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A B S T R A C T

The dispersions of semiconducting (sc-) and metallic (m-) SWCNTs with purity more than 98 and 86%, corre-
spondingly, were obtained by using the aqueous two-phase extraction method. The unseparated (un-) SWCNTs
contained ~3/4 of semiconducting and ~1/4 of metallic nanotubes. Thin films based on unseparated, semi-
conducting and metallic SWCNTs were prepared by vacuum filtration method. An Atomic Force Microscopy
(AFM) and a Transmission Electronic Microscopy (TEM) were used to investigate the thin film microstructure.
The thin SWCNT film transmittance was measured in the wavelength range of 300–1500 nm. Thermoelectric
properties were carried out in the temperature range up to 200 °C. The largest Seebeck coefficient was observed
for thin films based on semiconducting SWCNTs. The maximum value was 98 μV/K under the temperature of
170 °C. The lowest resistivity was 7.5·10−4·Ohm·cm at room temperature for thin un-SWCNT films. The power
factor for m-SWCNT and un-SWCNT films was 47 and 213 μWm−1 K−2, correspondingly, at room temperature
and 74 and 54 μWm−1 K−2 at 200 °C, respectively. For a thin sc-SWCNT film the maximum power factor was
2.8 μWm−1 K−2 at 160 °C. The un-SWCNT film thermal conductivity coefficient was 5.63 and 3.64Wm−1 K−1

and a thermoelectric figure of merit was 0.011 and 0.016 at temperatures of 23 and 50 °C, respectively.

1. Introduction

A huge part of unused thermal energy from industrial production
and other areas of human activity is dispersed into the environment. A
part of this thermal energy can be converted into electrical energy by
using thermoelectric converters. The most significant part of unused
thermal energy is in the range of temperatures up to 200 °C [1].

For efficient conversion of thermal energy into electrical, materials
with high thermoelectric properties are needed. The key properties are
a high hole or electron conductivity σ (S·m−1), a high Seebeck coeffi-
cient S (V·K−1) and a lowest thermal conductivity coefficient κ

(W·m−1·K−1) [2]. A general integral characteristic of thermoelectric
materials is a thermoelectric figure of merit =ZT S T( / ) ,2 where T is
the average temperature between the hot and cold sides of a thermo-
electric converter.

Nanostructured materials have a big potential to demonstrate a high
thermoelectric figure of merit [3–6]. On the one hand, this is because
the additional scattering centers of thermal phonons can be realized on
nanoscale structures [7–9]. This leads to an effective reduction of
thermal conductivity. On the other hand, the energy filtration of charge
carriers can also be implemented on a nanostructured materials
[10–13]. The energy filtering is realized due to the effective scattering
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of low energy electrons. These electrons significantly reduce the See-
beck coefficient. This scattering can occurs on ground boundary when
the electrons have energies less than the barrier height. As a result, the
contribution of low energy electrons to transport properties is mini-
mized and the coefficient Seebeck increases [14]. Thus, new nanos-
tructured thermoelectric materials may significantly improve the ther-
moelectric figure of merit.

The nanostructured materials based on single-wall carbon nano-
tubes (SWCNTs) [15] and nanocomposites based on them [16,17] are
very promising for thermoelectric applications. This is because a high
value of Seebeck coefficient was found for semiconducting single-
walled carbon nanotubes [18]. Worth noting that materials based on
SWCNTs concede in their thermoelectric properties to traditional ma-
terials based on bismuth and tellurium [19]. However, SWCNTs are
suitable to create flexible nanocomposite thermoelectrics [17]. More-
over, thin SWCNT films were reported to have thermoelectric properties
combined with an optical transparency [15]. Thus, it is possible to
implement several functional properties such as flexibility, optical
transparency and thermoelectric properties within one material. Thin
films based on SWCNTs can be used for transparent flexible electronics
as power sources positioned on a transparent carrier [20].

The Seebeck coefficient and electrical conductivity of thin SWCNTs
films strongly depend on semiconducting and metallic fraction ratio of
used SWCNTs [18,21–23]. In most cases, 2/3 of semiconducting and 1/
3 of metallic fractions are obtained by nanotube synthesis [24]. Also,
the semiconducting SWCNT fraction is preferably to be used to improve
the Seebeck coefficient. For this purpose, several methods have been
developed to separate nanotubes into metallic and semiconducting
fractions from parent SWCNTs [25–29]. There is also a simple and
highly efficient SWCNT separation based on aqueous two-phase ex-
traction (ATPE) [28,30,31]. From the point of view of practical appli-
cation, industrially accessible SWCNTs should be used to minimize
costs of thermoelectric materials. Thus, a study associated with the
simple separation of industrially accessible SWCNTs and formation on
their basis of thermoelectric materials, as well as a thermoelectric
property research are the actual applied problems.

In the present study, we have separated industrially accessible
SWCNTs into semiconducting and metallic fractions by using aqueous
two-phase extraction. In addition, thin films based on unseparated,
semiconducting and metallic SWCNTs were obtained by vacuum fil-
tration. The microstructure, optical transmittance and thermoelectric
properties of thin films were investigated.

2. Experimental

2.1. Preparation of dispersions and separation of SWCNTs

The dry raw materials of SWCNTs (Tuball) was purchased from
OСSiAl company (Novosibirsk, Russia). To prepare aqueous two-phase
system for extraction, dextran DХ 70 kDa (AppliChem), PEG 6 kDa
(Panreac), sodium dodecyl sulfate (SDS, Panreac) and sodium cholate
(SC, Bio chemical) were purchased. During this work, we selected the
optimal preparation mode for the dispersion of Tuball SWCNTs. It was
necessary to disperse SWCNT dry raw material 1mg/1ml in a 2% SC
solution by using a tip ultrasonication (power 10W/ml during 3 h) and
centrifuging under 70.000 rpm during 1 h.

The solutions of polymers and surfactants were prepared by dis-
solving the appropriate amounts of substances in distilled water.
Aqueous solutions of polymers DX 20% and PEG 50% were mixed in a
given proportion. The surfactants (SC 10%, SDS 10%) and the Tuball
dispersion were added in aqueous solutions of polymers. All compo-
nents were mixed in closed tubes for a few seconds and left until the
spontaneous separation of the components into two phases. Phases with
separated SWCNTs were selected by a simple pipetting. Thereafter,
dispersions with semiconducting or metallic SWCNTs were transfused
into quartz cuvettes (quartz grade KU-1, volume 0.7ml, optical path

length 10mm) to measure optical absorption by a Shimadzu UV-3600
spectrometer. It is worth noting that a main tool for determining dis-
persions with metallic or semiconducting single-walled carbon nano-
tubes is optical absorption [32].

2.2. Fabrication of thin SWCNT films

Thin films based on unseparated, semiconducting and metallic of
SWCNTs were fabricated by using vacuum filtration. This method al-
lowed lossless production of thin films from a dispersion small amount
of unseparated and separated SWCNTs. The thickness of thin films was
set by the volume of the dispersion of single-walled carbon nanotubes
used for vacuum filtration. The corresponding nanotube dispersion
volumes (20 μl - 300 μl) were diluted in distilled water to a volume of
30–250ml. The resulting solution was filtered through the acetate
cellulose filters with vacuum pumping. A pore diameter was 600 nm.
Thin SWCNT film was formed on the filter surface. The choice of filter
was based on the possibility of its further removal by dissolving in
acetone without loss of SWCNT films. The wet SWCNT film on the filter
was tightly pressed to a glass (PET) substrate by means of a clamp. The
SWCNT film on the glass substrate was dried at 80 °C. Next, the SWCNT
film on the carrier substrate was placed in a container with acetone. To
remove completely the filter residues, it was necessary to replace the
solvent at least five times and rinse it with a deionized water. In con-
clusion, it was necessary to perform annealing at 450 °C in a nitrogen
atmosphere. The annealing temperature in a nitrogen atmosphere was
decreased to 100 °C when using a PET substrate.

2.3. Characterization of thin SWCNT films

The surface morphology of thin films was determined using an
atomic-force microscope Nanoink DPN 5000. To assess the micro-
structure and thickness of thin SWCNTs films, a cross section of the film
was used [33–35]. The cross section of the thin films were received by
Hitachi TM7700 transmission electron microscope (TEM). For this
purpose, cross-sectional TEM specimens were prepared by a focused ion
beam of 40 keV Ga+ beam system (FIB) Hitachi FB-2100 with follow
final ion milling (Ar+ 2 kV) to reduce the specimens thickness below
40 nm. A Ge protective layer was selected and formed by thermal de-
position at room temperature. The using of this Ge layer is necessary to
protect the thin SWCNT films from structural degradation during FIB
preparation and to improve contrast in TEM images. The optical
properties of thin SWCNT films were studied using a Shimadzu UV-
3600 spectrometer.

Measurements of thin film thermoelectric properties (Seebeck
coefficient and electrical resistivity) from room temperature to 200 °C
were carried out with the home-made installation. The installation in-
cludes a thermostat, a Keithley 2400 precision current source, a spe-
cially designed sample holder, two K-type thermocouples and a 24-bit
analog-to-digital converter LTR114 based on the LTR-EU-2 crate (L-
CARD company, Russia). A detailed description of the installation can
be found in Ref. [15]. The silver contact pads were made using an
Emitech k575x vacuum unit. The contact thickness was ~500 nm. 2-
probe circuit was used to measure electrical resistivity.

Measurement of thermal conductivity in thin films was carried out
using 3 Ω method. For this purpose, a golden narrow strip on thin
SWCNT films was produced using optical lithography. The length and
width of the strip were 3000 and 20 μm, respectively. The golden stripe
resistance was 268 Ohm. A detailed description of the 3 Ω method can
be found in the articles [36–39].

3. Results and discussion

3.1. Separation and formation of thin films based on SWCNTs

During the work, the volume ratio of surfactants was found to
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influence greatly on the separation. In experimental series A, SC volume
remained constant and SDS volume was increased in each experiment.
With a lack of SDS, the SWCNTs are extracted to the lower dextran
phase (bottom). A separation was observed when the ratio reaches SC:
SDS=0.3: 0.3 (experiment A3). The metallic tubes preferentially pass
into the dextran lower phase, while semiconducting ones pass into the
PEG upper phase (top). With a further increase in the SDS content, the

SWCNTs are extracted into the PEG upper phase (experiment A4).
In a similar experimental series B, SDS volume remained constant

and SC volume was increased in each experiment. A similar pattern is
observed. With a lack of SC, nanotubes are extracted into the PEG upper
phase. With an equal ratio SC: SDS=0.3: 0.3, the separation of metallic
and semiconducting SWCNTs was observed. The SWCNT extraction
occurred into the dextran lower phase at a SC excess. Detailed quanti-
tative ratios of the used reagents are shown in Table 1.

Images of the corresponding SWCNT dispersions at reactant dif-
ferent ratios, as well as their optical absorption are presented in Fig. 1.

Thus, it is possible to control the separation process by varying the
surfactant ratio. With this approach, the dispersions with a high degree
of separation or mixed dispersions with a controlled content of semi-
conducting and metallic nanotubes can be obtained.

In course of research, it was found that the metallic SWCNT con-
centration increases when the reagents pre-cooled down to 10 °C were
used. It is explained by a diffuse factor decrease under the lower tem-
perature. The nanotubes are concentrated at the interface primarily
while the room temperature reagents are used. This leads to a decrease
of SWCNT concentration in the polymer phase. Fig. 2 shows the

Table 1
The reactant ratio for the experiment series A and B.

№ experiment DX 20%,
ml

PEG
50%, ml

SC 10%,
ml

SDS10%, ml SWCNTs в 2%
SC, ml

А1 1.6 0.73 0.3 0.1 1.2
А2 0.2
А3 0.3
А4 0.4
В1 0.1 0.3
В2 0.2
В3 0.3
В4 0.4

Fig. 1. Appearance and optical absorption spectra of SWCNT dispersions obtained by two-phase aqueous extraction for the experiment series A (a) and B (b).
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absorption spectra of SWCNT dispersions enriched with semiconducting
or metallic fractions.

As it can be seen from Fig. 2, the cooling reactant effect is more
visible for metallic SWCNTs.

The degree of semiconducting Ys-SWCNT and metallic Ym-SWCNT na-
notube separation was estimated by analyzing the optical absorption
spectra. The main control method is optical spectrophotometry [32,40].
The measurements were carried out in range 200–1300 nm. In this
range, peaks S22 and S33 characterizing semiconducting SWCNTs and
M11 peak corresponding metallic nanotubes are clearly distinguishable.
The measurement was carried out in quartz cuvettes (quartz grade KU-
1). The cuvette volume was 0.7 ml and the optical path length was
10mm. Fig. 3 shows the absorption spectra of unseparated, semi-
conducting and metallic SWCNT dispersions obtained in experiment
A3.

From Fig. 3, the estimations of unseparated, semiconducting and
metallic SWCNT purity were made by using the following expressions
1–2:

=
+

Y A
A A( )

s SWCNT S

S M

22

22 11 (1)

=
+

Y A
A A( )

,m SWCNT M

S M

11

22 11 (2)

where AS22, AM11 are the peak areas corresponding to the second and
first Van Hove singularities for semiconducting and metallic SWCNTs,
respectively.

The best results were obtained in experiment A3 and B3, which are
completely similar. The purity of the metallic SWCNTs was more than
86% and the purity of semiconducting SWCNTs was more than 98%. It
was found that unseparated SWCNTs (Tuball) consist of ~3/4 of
semiconducting and ~1/4 of metallic fractions. This ratio is 2/3 and 1/
3 for semiconducting and metallic nanotubes for many methods of
synthesizing SWCNTs.

The complete process of thin SWCNT film formation by vacuum
filtration is shown in Fig. 4.

Vacuum filtration is a simple method for producing thin films from a
small amount of SWCNT dispersions.

Fig. 5a shows the images of unseparated SWCNT dispersions.
As it can be seen from Fig. 5b–d, thin films based on single-walled

carbon nanotubes can be formed both on glass and on PET substrates by
vacuum filtration.

3.2. Structural and optical properties of thin SWCNT films

To study the thin film morphology, we used an atomic force mi-
croscopy. The surfaces of thin films based on unseparated, semi-
conducting and metallic SWCNTs were investigated as shown in
Fig. 6a–c.

Fig. 6a–c shows that the thin film morphology is a branched surface
based on SWCNTs. In addition, there is a number of tube bundles.

Microscopic studies of thin films based on SWCNTs were carried out
using transmission electron microscopy. Typical thin SWCNT film mi-
crostructures are shown in Fig. 7a–b.

It can be seen from Fig. 7a that a thin film was non-uniform in
thickness. In addition, it is clear that the SWCNTs were chaotically
arranged along the film thickness (see Fig. 7b.). Fig. 7b also shows the
cross sections of individual tubes. This allowed us to estimate the na-
notube diameter, which was equal ~1.7–1.9 nm. This diameter value is
in a good agreement with our previous results, which were obtained by
Raman spectroscopy [15].

Materials based on various allotropic forms of carbon are known to
absorb effectively light in a wide spectral range [41,42]. For this
reason, we have performed the optical transmittance studies in the
visible spectral range for thin films based on unseparated SWCNTs with
various thicknesses. Fig. 8a shows the transmittance dependence on the
wavelength for thin SWCNT films.

The optical transmittance decreased throughout the spectrum with
increasing the SWCNT film thickness as can be seen in Fig. 8a. Fig. 8b
shows the transmittance dependence on the film thickness at 550 nm
considering the substrate transmittance. This dependence is almost
linear. The transmittance dependences on the wavelength for thin films
based on semiconducting and metallic SWCNTs are presented in Fig. 8c.
Only characteristic feature S22 was visible for the thin sc-SWCNT film.
On the other hand, more pronounced characteristic featureM11 and less
pronounced characteristic feature S22 were observed for the thin m-
SWCNT film. Probably, the metallic SWCNT dispersion contained a
small amount of semiconducting fraction.

3.3. Thermoelectric properties of thin SWCNT films

First, we have conducted a measurement series of the Seebeck
coefficient and the resistivity ρ of thin films based on unseparated
SWCNTs. These measurements were carried out in the temperature
range up to 200 °C. The Seebeck coefficient temperature dependence
was similar for all thin films based on unseparated SWCNTs. Fig. 9a
shows the Seebeck coefficient temperature dependence for thin films
based on unseparated, semiconducting and metallic single-walled
carbon nanotubes.

As it can be seen from Fig. 9a, the largest Seebeck coefficient was

Fig. 2. Absorption as a function of wavelength for separated over conductivity
type SWCNT dispersions produced at room temperature and at 10 °C.

Fig. 3. Optical absorption of dispersions from unseparated, semiconducting and
metallic single-walled carbon nanotubes, obtained in experiment A3.
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observed for thin films based on semiconducting SWCNTs. In addition,
the maximum Seebeck coefficient was 98 μV/K at a temperature of
170 °C. This value of the Seebeck coefficient is typical for thin sc-
SWCNT films [40,43]. The Seebeck coefficient for thin films based on
unseparated and metallic SWCNTs are relatively similar. In most re-
search, it was shown that the Seebeck coefficient of thin m-SWCNT

films was less than for thin un-SWCNT films [18,40]. However, we
observed a slight increase in the Seebeck coefficient for thin m-SWCNT
films relative to that of thin un-SWCNT films. We assume that it hap-
pens for the following reason. To significantly reduce the thin m-
SWCNT film resistivity, a removal of dextran from metallic SWCNT
dispersion was made using ultrasound and boiling with acetic acid. It is

Fig. 4. A block diagram of the process of thin SWCNT film formation on glass substrates.

Fig. 5. A view of initial dispersions of unseparated SWCNTs (a), thin films obtained from unseparated SWCNTs by vacuum filtration on glass (b) and PET (c). The
images of thin films based on metallic and semiconducting single-walled carbon nanotubes (d) on glass.
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possible that such processing can modifies electronic structure of me-
tallic SWCNTs [44]. An adsorption of acetic acid molecules creates
additional SWCNT surface COOH groups [45], which can be considered

as an acceptor impurity [46]. Thus, the electronic structure of metallic
SWCNT is changing and it is possible that this leads to increase of the
Seebeck coefficient.

Fig. 6. AFM images of thin films based on unseparated (a), metallic (b) and semiconducting (c) SWCNTs.

Fig. 7. Overview (a) and the high-resolution (b) TEM images of 65 nm thin film based on unseparated SWCNTs.
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Fig. 9b shows the resistivity temperature dependences for thin films
based on unseparated, semiconducting, and metallic SWCNTs. It is
worth noting here that the resistivity temperature dependence for thin
films based on unseparated SWCNTs is the same for all samples. Thin
SWCNT films represent a porous structure consisting of numerous na-
notubes, which create numerous bundles. Moreover, there is contact
resistance between nanotubes. This contact resistance is dominant for
total resistance of thin SWCNT films. For this reason, the transport
depending on temperature can be complicated in thin SWCNT films
[47]. Similar temperature dependence of thin SWCNT film resistivity
was observed experimentally [40,48–50]. Thin un-SWCNT film de-
monstrates lowest resistivity, as can be seen from Fig. 9b. The lowest
resistivity was 7.5·10−4·Ohm·cm at room temperature. A relatively high
resistivity for s-SWCNT and m- SWCNT thin films primarily associated
with the polymer (DX and PEG) residues after the separation process.
The additional reason could be the SWCNT length decrease in the
process of thin film form. To form thin films from metallic or semi-
conducting SWCNT dispersions, an additional ultrasonic processing is
used, i.e. processing time increases. With increasing ultrasonic proces-
sing time, SWCNT length decrease as shown by experimental studies
[51,52]. As a result, the thin film resistivity based on separated
SWCNTs is higher.

One of the important integral characteristics of thermoelectric ma-
terials is the power factor PF (μW·m−1·K−2), which is determined by the
following expression 3:

=PF S2 (3)

We used expression 3 to construct the power factor temperature
dependence for 34 nm thin un-SWCNT film, 27 nm thin sc-SWCNT film
and 25 nm thin m-SWCNT film as shown in Fig. 8c. To do this, we re-
calculated electrical conductivity through resistivity as σ=1/ρ. Fig. 9c
shows that the power factor for a thin un-SWCNT film at room tem-
perature was much higher than for sc-SWCNT and m-SWCNT films. The
power factor for a thin un-SWCNT film was 213 μWm−1 K−2 at room
temperature. However, the power factor decreased as the temperature
increased and was 54 μWm−1 K−2 at the temperature of 200 °C. On the
other hand, the power factor for thin m-SWCNT film was 47 and
74 μWm−1 K−2 at room temperature and 200 °C, respectively. The
maximum power factor for a thin sc-SWCNT film was 2.8 μWm−1 K−2

at 160 °C. Thus, from the point of view of thermoelectric properties,
thin un-SWCNT films are more preferable due to their high electrical
conductivity. It is possible that the use of more advanced methods of
SWCNT separation could provide a significantly higher power factor in
thin sc- SWCNT films.

In order to estimate the thermoelectric figure of merit in thin un-
SWCNT films, which are more preferable from point of view of their
thermoelectric properties, we carried out measurements of the thermal
conductivity coefficient using the 3 Ω method. The measurements were
carried out at temperatures of 23 and 50 °C. The power factor has re-
latively high values in this temperature range. The thermal conductivity
coefficient was 5.63 and 3.64Wm−1 K−1 for 23 and 50 °C, respectively.

Fig. 8. The transmittance dependence on the wavelength for thin films based on unseparated SWCNTs (a). The dependence of transmittance on the film thickness at
550 nm (b). The transmittance dependence on the wavelength for thin 27 nm semiconducting and 25 nm metallic SWCNT films (c).
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Such values of thermal conductivity coefficient are comparable to the
values published in papers [43,53]. Thus, thermoelectric figure of merit
for thin un-SWCNT films was 0.011 and 0.016 at temperatures of 23 and
50 °C, respectively. Our thin films have high thermoelectric properties
in comparison with other thin films based on un-SWCNTs [16].

We believe that the thin films obtained from industrially available
SWCNTs might become the basis for the manufacture of highly efficient
thermoelectric nanocomposite materials.

4. Conclusion

In summary, dispersions based on unseparated, semiconducting and
metallic SWCNTs from industrially available single-wall carbon nano-
tubes were obtained. The aqueous two-phase extraction method was
used to obtain semiconducting and metallic SWCNT dispersions. It was
found that unseparated SWCNTs (Tuball) consist of ~3/4 of semi-
conductor and ~1/4 of metal fractions. For SWCNTs, synthesized by
many methods, this ratio is 2/3 and 1/3 for semiconducting and me-
tallic nanotubes, respectively. This method allowed to obtain disper-
sions with the purity of semiconducting and metallic single-walled
carbon nanotubes higher than 98 and 86%, respectively. It was found
that it is possible to achieve the necessary ratio of semiconducting and
metallic SWCNT fractions in the dispersion by varying the surfactant.
Moreover, it was shown that the concentration of metallic SWCNTs
increases while the reagents, pre-cooled down to 10 °C, were used.

Thin films based on unseparated, semiconducting and metallic

SWCNTs were formed from the appropriate dispersions using vacuum
filtration. Thin film surface was investigated by using an atomic force
microscopy. The optical transmittance of thin SWCNT films was mea-
sured in the wavelength range of 300–1500 nm. Measurements of the
Seebeck coefficient and the resistivity were carried out in the tem-
perature range up to 200 °C. It was found that the largest Seebeck
coefficient was observed for thin films based on semiconducting
SWCNTs. The maximum Seebeck coefficient was 98 μV/K at the tem-
perature of 170 °C. Thin un-SWCNT films had the lowest resistivity and
was 7.5·10−4·Ohm·cm at room temperature. The power factor for a thin
un-SWCNT film was 213 μWm−1 K−2 at room temperature. However,
as the temperature increased, the power factor decreased down to
54 μWm−1 K−2 at the temperature of 200 °C. On the other hand, the
power factor for thin m-SWCNT film was 47 and 74 μWm−1 K−2 at
room temperature and 200 °C, respectively. The maximum power factor
for a thin sc-SWCNT film was 2.8 μWm−1 K−2 at 160 °C. Thus, from the
point of view of thermoelectric properties, thin un-SWCNT films are
more preferable due to a high electrical conductivity. For thin un-
SWCNT films, the coefficient of thermal conductivity was 5.63 and
3.64Wm−1 K−1 for 23 and 50 °C, respectively. The thermoelectric
figure of merit was 0.011 and 0.016 at temperatures of 23 and 50 °C,
respectively.

We believe that the thin films obtained from industrially available
SWCNTs might become the basis for the manufacture of highly efficient
thermoelectric nanocomposite materials.

Fig. 9. The temperature dependence of the Seebeck coefficient (a), the resistivity (b) and the power factor (c) for 34 nm thin un-SWCNT film (black circles), 27 nm
thin sc-SWCNT film (blue circles) and 25 nm thin m-SWCNT film (red circles). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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