conductivity) determines the conductivity of the infinite cluster. From these assumptions,
it follows that effective specific conductivity of composite nanomaterial will depends on the density of infinite
conductive clusters and on their specific conductivity.
Apparently, the proposed mechanism of conductivity
is implemented in the investigated layers of composite
nanomaterials based on MWCNTs. In above mentioned
experiment the annealing increases the number of tunnel
contacts and their contact conductivity, increases the
number of parallel-connected clusters and their overall
specific conductivity.
Let us estimate  sq for extreme case, when all MWCNTs are involved in the formation of conductive infinite clusters that have fully transparent electric contacts
between themselves which are located in the matrix with
negligible specific conductivity. In this case the layers
with dimensions 20 mm × 20 mm × 3 μm could be described as equivalent to the layers from densely packed
MWCNTs with approximate dimensions 7 mm × 7 mm ×
1 μm. Here we take into account that the filler parameter
of the MWCNTs in our experiments is f  0.05 , and
that 1/3 part from overall MWCNTs could be involved in
conductivity on preferential direction. Then, for equivalent layer from MWCNT we estimate  sq   in  d
 100 S , where  in  108 S/m and d  1 μm , which is
lot more than measured values  sq  1S .
According to this, we could assume that there is a potential for increasing values  and  sq in the investigated layers at the expense of increasing the transparency of tunnel contacts between MWCNTs in the matrix
of nanomaterial. Apparently, we had reached such positive effect when  and  sq were enhanced for 3 - 4
order after the annealing of the samples in air and hydrogen environments.
Degradation research didn’t show significant changes
in  value at numerous bends of soft substrate. After
numerous bends of the layers (180˚ bend, bending radius
1 mm, the cycle-300 times) the conductivity changed no
more than ±20% relative to baseline values. After numerous bends the layers didn’t peel off from substrate,
didn’t crack and saved their prior appearance.

4. Conclusions
The layers of the composite nanomaterial which was
done from aqueous dispersion consisted of 4 wt% CMC
and 5 wt% MWCNT on soft and solid substrates were
fabricated and investigated. Conductivities of the layers
significantly increased after the annealing of the samples
MSA
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in air environment (up to 5 times) or hydrogen environment (up to 200 times). The samples of the composite
nanomaterial based on MWCNT possessed by 4 - 6
orders of magnitude higher conductivity values than the
control samples based on CMC, or CMC and soot K-354.
Obtained values of specific bulk conductivity (~40 kS/m)
and surface conductivity (~0.2 S) had the same orders
which were obtained for the layers of buckypaper based
on both MWCNT [7] and SWCNT [18]. Numerous
bends of soft substrates didn’t affect on conductivity of
the layers with thickness 5 µm.
Measured conductivity of the samples was several orders of magnitude higher than calculated conductivities
for classic composite materials. We assumed that conductive infinite clusters from MWCNT were formed in
the investigated composite nanomaterials. Based on this
assumption we had established the steps for increase the
conductivity of the composite material via the increase in
the transparency of the tunnel junctions that formed in
the contact points of MWCNT.
Thus, investigated composite nanomaterial possesses
high specific conductivity and good adhesion on the soft
flexible substrates, and also it represents a perspective
material for different applications (flexible electronics,
conductive glues, protection of electronic circuits, devices, and biological objects from electromagnetic radiation, the growing of conductive biological tissues (nerve
cells, muscles etc.); conductive paints, working in resistive heating mode on aircrafts surface for the prevention
of forming or heating of the ice etc.) [19].
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