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Abstract: The compression isotherm and potential jump methods were used to study Langmuir monolayers formed from 
individual solutions of carbon nanotubes (CNTs) and their mixtures with arachidic acid (AA) in various ratios.  
The optimal amount of CNT solution (200 μL) for forming a Langmuir layer was empirically found. When transferred to a 
solid substrate, the layer has an average conductivity of about 4.3⋅10–12 S⋅sq–1. It was also found that when applying the 
second and subsequent layers, the film conductivity increases by more than 6 orders of magnitude (up to 5.08⋅10–6 S⋅sq–1).  
In the study of mixtures of carbon nanotube solutions (without amphiphilic properties) and arachidic acid (a typical 
representative of a surfactant), an optimal ratio of the volumes of the prepared solutions was found (CNT : AA – 80 : 20), 
at which it is possible to control the degree of compression of the carbon nanotube layer on the surface of the aqueous 
subphase. It was shown that the introduction of AA molecules into the composition of CNTs allows an additional increase 
in the films conductivity by more than two orders of magnitude (up to 1.18⋅10–3 S⋅sq–1), compared to films of individual 
CNTs. The studied films can be used as a platform for the creation of various devices for micro- and nanoelectronics, 
optoelectronics, photovoltaics and flexible electronics. 
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Аннотация: Методом изотерм сжатия и методом скачка потенциала исследованы ленгмюровские монослои, 
сформированные на основе индивидуальных растворов углеродных нанотрубок (УНТ) и их смесей с арахиновой 
кислотой (АК) в различных соотношениях. Эмпирически найдено оптимальное количество раствора УНТ 
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(200 мкл) для формирования ленгмюровского слоя, который при переносе на твердую подложку имеет среднюю 
проводимость около 4.3⋅10–12 См/кв. Обнаружено также, что при нанесении второго и последующих слоев 
проводимость пленки увеличивается более чем на 6 порядков (до 5,08⋅10–6  См/кв). При исследовании смесей 
растворов углеродных нанотрубок (не имеющих амфифильных свойств) и арахиновой кислоты (типичного 
представителя поверхностно-активного вещества) найдено оптимальное соотношение объемов приготовленных 
растворов (УНТ : АК – 80 : 20), при котором возможен контроль степени сжатия слоя углеродных нанотрубок на 
поверхности жидкости. Показано, что введение в состав УНТ молекул АК позволяет дополнительно повысить 
проводимость пленки более чем на два порядка (до 1,18⋅10–3  См/кв), по сравнению с пленками индивидуальных 
УНТ. Исследованные пленки могут быть использованы в качестве платформы для создания различных устройств 
микро- и наноэлектроники, оптоэлектроники, фотовольтаики, а также гибкой электроники. 
 
Ключевые слова: метод Ленгмюра-Блоджетт; углеродные нанотрубки; ленгмюровские монослои; арахиновая 
кислота; поверхностное натяжение; проводимость тонких пленок. 
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1. Introduction 
 

Carbon nanotubes (CNTs) are interesting to 
experts in many scientific and applied fields, 
primarily due to their conductive properties [1].  
For many years, they have been the focus of attention 
of developers of micro- and nanoelectronics devices 
(including flexible electronics), electrical energy 
storage devices, photovoltaic devices, etc. [2–4]. 

In the development of solar cells, ultra-high-
capacity devices, photodiodes [5], photoconductors 
[6], bolometers [7] and other electronic devices, an 
important issue is obtaining a thin conductive 
coating. Carbon nanotubes are one of the materials 
that are well suited for solving this problem [8].  
Thus, counter electrodes (CE) are made on the basis 
of CNTs in modern photovoltaic devices.  
The photoelectric characteristics, long-term stability 
of operation, and the cost of these devices depend 
significantly on their efficiency [9]. For this reason, 
the search for new materials and the development of 
optimal and inexpensive technological solutions 
remain relevant. Many methods are used to obtain film 
CE based on CNTs: vacuum deposition, chemical 
deposition from a solution, spin coating, etc. 

Nanotubes can be divided into single-walled and 
multi-walled CNTs (SWCNTs and MWCNTs, 
respectively) according to their structural features. 
According to their electrical properties, semiconductor 
(s-SWCNTs) and metallic (m-SWCNTs) CNTs are 
distinguished among SWCNTs. At the same time, 
metallic properties are most typical for MWCNTs 
[10, 11]. MWCNTs have a fairly high work function 
of 4.8–5 eV, and electrical conductivity can reach 
values of the order of 106 S⋅m–1 [12]. 

In [13], a composite material based on 
MWCNTs with platinum nanoparticles on their 

surface for CE was proposed to increase the 
electrochemical activity and efficiency of the solar 
cell. The material was applied using the spin-coating 
method. The use of a fairly expensive initial 
component (platinum nanoparticles) and the 
application method (spin-coating) casts doubt on the 
prospects for mass production of such cells. 

One of the simplest methods of film deposition 
in technical implementation is the Langmuir-Blodgett 
Technique (LB) [14]. To form a monomolecular 
Langmuir layer on the surface of water, a necessary 
condition is the presence of amphiphilic properties in 
the molecules that make up this layer [15, 16], such 
as in the molecules of fatty acids and their salts  
[17, 18], phospholipids [19, 20], liquid crystals  
[21–23], etc. 

In addition to amphiphilicity, an important factor 
in the formation of a dense ordered Langmuir layer is 
the steric factor. In the case of the formation of a 
monolayer of large molecules with a complex 
structure, simpler molecules are often added to them, 
which not only fill the voids, but also increase the 
mechanical strength and stability of the layer [23, 24]. 

There are many studies on the formation of CNT 
films using the LB method. The works [25–28] 
describe that despite the fact that the authors were 
able to obtain ultra-thin films with high 
electrocatalytic capabilities, the conditions they chose 
for applying the films did not allow achieving high 
continuity and homogeneity of the coating: the 
resulting films exhibited a mesh structure and 
relatively large helicoidal CNT clusters in the layer 
composition. In this regard, the goal of this work was 
to develop a technology for obtaining CNT films with 
high conductivity and homogeneity. 
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2. Materials and Methods 
 

2.1. Materials and solutions 
 

Multilayer CNTs (CTI Materials, USA) were 
used to form CE films [29]. CNT characteristics: 
content of the main substance > 95 wt. %; diameter 
≈ 30–50 nm; length ~ 1–50 μm; ash content  
< 1.5 wt. %. Arachidic acid (AA) (Fluka) with  
a content of the main component > 99% was used as 
an amphiphilic matrix. 

To prepare the solutions, we used standard grade 
chloroform (Component-Reactive, Russia) with a 
main substance content of > 99.9 %. The same 
chloroform was used for the preliminary treatment of 
the substrates and the working area of the Langmuir 
bath. To form floating layers based on CNTs, two 
basic working solutions were prepared: individual 
CNTs in chloroform with a concentration of 
C = 1.2×10–3 g⋅mL–1 and individual arachidic acid 
(AA) in chloroform with a concentration of 
C = 0.5×10–3 M.  

Based on these solutions, mixtures of CNT and 
AA solutions were prepared with the following 
volume ratios of basic solutions VCNT : VАA – 100 : 0, 
95 : 5, 90 : 10, 80 : 20, 70 : 30, 50 : 50, 30 : 70, 
10 : 90, 0 : 100. 

 
2.2. Preparation of working solution 
 

The basic CNT solution was prepared in two 
stages. First, a 0.12 g sample of CNT was dissolved 
in 10 mL of chloroform. The suspension was 
homogenized using a Hielscher Ultrasonics UP200Ht 
probe-type ultrasonic homogenizer (Hielscher, 
Germany, maximum power – 200 W, operating 
frequency – 26 kHz) at a power of 140 W for  
15 min. To reduce chloroform evaporation, the neck 
of the vial in which the solution was prepared was 
covered with a polyethylene membrane, it was 
pierced, and the homogenizer probe was inserted 
through the pierce. The resulting homogenized CNT 
suspension was diluted tenfold by adding 9 volumes 
of chloroform to 1 volume of the suspension. After 
dilution, the homogenization procedure was repeated, 
as indicated above. As a result, a homogeneous  
base solution with a CNT concentration of 
C = 1.2×10–3 g⋅mL–1 was prepared. 

Homogenization was not required to prepare the 
basic working solution of the native AA. Arachidic 
acid dissolves well enough in chloroform to form  
a true solution.  

Based on the obtained solutions, immediately 
before the monolayer studies, solutions of a mixture 

of CNTs and AA were prepared using the following 
volume ratios of the basic solutions VCNT : VАA – 
100 : 0, 95 : 5, 90 : 10, 80 : 20, 70 : 30, 50 : 50, 
30 : 70, 10 : 90, 0 : 100. Before mixing, the basic 
solutions were additionally treated in a Sapphire 
ultrasonic bath (Russia, maximum power – 200 W)  
at a power of 140 W. After mixing, the vial with the 
finished mixture was also treated in an ultrasonic bath 
for 30 min. 

The procedure of ultrasonic treatment of 
solutions in the Sapphire ultrasonic bath was also 
carried out during the preparation of mixtures of 
CNTs with AA and before each introduction of the 
solution onto the water surface. 

 
2.3. Methods for the formation of Langmuir layers 

on the surface of water and films on solid substrates 
 
The formation and transfer of Langmuir layers 

was carried out using a KSV NIMA 2002 KN LB 
bath (Biolin Scientific, Finland), a medium-sized bath 
with a compression ratio of about 1:9.  

Distilled water was used as the liquid phase.  
The water temperature in all experiments was 24 °C 
and was controlled with an accuracy of 0.2 °C. 

To form a Langmuir layer on the water surface, 
the studied solutions were added dropwise using a 
chromatographic microsyringe (USA, Hamilton Co.). 
After instillation, 7 min were allowed for complete 
evaporation of the solvent, and then the compression 
of the Langmuir layer began. The amount of solution 
added to the water surface was preliminarily 
calculated so that after the evaporation of the solvent 
before the start of compression, some free space 
remained between the molecules, and they did not 
interact with each other, i.e., the so-called true 
monolayer (TM) was formed. 

Surface tension (pressure) π was measured by 
the Wilhelmy plate weighing method. The value  
of π was controlled by an electronic Wilhelmy 
balance with an accuracy of 0.03 mN⋅m–1.  

The Langmuir layer was compressed 
symmetrically by moving barriers; the speed of 
movement of the barriers during compression was 
constant and amounted to 25 mm⋅min–1. 

To obtain additional information on the 
processes of changing the orientation of molecules in 
the layer, the surface potential jump method was  
used – the dependence of the change in the surface 
potential SPot on the area (S) occupied by the 
Langmuir layer, or on the area per molecule (A).  
SPot was measured by a KSV NIMA SPOT surface 
potential sensor with an accuracy of 1 mV. 
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As can be seen from Fig. 3, when compressing a 
monolayer of individual CNTs (curve 100 : 0 in  
Fig. 3), the maximum surface pressure barely reaches 
0.8 mN⋅m–1 at the end of the layer compression, 
which once again confirms the absence of 
amphiphilic properties in carbon nanotubes. It can 
also be seen that the greater the proportion of AA 
contained in the mixture, the more the isotherm of the 
Langmuir layer became similar to the isotherm of the 
AA monolayer, which, in principle, is quite expected. 
For the isotherms of the monolayer of CNT : AA 
mixtures with ratios of 95 : 5, 90 : 10, 80 : 20, 
70 : 30, 50 : 50, 30 : 70, 10 : 90, 0:100 in the π range 
from 0.5 mN⋅m–1 and below (below the so-called 
“breakaway point” of the isotherms, when the surface 
pressure begins to increase rapidly during the 
compression of the layer), the state of the monolayer 
is close to the states of the “two-dimensional gas” and 
“liquid-expanded” types (see Fig. 3b). A monolayer 
in such a state is characterized by a disordered 
orientation of the chains of AA molecules filling the 
free spaces between the CNTs. The parts of the π–A 
dependence curves above the “breakaway point” can 
be divided into two more sections: in the range of 
π = 0.5÷20–25 mN⋅m–1 and in the range of  
π = 20–25÷55–60 mN⋅m–1. In the first section, the 
surface pressure increases less intensively during 
layer compression than in the second, and it can be 
classified (using the classification of 2D phase states 
for a monolayer of fatty acids) as a liquid condensed 
state. Here, the AA molecules take a vertical position, 
but there is still no clear orientation of the 
hydrocarbon chains. The phase state of the Langmuir 
layer in the second section (with a steeper slope) can 
be attributed to the solid-crystalline state [15, 32],  
in which the hydrocarbon chains of the AA are tightly 
packed, well ordered, and a strict correlation is 
observed between the atoms of adjacent molecular 
chains. In the pressure region above 55–60 mN⋅m–1, 
large 3D objects begin to form in the monolayer of 
the mixture – multilayer folds that become visible to 
the naked eye; the collapse of the Langmuir layer 
occurs. 

Based on the analysis of compression isotherms, 
the following conclusion can be made: in the case 
where the ratio of the volumes of the working 
solutions VCNT : VАA is 80 : 20, the composition of 
the CNT : АA mixture layer contains a minimum 
amount of АA, which is quite sufficient to assess the 
degree of compression of this layer. 

3.2. Preparation of films on solid substrates  
and study of their morphology 

 
To transfer Langmuir films on a solid substrate, 

it was necessary to select the optimal value of surface 
pressure, which would be maintained by the bath 
automation at the time of transfer. The pressure at 
which the layer is restructured from a liquid-
expanded to a solid-crystalline state was selected as 
such: 20–25 mN⋅m–1. At this pressure, the molecules 
in the layer already begin to pack into a 2D solid 
crystal, but mechanical stresses are still minimal.  
This combination of conditions should contribute to 
obtaining the most homogeneous film on the surface 
of the solid substrate. The film was deposited on the 
substrate immediately after reaching the specified 
surface pressure. The remaining conditions for the 
formation and compression of Langmuir layers were 
the same as in the studies. The efficiency of 
monolayer transfer to a solid substrate was estimated 
by the transfer coefficient TR = ΔAl/As (transfer ratio, 
the ratio of the decrease in the monolayer area Al  
during deposition to the substrate area As). In our 
case, very good transfer of each layer was observed – 
the value of the transfer coefficient was very close to 
1, which indicates the high efficiency of the process. 

To study the morphology, 3 types of LS films 
were prepared on a solid substrate (glass with ITO) 
with 5 layers each, which were formed using basic 
working solutions of CNTs in the amount of  
VCNT = 100, 200, 300 μL. FESEM microimages of 
the obtained samples (top view and cross-section) are 
shown in Fig. 4. 

The CNT diameters were determined from the 
images, which basically confirm the passport data 
(∅ = 30–50 nm), although individual objects from  
25 to 70–110 nm (for CNT aggregates) can be found 
in the images. The film thickness d, found from the 
cross-sectional views, depended on the used volume 
of the working solution VCNT and changed in the 
series d = 190, 263, 290 nm for VCNT = 100, 200,  
300 μL, respectively (Fig. 4). 

The X-ray diffraction patterns for the obtained 
films were absolutely identical and contained a peak 
characteristic of CNTs, located at 2θ = 26.1° (Fig. 5). 
The diagram shows a number of peaks corresponding to 
the presence of interatomic bonds of CNTs, as has been 
shown by other researchers [13, 33]. 
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