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Abstract: In the early 1980s, French physicist G. Mourou and his Canadian collaborator D. Strickland solved the problem 
of power drop by dispersing in time and space the processes of amplification and compression: a method of obtaining 
super-powerful chirped laser pulses (CPA – chirped pulse amplification). The paper presents brief biographical references 
to Mourou and Strickland. The 2018 Nobel Prize in Physics was awarded “for groundbreaking inventions in the field of 
laser physics”: Artur Isidorovich Ashkin (Ashkinazi, born 02.09.1922, USA), half of the prize “for the optical tweezers 
and their application to biological systems”; Gerard Albert Mourou and Donna Theo Strickland (became the third woman 
to be awarded the Nobel Prize in Physics) (quarterly premium) “for their method of generating high-intensity, ultra-short 
optical pulses”. Since that time all lasers have been built on a new principle: after the amplifiers place  
a compressor from diffraction bars. Instead of simply amplifying the pulse, it is first spread out on spectral components 
spread over time, then they are amplified separately, then again assembled into a single pulse. At each point in time, only  
a fraction of the pulse is amplified, not the entire pulse, allowing for a much higher peak intensity of laser light flow. 
 
Keywords:  laser physics; high-intensity ultra-short optical pulses; chirped pulse amplification; generation; 2018 Nobel 
Prize winners in Physics Gerard Mourou and Donna Strickland. 
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Аннотация: В начале 1980-х годов французский физик Ж. Муру вместе со своей канадской сотрудницей 
Д. Стрикленд решили проблему падения мощности путем разнесения во времени и пространстве процессов 
усиления и сжатия: метод получения сверхмощных чирпированных лазерных импульсов (CPA – chirped pulse 
amplification). Приведены краткие биографические сведения Муру и Стрикленд. Нобелевская премия по физике за 
2018 г. присуждена «за новаторские изобретения в области лазерной физики»: Артуру Исидоровичу Ашкину 
(Ашкинази, родился 02.09.1922, США) – половина премии «за оптические пинцеты и их применение  
в биологических системах»; Жерару Альберу Муру и Донне Тео Стрикленд (третья женщина, удостоенная 
Нобелевской премии по физике) (по четверти премии) «за метод генерации высокоинтенсивных ультракоротких 

Short communications 
Nobelistics 



 

Tyutyunnik V.M. 

Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 2  

88

оптических импульсов». Теперь все лазеры построены на новом принципе: после усилителей размещают 
компрессор из дифракционных решеток. Вместо простого усиления импульс сначала раскладывается на 
спектральные компоненты, разнесенные во времени, затем они усиливаются по отдельности, потом снова 
собираются в единый импульс. В каждый момент времени усиливается только часть импульса, а не весь импульс 
целиком, что позволяет достичь гораздо более высокой пиковой интенсивности лазерного светового потока. 
 
Ключевые слова: лазерная физика; высокоинтенсивные ультракороткие оптические импульсы; сверхмощные 
лазерные импульсы; генерация; лауреаты Нобелевской премии по физике 2018 года Жерар Муру и Донна 
Стрикленд. 
 
Для цитирования:. Tyutyunnik VM. Generation of high-intensity ultra-short optical pulses: 2018 Nobel Prize Winners 
in Physics Gerard Mourou and Donna Strickland. Journal of Advanced Materials and Technologies. 2021;6(2):87-90.  
DOI: 10.17277/jamt.2021.02.pp.087-090 
 

Since 1964 when the classic works of  
AM Prokhorov, NG Basov and ChKh Townes were 
awarded the Nobel Prize in Physics, laser physics has 
gradually become one of the most prominent 
directions of modern physical science  
[1–3]. Its main task is to increase the power of the 
particle beam using shorter pulses and to compress 
the beam itself. For a long time for this, physicists 
first stretched the pulse in time, and then squeezed it. 
However, as a result of these operations, power 
dropped. 

In the early 1980s, French physicist Gerard 
Mourou, together with his Canadian colleague Donna 
Strickland, solved the problem of power drop by 
separating amplification and compression processes 
in time and space. Mourou’s and Strickland’s 
invention is called the method of chirped pulse 
amplification (CPA). 

Gerard Albert Mourou was born on June 22, 
1944 in Albertville (France). In 1967 he graduated 
from the Physics Department of the University of 
Grenoble, and then he worked at the Ecole 
Polytechnique. He worked at the University of Laval 
in Canada, at the University of California in San 
Diego (USA), and then he set up a research team on 
ultrafast processes in Paris. In 1977 he moved to the 
United States - first to the University of Rochester 
(New York), and in 1988 to the position of professor 
at the University of Michigan, where he founded and 
for a long time headed the Center for Ultrafast 
Optics. In 2004, Mourou returned to France as 
Director of the Applied Optics Laboratory at the 
National Graduate School of Advanced 
Technologies. In 2008 he was elected a foreign 
member of the Russian Academy of Sciences [4]. In 
2010, under the first megagrant program (about 300 
scientific laboratories have been created in Russian 
universities and scientific organizations within ten 
years), Mourou was invited to Nizhny Novgorod 
State University, to the laboratory of the future 
President of the Russian Academy of Sciences  
AM Sergeev to study the clearing of space from 
debris using lasers and reducing the lifetime of 
nuclear waste. Mourou took part in the creation and 

development of the Extreme Light Sources and 
Applications (ELSA) laboratory, which had had three 
powerful experimental laser systems – multipetawatt, 
attosecond and terahertz by 2016. In 2020, he once 
again flew to Russia and participated in the V All-
Russian Research Forum “Science of the Future – 
Science of the Young”. In an interview with TASS, 
he noted: “The development of modern world science 
is impossible without the participation of Russia. 
Russia, without any doubt, is one of the most 
important participants in world science; there can be 
no doubt about that. Science has no boundaries, and 
the work of the world's leading scientists to overcome 
the problem of the COVID-19 pandemic has once 
again confirmed this” (translated by me – V.T.)  

The main directions of Mourou’s research are 
laser physics and nonlinear optics. In 1985, he 
developed a new technology for producing ultra-
high-power laser pulses – amplification of chirped 
pulses, which is the main one for obtaining 
femtosecond pulses [5]. To date, he coordinates the 
Pan-European Extreme Light Infrastructure project to 
create an exawatt laser system. Mourou is a member 
of the US National Academy of Engineering (2002), 
the US Optical Society, the American Physical 
Society, and the Institute of Electrical and Electronics 
Engineers. 

Donna Theo Strickland was born on May 27, 
1959 in Guelph (Ontario, Canada). Having graduated 
from McMaster University in Hamilton in 1981 with 
a degree in engineering physics, in 1989, she received 
her Ph.D. in physics from the University of 
Rochester, where she was supervised by Professor 
Mourou. She studied chirped pulse amplification 
followed by their compression, which made it 
possible to amplify ultrashort pulses to colossal 
levels. From 1988 to 1991 she was a Research Fellow 
at the National Research Council of Canada.  
She currently works at the University of Waterloo, 
where she leads research on high-intensity laser 
systems for nonlinear optics. She is a Fellow of the 
Royal Society of London (2020), Foreign Fellow of 
the US National Academy of Sciences (2020), 
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Vice President (2011), then President (2013) of the 
Optical Society of Canada. 

The Nobel Prize in Physics for 2018 was 
awarded “for innovative inventions in the field of 
laser physics”: Artur Isidorovich Ashkin (Ashkinazi, 
born 2 September 1922, USA) – half of the prize “for 
optical tweezers and their application in biological 
systems”; Gerard Albert Mourou and Donna Theo 
Strickland (quarter prize each) for the method of 
generating high-intensity ultrashort optical pulses. 
Now all lasers are built on this principle:  
 

 

a compressor made of diffraction gratings is placed 
after the amplifiers (Fig. 1). Instead of simple 
amplification, the pulse is first decomposed into 
spectral components separated in time, and then they 
are amplified separately, and then again collected into 
a single pulse. 

At each moment in time, only a part of the pulse 
is amplified, and not the entire pulse, which makes it 
possible to achieve a much higher peak intensity of 
the laser light flux. This technology has a lot of 
practical applications and excellent prospects (Fig. 2). 

 

 
 

Fig. 1. The main elements of technology CPA [6] 
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Fig.  2. Development of the highest intensity laser pulse technology [6] 
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Abstract: The paper studies the oxidation laws of multiwalled carbon nanotubes (MWCNTs) of various types, which 
differ in geometric parameters (diameter, length, specific surface), using nitric acid. In different experiments, the duration 
of oxidation, the concentration of nitric acid, and the consumption of HNO3 per 1 g of MWCNTs were varied.  
The qualitative composition of the formed oxygen-containing functional groups and the changes occurring with the 
graphene layers of nanotubes were established by the methods of IR and Raman spectroscopy, and transmission electron 
microscopy. The total oxygen content in the samples was determined by energy dispersive analysis. The degree of 
MWCNTs functionalization with acidic functional groups was determined by Boehm titration. An X-ray structural 
analysis of the obtained samples was carried out and their specific surface area was estimated.  
It was determined that the most serious changes in the functionalization degree occurred during the first 1–3 hours of 
oxidation. During this time interval, the achieved values of the functionalization degree were determined mainly by the 
shape of the MWCNTs graphene layers. At 7–10 hours of treatment, regardless of the initial parameters, MWCNTs have 
the functionalization degree in the range of 0.5–0.7 mmoL⋅g–1. At the initial stage of oxidation, the amorphous phase is 
removed. Using dilute solutions of nitric acid does not allow obtaining oxidized nanotubes with the high functionalization 
degree. It is expedient to reduce the consumption of 65 % HNO3 to 40 mL per 1 g of MWCNTs. 
 
Keywords: multiwalled carbon nanotubes; oxidative functionalization; carboxyl groups; destruction; IR spectra; Raman 
spectra; X-ray diffraction patterns; interplanar distances. 
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Аннотация: Проведено комплексное исследование закономерностей окисления азотной кислотой многослойных 
углеродных нанотрубок (МУНТ) разных типов, отличающихся по геометрическим параметрам (диаметр, длина, 
удельная поверхность). В разных экспериментах варьировались продолжительность окисления, концентрация 
азотной кислоты и расход HNO3 на 1 г МУНТ. Методами ИК- и рамановской спектроскопии и просвечивающей 
электронной микроскопии установлены качественный состав формирующихся кислородсодержащих 
функциональных групп и изменения, происходящие с графеновыми слоями нанотрубок. Общее содержание 
кислорода в образцах определялось методом энергодисперсионного анализа. Степень функционализации МУНТ 
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функциональными группами кислотного характера определена титрованием по Боэму. Осуществлялся 
ренгеноструктурный анализ полученных образцов, и проводилась оценка их удельной поверхности.  
Определено, что наиболее серьезные изменения в степени функционализации происходят в течение первых  
1–3 часов окисления. В этот промежуток времени достигаемые значения степени функционализации 
определяются, главным образом, формой графеновых слоев МУНТ. При 7–10-часовой обработке независимо от 
исходных параметров МУНТ имеют степень функионализации в интервале 0,5–0,7 ммоль/г. На начальном этапе 
окисления происходит удаление аморфной фазы. Использование разбавленных растворов азотной кислоты не 
позволяет получить окисленные нанотрубки с высокой степенью функционализаии. Целесообразным является 
снижение расхода 65%-й HNO3  до 40 мл на 1 г МУНТ.  
 
Ключевые слова: многослойные углеродные нанотрубки; окислительная функционализация; карбоксильные 
группы; деструкция; ИК-спектры; рамановские спектры; рентгеновские дифрактограммы; межплоскостные 
расстояния. 
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1. Introduction 
 

Multiwalled carbon nanotubes (MWCNTs) are 
widely used in various fields of science and 
technology due to their outstanding mechanical, 
electrical and chemical properties. They are more 
commonly used as components of composite 
materials [1]. However, due to high specific surface 
area and hydrophobicity, MWCNTs tend to 
agglomerate in polymer matrices. Therefore, the 
effect of their application may be lower than 
expected. Improving the compatibility of MWCNTs 
with modifiable materials requires chemical 
functionalization of the initially inert and 
hydrophobic nanotubes surface by forming various 
functional groups thereon [2]. 

Oxidation often appears to be the first and 
sometimes the only step in the chemical treatment of 
the MWCNTs. The following substances have been 
used as oxidizing agents: potassium permanganate 
[3], hydrogen peroxide [4], potassium dichromate [5], 
perchloric acid [6], hypochlorites [7], persulfates [8], 
etc. Nitric acid [4, 9–11] and its mixture (1 : 3) with 
sulfuric acid [10, 11] are the most frequently used 
substances among them. In the latter case, the 
oxidation is more efficient, though it is accompanied 
by more significant destructive changes in MWCNTs 
[12]. Besides, it has been reported that sulfonation, 
resulting in the formation of sulfur-containing 
functional groups, takes place together with oxidation 
processes when using the mixture of nitric and 
sulfuric acids [13]. 

The most commonly used oxidizing agent is 
nitric acid. At the same time, information on the 
effect of this treatment on the characteristics of the 
nanotubes surface is rather scattered.  

In [14], it is shown that oxidation in nitric acid 
leads to the formation of oxygen-containing 

functional groups on the MWCNTs surface, among 
which carboxyl groups can more easily be 
quantitatively determined [15]. These groups are 
attached primarily to the initial structural defects and 
then to the end fragments of the MWCNTs. Besides, 
the oxidative treatment may cause washing out of 
metal-oxide catalyst particles, opening of ends, 
truncation of some nanotubes, and fragmentation of 
sidewalls [16]. When performing prolonged treatment 
in concentrated nitric acid, MWCNTs are subjected to 
pronounced destructive changes [4]. On the other 
hand, when using diluted nitric acid solutions, the 
degree of the MWCNTs functionalization is quite 
small [9]. 

The presence of carboxyl groups improves 
dispersibility of MWCNTs in polar solvents and 
polymer matrices [2] and makes it possible to achieve 
other advantageous effects; however, it may 
adversely affect the conductive properties [11].  
The COOH groups generally act as sites for 
adsorption of transition metal ions and nanoparticles 
[17]. Due to these adsorption effects, the oxidized 
MWCNTs can extract dissolved hazardous substances 
from aqueous media [18]. Furthermore, the carboxyl 
surface groups can participate in various chemical 
reactions, thereby making it possible to obtain 
esterified, thiolated, aminated, amidated, and other 
forms of functionalized nanotubes [19]. 

The growing demand for the functionalized 
MWCNTs sharply raises the problem of their 
industrial production. At present, MWCNTs are 
synthesized in sufficient quantities at laboratory and 
industrial levels using different techniques  
(e.g., chemical vapor deposition (CVD) [20]), but 
their functionalization is usually carried out under 
laboratory conditions.  

Scaling of functionalization processes requires a 
detailed study of their laws and determination of the 
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conditions for chemical treatment of various types of 
nanotubes, when the required number of functional 
groups is formed on the surface, but the destructive 
changes are insignificant.  

This paper studies the features of changes in the 
functionalization degree and surface structure of 
carbon nanotubes of various morphological types, 
differing in geometric parameters and shape of 
graphene layers, upon oxidation with nitric acid.  

 
2. Materials and methods 

 
2.1. Initial materials and their functionalization 

 

“Taunit” (d = 20 ÷ 50 nm, length l ≥ 2 µm, and 
specific surface area ≥ 160 m2⋅g–1), “Taunit-M” 
(d = 10 ÷ 30 nm, length l ≥ 2 µm, and specific surface 
area ≥ 270 m2⋅g–1) and “Taunit-MD” (d = 30 ÷ 80 nm, 
length l ≥ 20 µm, and specific surface area ≥ 200 m2⋅g–1) 
MWCNTs produced by “NanoTechCenter” Ltd. 
(Tambov, Russia) were used herein. MWCNTs of the 
first type are characterized by the conical shape of 
graphene layers as shown by transmission electron 
microscopy (TEM) (Fig. 1a), while the second and 
third types are cylindrical (Fig. 1b and c).  

These MWCNTs were oxidized with a 10–65 % 
nitric acid solution under reflux at 110 °C for  
0.5–10 h (1 g of MWCNTs in 50 mL of the acid).  

 
2.2. Material characterization methods 

 

Functional groups at the MWCNTs surface were 
qualitatively identified by infrared (IR) spectroscopy 
using a Thermo Nicolet NEXUS 870  
FTIR Spectrometer in transmission mode in 
potassium bromide pellets. The MWCNTs structure 
was analyzed by Raman spectroscopy using  
a DXR (Thermo Scientific) Raman Microscope 
(wavelength of the irradiating laser – 532 nm).  
Carboxyl groups were quantitatively determined by 

the potentiometric acid-base reverse titration method 
described in [15]. 

Elemental composition of MWCNTs was 
estimated by energy-dispersive spectra analysis. The 
nanotubes microstructure was investigated by TEM 
using a JEM 2100 F/Cs microscope (JEOL) and then 
analyzed using a built-in JED 2300 X-ray instrument. 

The specific surface area of MWCNTs was 
determined by the BET method by nitrogen 
adsorption at 77 K on a Nova1200 analyzer 
(Quantachrome Autosorb iQ).  

X-ray structural analysis of the samples was 
carried out on a Diffrey-401 instrument. The values 
of the interplanar distances were calculated in 
accordance with the Wulff-Bragg condition.  
 

3. Results and Discussion 
 

After oxidation of MWCNTs with nitric acid, the 
IR spectra (Fig. 2) show peaks characteristic of О—Н 
(3749 cm–1), С   O (1711 cm–1) bonds, and other 
hydrated oxygen-containing groups (a group of peaks 
at 950–1250 cm–1 [21]).  

The energy dispersive spectra of “Taunit” 
MWCNTs with a conical graphene layer are shown in 
Fig. 3. The presence of oxygen in the composition of 
the initial “Taunit” MWCNTs with a conical shape of 
graphene layers is explained by their higher reactivity 
and possibility of oxidation immediately after CVD 
synthesis. When this conical MWCNTs are treated 
with nitric acid, the oxygen content increases to  
∼ 8 wt. % only at the initial stage of the process, and 
then remains practically unchanged.  

There is no oxygen in the samples of the initial 
cylindrical “Taunit-M” and “Taunit-MD” MWCNTs. 
In samples of thin cylindrical “Taunit-M” MWCNTs, 
oxygen is detected after 2 hours of oxidation and its 
concentration increases in the entire time range 
reaching ∼14 wt. % upon 10-hour treatment with 
nitric acid (Fig. 4).  

 

 
(а) (b) (c) 

 

Fig. 1. TEM-images of the MWCNTs: “Taunit” (a), “Taunit-M” (b) and “Taunit-MD” (c) 
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Fig. 2. Typical IR spectra of the initial (1) and oxidized with nitric acid (2) MWCNTs 
 
 

 
 

Fig. 3. Energy dispersive spectra of the initial (a) and oxidized with nitric acid for 2 (b)  
and 8 (c) hours “Taunit” MWCNTs 

 

 

 
 

Fig. 4. Energy dispersive spectra of the initial (a) and oxidized with nitric acid for 2 (b)  
and 10 (c) hours “Taunit-M” MWCNTs 

(a) (b) (c)

(a) (b) (c)
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Fig. 5. Energy dispersive spectra of “Taunit-MD” MWCNTs after 8 (a) and 10 (b) hours of oxidation in nitric acid  
 

 
 

Fig. 6. Dependency of the functionalization degree of “Taunit-M” (1), “Taunit” (2) and “Taunit-MD” (3) MWCNTs  
by carboxyl groups on the duration of oxidation with concentrated nitric acid  

 
Mass fraction of O in samples of cylindrical 

“Taunit-MD” MWCNTs with a large diameter begins 
to increase much later and is contained in an amount 
of about 6 wt. % in samples subjected to oxidation for 
8–10 hours (Fig. 5).  

Thus, the total content of oxygen atoms at the 
beginning of MWCNTs oxidation is primarily 
determined by the shape of the graphene layers.  
So, conical “Taunit” MWCNTs, having the smallest 
specific surface area (SBET), contain the most oxygen 
at the initial stage of oxidation. Large diameter 
“Taunit-MD” MWCNTs with practically defect-free 
surface are the least reactive.  

The titrimetric analysis data (Fig. 6) qualitatively 
correlate with the regularities discussed above.  

In the first hours of oxidation, “Taunit” 
MWCNTs are characterized by the highest value of 
the functionalization degree by carboxyl groups (Df), 
which is due to the greater reactivity of the conical 
layers and the presence of oxygen-containing groups 
in the initial material. However, then the difference 
becomes less significant. After 7–10 hours of 
oxidation, all MWCNTs, regardless of type, have the 
functionalization degree equal to 0.5–0.7 mmoL⋅g–1. 
Moreover, for “Taunit” and “Taunit-MD” MWCNTs, 
these values of fD  are retained during further 
oxidation, while for “Taunit-M” MWCNTs, the 
degree of functionalization begins to increase again, 
which is accompanied by destruction of the 
nanotubes structure according to TEM data (Fig. 7).  

(a) (b)

Df, mmol⋅g–1 

Time, h 

1 

2 
3 
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Fig. 7. TEM-images of “Taunit-M” MWCNTs after 10-hour oxidation with nitric acid  
 

 
 

Fig. 8. Change in the functionalization degree of “Taunit-M” MWCNTs by carboxyl groups during oxidation  
with 10 (1); 30 (2); 50 (3) and 65 (4) % nitric acid at mMWCNTs(g) : VNAS(mL) equal to 1 : 50 (a) and 1 : 40 (b) 

 
Thus, the long-term treatment of MWCNTs with 

nitric acid is inappropriate, and the most significant 
changes in the functionalization degree occur at the 
beginning of the process.  

For “Taunit-M” MWCNTs, we analyzed the 
change in the functionalization degree in the first  
3 hours of oxidation with nitric acid of various 
concentrations and at ratios of the MWCNTs mass 
(mMWCNTs) to the volume of HNO3 solution (VNAS) 
equal to 1 : 50, 1 : 40 and 1 : 20 (Fig. 8).  

The achieved Df values are determined by both 
the concentration of nitric acid and its consumption. 
The time dependency of the functionalization degree 
is sometimes observed as early as an hour after the 
start of oxidation. Moreover, if 65 % acid is selected 
as a reagent, then even with a decrease in its 
consumption per unit mass of MWCNTs, after  
3 hours, the same functionalization degree is 
achieved as at a higher consumption.  

However, the use of dilute HNO3 solutions is 
justified only when it is necessary to obtain a product 
with the low functionalization degree.  

Using the approaches outlined in [22], the 
Raman spectra of MWCNTs oxidized under various 
conditions were analyzed (Table 1).  

Considering that D/G for initial MWCNTs was 
1.050, it can be noted that there is no dramatic increase 
in the defect degree during oxidation for up to 3 hours. 
On the contrary, in some cases, due to the removal of 
the amorphous phase from the nanotubes surface, a 
decrease in D/G occurs. Attention is drawn to the fact 
that MWCNTs with the same functionalization degree 
can have different defect index. This is explained by 
the fact that titrimetrically determined acidic groups 
can have different localization and are located in side 
wall defects, ends of nanotubes, and on particles of 
the surface amorphous phase.  

Df, mmol⋅g–1 Df, mmol⋅g–1 

(a) (b)

1

2

3

4

1

2

3

4
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Table 1. The results of processing the Raman spectra  
of “Taunit-M” MWCNTs oxidized with nitric acid under various conditions  

 

HNO3  
concentration, wt. % 

mMWCNTs(g) : VNAS(mL) 
D/G ratio of MWCNTs  for duration of oxidation  

0.5 h 1 h 3 h 

65 1 : 50 0.907 0.844 1.108 
1 : 40 1.010 1.011 1.054 
1 : 20 1.009 – 0.942 

50 1 : 50 1.010 0.985 0.959 
1 : 40 0.992 1.044 0.953 

30 1 : 50 0.920 0.982 1.042 
1 : 40 1.048 1.041 1.042 

10 1 : 50 1.004 0.909 1.023 
1 : 40 1.093 0.995 0.924 
1 : 20 0.965 – 1.060 

 
Table 2. X-ray structural analysis data and changes in the specific surface area  

of “Taunit-M” MWCNTs oxidized with nitric acid at mMWCNTs(g) : VNAS(mL) = 1 : 50 
 

HNO3  
concentration, wt. % 

Duration  
of oxidation, h 2θ d, А Peak width 

(002)  SBET, m2⋅g–1 

High-purity graphite 39.34 3.403 0.98 – 
Purified MWCNTs  37.55 3.559 3.93 360 

65 0.5 36.78 3.630 4.11 275 
1 38.05 3.514 4.20 252 
2 38.48 3.476 4.18 259 
3 36.88 3.621 4.23 263 

45 0.5 37.15 3.596 4.38 296 
1 37.05 3.605 4.26 355 
2 37.00 3.610 4.45 281 
3 37.09 3.601 4.41 306 

30 0.5 37.15 3.596 4.12 412 
1 37.05 3.605 3.98 150 
2 37.09 3.601 4.46 286 
3 36.88 3.621 4.24 279 

10 0.5 36.93 3.616 4.15 192 
1 37.11 3.600 4.26 173 
2 38.39 3.484 4.05 245 
3 37.26 3.586 4.44 212 

 
Obviously, the formation of new defects, 

removal of unstructured carbon and leveling of 
layers, the formation of functional groups and their 
transformations during oxidation of MWCNTs with 
nitric acid proceed in parallel.  

Additionally, an assessment of the X-ray 
diffraction patterns of the MWCNTs samples and their 
specific surface was carried out (Tables 2 and 3).  
For comparison, Table 2 shows the crystallographic 
parameters for high-purity graphite and unoxidized 
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MWCNTs purified from the metal oxide catalyst 
impurities.  

MWCNTs (initial and oxidized) are 
characterized by higher interplanar distances (d) than 
in high-purity graphite, which is associated with the 
curvature of their surface. At the initial stage of 
oxidation, a decrease in the value of 2θ, an increase 
in d, and an increase in the width of the 
corresponding peak are observed. This is due to the 
opening of the nanotube ends while removing the 
metal oxide catalyst impurities. The change in 
interplanar distances during chemical processing 
correlates with the data of Raman spectroscopy: when 
using 65 and 10 % acid, the interlayer distance 
decreases to a minimum for samples oxidized for  
2 hours, and the D/G value is also the minimum. 
When a more dilute acid (30 and 45 %) is used, no 
significant changes are observed in the X-ray 
diffraction patterns of the oxidized samples. 
Variations in the peak width (002) can be attributed 
to the unstructured carbon content.  

It can also be noted that during oxidation of 
MWCNTs with 65 % nitric acid at the initial stage (up 
to 1 h), corresponding to the removal of amorphous 
carbon, there is a direct relationship between the 
change in the angle 2θ and the defect index D/G. 
When the duration increases, this dependence is 
reversed. Interplanar distances and 2θ values vary 
opposite to each other. A symbatic relationship 
between the change in the defect index and the peak 
width (002) is also observed upon oxidation of 

MWCNTs with 45 % nitric acid. When using diluted 
nitric acid (10 and 30 %), such a relationship between 
the indicators of oxidized MWCNTs samples ceases 
to be observed.  

It was found that, regardless of the processing 
conditions, the specific surface area of oxidized 
MWCNTs is lower than that of the initial ones.  
This is largely due to the removal of amorphous 
carbon. SBET is minimized for 1 hour treatment in 
65 % acid when samples have the lowest defect 
index. An even lower specific surface area of 
materials obtained at low acid concentrations is 
apparently due to the irreversible agglomeration of 
the material upon heating.  

The data analysis given in Table 3 shows that at 
a lower consumption of the oxidizing reagent per unit 
mass of MWCNTs at the initial stage of the process, 
as in the previous case, the interplanar distances 
decrease. However, the relationship between the peak 
width (002) and the D/G index is different here. 
Besides, in this case, the specific surface area of the 
materials does not decrease so significantly.  

Upon oxidation of MWCNTs with 65 and 30 % 
acids, a monotonic decrease in SBET is observed in the 
studied time interval. In other cases, the change in 
specific surface area is non-monotonic. However, all 
samples oxidized at mMWCNTs(g) : VNAS(mL) = 1 : 40 
are characterized by lower SBET values than the initial 
MWCNTs and samples oxidized at a higher nitric 
acid consumption.  

 
Table 3. Data on X-ray structural analysis and changes in the specific surface area  

of “Taunit-M” MWCNTs oxidized with nitric acid at mMWCNTs(g) : VNAS(mL) = 1 : 40 
 

HNO3  
concentration, wt. % 

Duration  
of oxidation, h 2θ d, А Peak width 

(002)  
SBET,  

m2⋅g–1 

65 0.5 38.39 3.484 4.30 324 
1 38.39 3.484 4.32 271 
3 37.86 3.531 4.08 258 

50 0.5 38.01 3.517 4.20 252 
1 38.28 3.493 3.51 295 
3 38.38 3.485 4.13 261 

30 0.5 38.00 3.518 4.45 294 
1 37.92 3.526 4.23 278 
3 38.32 3.490 4.09 226 

10 0.5 37.96 3.522 4.28 260 
1 38.27 3.495 4.10 298 
3 37.92 3.526 4.39 353 
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4. Conclusions 
 

As a result of a comprehensive study, it was 
found that the formation rate of oxygen-containing 
groups on the MWCNTs surface at the initial stage of 
oxidation is primarily due to the structure of the 
graphene layers of nanotubes. However, in a certain 
time interval, the functionalization degree by COOH 
groups has similar values for MWCNTs of various 
morphological types. The most significant changes in 
the functionalization degree are observed in the first 
1–3 hours of the process, and then the Df dependency 
reaches a plateau. The resumption of growth in the 
functionalization degree for thin cylindrical 
MWCNTs during prolonged oxidation is due to 
destructive changes. A decrease in the defect index of 
MWCNTs at the initial stage of oxidation with nitric 
acid is accompanied by a decrease in interplanar 
distances. It should be noted that prolonged oxidation 
of MWCNTs, as well as a decrease in the 
concentration of nitric acid, is inappropriate. 
However, a decrease in the consumption of the 
oxidizing agent from the generally accepted  
50 to 40 mL per 1 g of MWCNTs makes it possible 
to achieve a number of positive effects upon reaching 
the same functionalization degree as at a high acid 
consumption.  
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Abstract: The paper presents the experimental results of nanostructures formation under the influence of femtosecond 
laser radiation on carbon samples at liquid nitrogen temperatures. Two femtosecond laser systems were used to study the 
processes of laser action on highly oriented pyrolytic graphite and glassy carbon samples in liquid nitrogen: titanium-
sapphire laser system with wavelength 800 nm, pulse duration 50 fs, energy 1 mJ, and repetition frequency of 1 kHz; 
ytterbium laser system with wavelength 1030 nm, pulse duration 280 fs, energy 150 µJ, and repetition frequency  
of 10 kHz. Cryostats, including those with the possibility of observing the laser action process, were collected for the 
experiments. As a result of laser action on the surface of the processed carbon samples, sheets of exfoliated graphene of 
various sizes and shapes (sheets, tapes, crumpled graphene), as well as nanostructures in the form of nanopeaks, were 
obtained. The mechanisms of graphene exfoliation under femtosecond laser action in liquid nitrogen, consisting  
in intercalation and further heating of nitrogen molecules in the interplanar space of graphite, were proposed.  
The possibilities of further research and development of technologies for graphene formation using laser radiation are 
presented. 
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Аннотация: Представлены результаты экспериментов по формированию наноструктур при воздействии фемто-
секундного лазерного излучения на углеродные образцы при температурах жидкого азота. Для исследования 
процессов лазерного воздействия на образцы высокоориентированного пиролитического графита и 
стеклоуглерода в жидком азоте использованы две фемтосекундные лазерные системы: титан-сапфировая лазерная 
система с длиной волны 800 нм, длительностью импульсов 50 фс, энергией 1 мДж, частотой повторения 1 кГц; 
иттербиевая лазерная система с длиной волны 1030 нм, длительностью импульсов 280 фс, энергией 150 мкДж, 
частотой повторения 10 кГц. Для проведения экспериментов собраны криостаты, в том числе с возможностью 
наблюдения процесса воздействия. В результате воздействия лазерного излучения на поверхности обработанных 
углеродных образцов получены листы отслоенного графена различных размеров и формы (листы, ленты, 
скомканный графен), а также наноструктуры в виде нанопиков. Предложены механизмы эксфолиации графена 
при фемтосекундном лазерном воздействии в жидком азоте, заключающиеся в интеркалировании и дальнейшем 
нагреве молекул азота в межплоскостное пространство графита. Приведены возможности дальнейшего развития 
исследований и развития технологий формирования графена с помощью лазерного излучения. 
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1. Introduction 
 

At present, one of the promising directions in 
fundamental and applied science is the study of 
surface modification of carbon materials under laser 
radiation. Carbon nanomaterials represent a whole 
class of materials demanded by modern micro- and 
nanoelectronics. Immediately after its discovery and 
presentation to the scientific community, graphene 
attracted wide attention which led to the appearance 
of a large number of works devoted to its properties 
and methods of obtaining. Their results are 
summarized in a number of review works [1–6], on 
the basis of which conclusions about the current state 
of the problem can be drawn. 

Due to its electronic structure and chemical 
composition, graphene is extremely attractive for 
creating new nanomaterials and using it in 
nanoelectronic devices [7–10]. Graphene has a 
number of important chemical and physical 
characteristics, such as strong mechanical strength, 
unusually high electrical and thermal conductivity, 
large specific surface area and capacity (550 F⋅g–1), 
adjustable band gap, manifestation of the quantum 
Hall effect, extremely high charge carrier mobility, 
high elasticity, and good electromechanical 
characteristics [11–13]. Electrons propagate through 
the two-dimensional structure of graphene and have a 
linear relationship between momentum and energy, 
thus behaving like massless Dirac fermions. Hence, it 
follows that graphene contains a two-dimensional 
(2D) gas of charged particles with electronic 
properties described by the Dirac equation, and not 
by the Schrödinger equation for particles with a 
certain effective mass. 

These features make graphene an extremely 
versatile promising carbon material for a variety  
of applications, including high-performance 
nanocomposites, transparent conductive films, 
sensors, nanoelectronic devices, and as promising 
electrode materials for energy storage – 
electrochemical capacitors with high specific power, 
fast charge-discharge and long life cycle [14, 15]. 

Realization of the high potential for the applied 
use of graphene and materials including graphene is 
possible provided that simple and inexpensive 
methods for obtaining this functional material with 
specified characteristics and dimensions are 
developed. One of the key processes of nano- and 
microscale surface treatment of materials is 

femtosecond laser ablation of matter in liquid media. 
Laser treatment due to its simplicity and versatility 
makes it possible to structure the surface of materials 
with low cost, high productivity and repeatability of 
results, as well as the localization of exposure, which 
is a fundamental advantage over other methods of 
material processing [16]. 

Today, there are many methods of liquid-phase 
separation of graphene based on the use of 
surfactants. The main conditions for the effective use 
of the liquid-phase separation method are the high 
penetrating ability of liquid molecules into the 
interlayer space of graphite, the existence of  
a mechanism for weakening interlayer bonds, and  
a method for separating layers. Thus, further crystal 
separation into its constituent monolayers becomes 
possible. 

This work presents an approach which allows 
eliminating two serious drawbacks of existing 
implementations of the liquid-phase separation 
method: the duration of treatment and contamination 
with residues of surfactants. For graphene exfoliation 
(detachment of graphite planes), the applied approach 
uses laser photomechanical effects which manifest 
themselves more strongly, the shorter the pulse 
duration of the laser radiation, optimally in the 
femtosecond range. It is known that rapid laser 
heating leads to the appearance of strong 
thermoelastic stresses, as a result of which the front 
surface of the irradiated sample may spall off in the 
region of exposure to femtosecond laser radiation 
[17, 18]. However, as studies show, in the interaction 
field of laser radiation and carbon materials [19, 20], 
including their nanostructuring purposes, some 
thermal effects accompanying laser action prevent the 
direct formation of nanostructures with clear 
boundaries. 

Therefore, for the successful use of laser 
radiation for graphene exfoliation, it is necessary to 
provide special conditions for the rapid cooling of the 
laser area. For this purpose, we used a cryostat 
module (for simplicity, it was open), the role of 
which was to fix and cool the sample. In addition, 
when the target is exposed to laser action, a larger 
temperature gradient is created in the positioning of 
the medium, which increases thermoelastic stresses. 
This scheme ensured the production of graphene 
material of various classes in times that are several 
orders of magnitude shorter than in other methods of 
graphene synthesis. 
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2. Materials and Methods 
 

2.1. Initial Materials 
 

Targets made of highly oriented pyrolytic 
graphite (HOPG) HOPG-1.7-10×10×1-1 and glassy 
carbon GC-2000 were used as initial samples for 
graphene production. HOPG is, in principle, the best 
material for peeling graphene from a graphite target, 
since it is formed from high-quality graphite layers 
that are practically parallel to each other. Glassy 
carbon, on the other hand, has a rather complex 
structure, which is a tangle of randomly intertwined 
carbon ribbons cross-linked with carbon bonds of 
various multiplicity. It is obvious that glassy carbon 
cannot be a source of flat graphene sheets. However, 
for a number of graphene applications, for example, 
as a material for electrodes of supercapacitors or for 
reinforcing nanoceramics, it is necessary that it has  
a complex developed surface. 

 
2.2. Methods 

 

During the experiments, two femtosecond laser 
systems were used: a titanium-sapphire laser system 
(Avesta-Project, Troitsk, Russia): λ = 800 nm, 
τ = 50 fs, Epulsemax = 1 mJ, f = 1 kHz; an ytterbium 
laser system TETA-10 (Avesta-Project, Troitsk, 
Russia): λ = 1030 nm, f = 10 kHz, τ = 280 fs, 
Epulsemax = 150 μJ, which, together with analytical 
equipment, make it possible to study the interaction 
of laser radiation with a wide range of materials along 
given trajectories and under required conditions.  
The experimental schemes are shown in Fig. 1. 
Liquid nitrogen covered the graphite sample  
with a layer about 5–10 mm thick. The diameter of 
the laser radiation spot on the target surface reached 
100 μm [21]. 

To carry out the experiments, optical schemes 
for the action of laser radiation on matter, including 
the features of specific experiments in various media 
with controlled parameters, were assembled. Devices 
for fixing samples identifying areas of laser 
interaction using optical microscopes and deposition 
of products of laser action (laser ablation) on a 
substance in atmospheric air and liquid nitrogen were 
designed. The use of a high-speed camera in the 
complex allowed both to follow the process of laser 
exposure to the sample in real time and to evaluate 
the quality of the processing performed. The software 
interface allowed to stop broadcasting the video image 
at the current frame, as well as to take a snapshot of 
the current image in order to analyze it [22]. 

The operation principle of the experimental unit 
with a double-circuit cryostat is as follows  
(Fig. 1b). The carbon sample 4 is placed in the 
cryostat 6 and installed in the chamber 8 connected to 
the turbomolecular pump 5. Through the liquid 
nitrogen supply system 7, the cryostat is filled and the 
sample is processed with laser radiation. The source 
of liquid nitrogen is a heat-insulating vessel 11.  
The treatment is carried out by laser radiation 9 
emitted from the source 1 and directed by means of 
mirrors 2. The laser radiation is introduced through 
the transparent windows of the vacuum chamber and 
cryostat 10. Elimination of combustion products and 
liquid nitrogen vapors is carried out through the 
exhaust system 3. The used liquid nitrogen is 
discharged into the tank 12 where it is further 
evaporated.  

Upon completion of the laser treatment, the 
targets were kept in vivo until the liquid nitrogen was 
completely evaporated. The study of laser action on 
graphite targets was carried out on the basis of 
images obtained using a scanning electron 
microscope (SEM) Quanta 200 3D (FEi Ing., USA) 
 

 

 
 

Fig. 1. Experimental schemes of graphene structures formation: 
a – with an open cryostat; b – with a double-circuit cryostat 

(a) (b) 
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and Raman spectra using a probe nanolaboratory 
Ntegra Spectra (NT-MDT, Zelenograd, Russian 
Federation).  

The developed method [23] significantly 
increases the efficiency of the production process for 
this promising material. It assumes not only a short 
laser processing time, but also a fundamental 
exclusion of the purification stage of the resulting 
graphene from chemicals used in other methods as 
technological media. The liquid nitrogen used in the 
considered method evaporates rapidly under natural 
conditions. The latter factor is especially important, 
since it provides a higher purity of both the resulting 
graphene and its production process.  

 
3. Results and discussion 

 

When processing HOPG samples in liquid 
nitrogen using an ytterbium laser system, the velocity 
of the laser beam on the target surface was from 10 to 
100 cm⋅s–1. Accordingly, depending on the scanning 
speed of the beam, each area of the target surface was 
exposed to femtosecond laser radiation from  
1 to 10 pulses. The graphene split off at a laser beam 
speed of 25 cm⋅s–1, when the overlap of laser pulses 
was 75 %. With a larger overlap, a strong destruction 
of the target surface and, at the same time, the peeled 
carbon material begins, which is caused by the 
addition of energy and the development of a laser-
induced plume above the affected surface area. 

The bulk of the obtained graphene material has 
linear dimensions of a few micrometers (Fig. 2).  
As a rule, split-off sheets have numerous folds, but 
there are also separate sheets with a flat surface  
(Fig. 2b). Individual graphene structures reaching 
sizes in the range from 10 to 30 μm were registered 
(Fig. 3). Also, graphene sheets of various shapes

were obtained: tapes with a width of up to 50 μm and 
a length of more than 150 μm and plates with a 
characteristic size of more than 150 μm [24]. 

The thickness of the obtained graphene sheets 
was assessed using a scanning electron microscope 
along the edge of a relatively flat plate shown in  
Fig. 2b. The registered sheet thickness (taking into 
account focusing errors) does not exceed 10 nm, 
which corresponds to multilayer graphene combining 
about 30 graphite layers. 

The analysis of the highly oriented pyrographite 
surface treated with femtosecond laser radiation 
showed a strong influence on the results of the 
uneven intensity distribution over the cross section of 
the laser beam. In the central part of the focusing 
spot, packets of graphite layers are torn out  
(Fig. 4a). These layers are spaced from each other, 
but cannot be considered as separate graphene 
structures. 

The advantages of the developed method are 
visible when compared with the closest 
implementation of the method for producing 
graphene by liquid-phase graphite exfoliation [25], 
which proposes to exfoliate graphene in liquid 
nitrogen when the surface of pyrolytic graphite is 
exposed to nanosecond laser radiation. The target 
surface was treated with a stationary laser beam 
focused into a spot with a diameter of 500 μm for  
20 min. At the same time, such dimensions of the 
laser spot on the target did not lead to delamination of 
graphene sheets with a large surface area.  
The geometrical characteristics of the obtained 
graphene are similar to our results with an increase in 
the area of the irradiated surface, which makes it 
possible to increase the mass yield of the graphene 
material. 

 

 
 

                                 (a)                                                                                           (b) 
 

Fig. 2. SEM images of graphene material: 
a – a cluster of graphene sheets; b – a graphene sheet (on the insert – the sheet edge) 
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                                                (a)                                                                        (b) 
 

Fig. 3. SEM images of graphene material with linear dimensions 10 µm (a) and 30 µm (b) 
 

 
 

                                                (a)                                                                        (b) 
 

Fig. 4. SEM images: a – packages of graphite layers; b – delamination of the upper graphite layer 
 

Graphene sheets obtained by processing the 
glassy carbon surface using the ytterbium laser 
system have a fundamentally different shape  
(Fig. 5). Graphene sheets form crumples with  
a complex folded structure. Crumples with a 
characteristic size of about 1 micron were recorded. 

The complex relief of the recorded surface of 
these structures did not allow direct measurement of 
graphene sheets thickness; however, the transverse 
dimension of the crumple bends was about 40 nm.  
It is obvious that the crumple has a transverse 
dimension not less than twice the sheet thickness.  
In addition, it is necessary to take into account the 
presence of a certain bend radius. Thus, the thickness 
of the obtained graphene sheets can be estimated at 
the level of 15 nm, which is similar to the results 
observed during laser processing of HOPG targets. 

The formation of crumpled graphene can be 
explained by the destruction of the material surface. 
When laser radiation interacts with a carbon target, 

the initial carbon structures are destroyed (opened), 
deformed and cleaned, which determines the 
thickness of the obtained multilayer graphene. 

The general picture of processing the glassy 
carbon surface by femtosecond laser radiation of the 
titanium-sapphire laser system under conditions of 
 

 
 

Fig. 5. SEM image of crumpled graphene  
on the glass carbon surface 
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rapid cooling is rather complicated. In the ideal case, 
when the roughness of the sample surface is minimal 
and there are no foreign inclusions, the treated 
surface looks like a system of nanopeaks with 
practically the same height. Large irregularities 
(relative to the average size of the formed structures) 
distort the overall nature of the processing results. 

Studying the images of the sample surface 
treated with femtosecond laser radiation obtained 
using a scanning electron microscope (SEM images) 
revealed the absence of melting traces within the 
exposure area. Obviously, the destruction of glassy 
carbon under laser radiation during the set 
experiments proceeds according to the scenario 
standard for carbon and materials based on it. In other 
words, sublimation occurs. The destruction nature of 
the irradiated samples explains the fact that the 
boundaries of these areas are not traced in the tracks 
of the glassy carbon surface treatment by a laser 
beam moving at a speed that implies overlapping the 
areas of individual pulses. Otherwise (during 
melting), the rolls of the solidified melt quite 
expressively outline the spots of individual laser 
pulses. In this case, the limits of individual pulses can 
theoretically be determined by the change in the level 
of the treated surface. However, the relatively low 
energy of femtosecond laser pulses determines the 
insignificant value of this change. In addition, the 
modified surface is a system of nanopeaks that have a 
scatter of heights. This additionally masks the range 
of action of the individual laser pulses. 

Regions with both random and regular 
nanopeaks were recorded on the surface modified by 
laser radiation (Fig. 6). In the latter case, the 
nanopeaks form rows. 

Figure 6 shows that nanopeaks in a region with a 
regular arrangement have a diameter of about  
100 nm. The distance between the rows (the period of 
the general structure) is about 100 nm. The distance 
between the peaks in the row is also about 100 nm. 

It should be noted that there are two significant 
differences between the considered findings and the 
results of processing materials by ultrashort laser 
pulses in liquid media presented in the scientific 
literature. These differences can be explained only by 
a change in laser processing conditions due to the use 
of a cryogenic liquid (liquid nitrogen) as a buffer 
medium. 

Firstly, the formation of periodic structures with 
characteristic dimensions multiple of the wavelength 
of the incident radiation and tending to a value of  
100 nm was recorded when exposed to a large 
number of laser pulses. According to generalized data, 
the number of acting impulses should be 103 [26].  
In our case, the glassy carbon surface was treated 
with a laser beam moving over the target surface at a 
speed of 2.5 cm⋅s–1. In this case, there was 75 % 
overlap of the laser action areas, as in previous 
experiments. Nevertheless, the formation of regular 
structures with a period of about 100 nm occurred. 

Secondly, the currently obtained results of 
processing materials by ultrashort laser pulses 
showed an increase in the period of regular structures 
with an increase in the radiation energy density and 
determined the limit, at which the formation of 
periodic structures stops.  

Relatively large structures that are clearly of an 
interference nature are superimposed on the general 
picture of the surface modified by femtosecond laser 
radiation in the form of the nanopeaks system.  
They look like circles diverging from a common 
center. A typical view of these structures is shown in  
Fig. 7. The central circle is pronounced.  
The contrast of subsequent circles decreases away 
from the center of the system. The average diameter 
of the described structures determined from the last 
distinguishable circle is about 24 μm. 

 

 
 

                                                            (a)                                                   (b) 
 

Fig. 6. SEM images of nanopeaks on the glass carbon surface: 
a – a region with a random arrangement of nanopeaks; b – a region with a regular arrangement of nanopeaks 
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                                                 (a)                                                                        (b) 
 

Fig. 7. SEM images of microstructure on the glass carbon surface after laser processing: 
 a – general view; b – enlarged image  

 

 
 

                                                 (a)                                                                        (b) 
Fig. 8. SEM images of microstructure at an angle of 45° to the glass carbon surface after laser processing:  

a – general view; b – enlarged image 
 

The central region of the structures has an 
average diameter of about 7 μm. The first “dark” ring 
is about 800 nm wide. The period of subsequent 
structures is of comparable magnitude. Visually, the 
elements of the described structures have different 
brightness and can be conditionally divided into 
“light” and “dark”. Obviously, the brightness of the 
elements is determined by their height, i.e. the “dark” 
areas correspond to the depressions. This conclusion 
is confirmed by SEM images taken at an angle of 45° 
to the sample surface (Fig. 8). The glassy carbon 
surface modulated by microstructures is still an array 
of nanopeaks, both on protrusions and in depressions. 

Comparing the results of processing HOPG and 
GC by femtosecond laser radiation in liquid nitrogen 
showed that the use of the first material is preferable 
for the purpose of obtaining as smooth and thin 
graphene sheets as possible. Obviously, in this case, 
the decisive role is played by the initial internal 
structure of the irradiated materials.  

The thermal expansion of the graphite lattice is 
anisotropic, as are the values of the thermal and 
electrical conductivity of this material. The anisotropy 
for graphite is manifested the stronger, the higher the 
lattice ordering. The temperature coefficient of linear 
expansion in the direction of the basal planes is much 
lower than in the perpendicular direction, which 
contributes to the stratification of the structure during 
intense heating.  

Cooling graphite to liquid nitrogen temperatures 
reduces the lattice vibrations of the initial graphite 
material and the interlayer distance decreases to 
3.339 Å, while upon heating it increases to 3.465 Å 
(at 1000 °C) [25]. This procedure is often used due to 
the availability of rapid cooling technologies – 
appropriate boiling points and small sizes of nitrogen 
molecules ensuring its high fluidity. At low 
temperatures, the graphite lattice becomes less 
“plastic”, which is likely to make it possible to 
destroy interplanar bonds with a smaller energy 
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contribution to the places of local heating of nitrogen 
molecules diffused into the interplanar distance.  

When ultrashort laser pulses interact with a 
graphite sample in liquid nitrogen, several variants of 
structural changes in the material can be 
distinguished. When the power of laser radiation is 
insufficient for the occurrence of laser ablation 
processes [27], the energy of photons is absorbed by 
the lattice of carbon and diffused nitrogen. Due to the 
resulting sharp increase in the vibrations of the lattice 
and nitrogen molecules, weak interplanar π-bonds are 
destroyed. Peeling and splitting off graphite layers 
occurs mainly on defects of the processed structure 
(cracks, chips, scratches, including dissimilar lattice 
defects in the form of gaps that facilitate the 
penetration of liquid nitrogen molecules). 
Accordingly, an increase in the number of nitrogen 
atoms in the material lattice promotes more intense 
delamination of graphene sheets.  

Figure 9 shows the experimental result of 
graphene structures detachment on the HOPG surface 
in the crack region. In this case, it is clearly

noticeable that the separation begins from the center 
of the crack according to the mechanism described 
above. On the SEM image with a high magnification, 
it can be seen that individual structures exfoliate and 
bend in the direction from the starting point of 
separation at the base, and in some places they also 
delaminate. The next step for graphene sheets is their 
separation from the original sample during ultrasonic 
treatment and the formation of a colloid with 
deposition on a solid substrate. 

When the energy of laser radiation exceeds the 
ablation development threshold, the destruction of the 
graphite surface occurs in the area of laser action. As 
a result of laser ablation processes, a high-pressure 
region is formed on the walls of the formed cavity. 
The separation of the graphite structure into 
multilayer graphene with this mechanism occurs as a 
result of the reactive action of the ablation products.  

The SEM images (Fig. 10) show the scanning 
area of the laser beam which leads to “stepwise” 
separation of graphene layers upon activation of the 
femtosecond laser ablation mode [27].  

 

 
 

                                                 (a)                                                                        (b) 
 

Fig. 9. SEM images of the edges of graphene sheets with different magnifications: a –×1000; b – ×2000 
 

 
 

                                                 (a)                                                                       (b) 
 

Fig. 10. SEM images of the laser processing area with different magnifications: a – ×500; b – ×5000 
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Thus, the general mechanism of graphene 
exfoliation under femtosecond laser irradiation in 
liquid nitrogen is the detachment of the target surface 
layers as a result of interplanar bonds disruption in 
carbon samples due to the expansion of intercalated 
nitrogen into the gas phase upon laser heating with 
simultaneous cooling in liquid nitrogen.  

In terms of application purposes, we can talk 
about the development of electrical energy storage 
devices with increased capacity due to the use of 
crumpled graphene as a material for the electrode 
plates, which serves as a material that not only 
provides efficient transport for ion diffusion, but also 
has a significant specific surface area resistant to 
aggregation and a rigid structure [28–30], which 
allows maintaining this structure even after 
immersion in an electrolyte or ionic liquid solution.  

As practice shows, it is difficult to achieve 
theoretical extremely high values of graphene 
specific surface area (fundamental for such 
applications). Re-stacking and agglomeration of 
graphene sheets leads to a strong decrease in the 
available surface for charge accumulation and  
a decrease in the gravimetric capacity [31–33].  
The use of crumpled graphene as a basis is relevant 
for using energy storage devices in such schemes. 
Crumpled graphene can give superior capacitance 
values due to its high specific surface area, high 
electrical conductivity and resistance to graphitization 
compared to flat sheets.  

The operation principle of the discussed 
supercapacitor design, i.e. the charge accumulation 
mechanism, is based on the formation of an electric 
double layer on the electrode surface due to the 
desorption of ions from the solution. Today this 
technology is promising for the development of new 
types of supercapacitors with the formation of an 
electric double layer on the surface of electrodes 
made of crumpled graphene.  

Further development of our research will be 
associated with the electrophysical characteristics of 
various graphene structures, including the control of 
the band gap, regulation of the extremely high 
transport of charge carriers with a nonequilibrium 
state, and the features of the Hall effect.  
The possibility of obtaining highly transparent 
conductors allows to hope for their widespread use in 
thin-film devices of photonics and optoelectronics 
based on new physical principles (see, for example, 
[34]), including low-power displays, touch screens, 
LEDs, solar panel elements, etc.  

This corresponds to the general direction of 
exploratory research and breakthrough technologies 
using the unique properties of graphene, which is 

currently one of the key and massive high-tech 
developments for various applications. It is enough to 
cite only the titles of works on this topic.  
For example, a graphene superconductor was 
obtained [35]; in this case, the superconductivity of 
graphene can be turned off [36]. A two-dimensional 
spin field-effect transistor based on graphene was 
constructed [37] and a superconducting transistor 
made of graphene was presented [38]. The “magic” 
superconductivity of bilayer graphene is explained by 
the interaction with phonons [39–42]. In this case, the 
motion of photons and electrons in graphene can be 
described by one law [43], and entanglement can 
arise in a superconductor [44]. Similar effects for 
three-layer graphene are possible even at high 
temperatures [45].  

Progress in these fundamental areas should be 
associated with advances in such a field of 
fundamental and applied research as 
femtonanophotonics (see, for example, [46]). In fact, 
we are talking about the development of technologies 
based on new principles for controlling the functional 
properties of materials and creating the controlled 
characteristics of elements and systems on their basis 
in a given direction  in the process of their creation 
when the medium is exposed to laser pulses with 
extremely short time parameters, as well as the 
formation of spatial topological nanostructures of 
different dimensions with the manifestation of 
macroscopic quantum effects. In this aspect, 
graphene-like structures represent a fundamentally 
new class of 4D technologies, in which domestic 
scientific and technical developments are competitive 
in the global landscape of science intensive 
technologies. 
 

4. Conclusion 
 

This work presents the developed method for 
laser-induced graphene separation in liquid nitrogen 
using an ytterbium femtosecond laser system. It also 
demonstrates the possibility of forming ordered 
structures on the surface of carbon samples using a 
titanium-sapphire laser system.  

In the experiments, liquid nitrogen was used as a 
medium that helps to reduce the thermal effect of the 
plasma torch which is formed over the area of  
femtosecond laser radiation above the material 
surface during processing in air. The use of liquid 
nitrogen makes it possible to neutralize a number of 
negative features of air processing.  

Thus, it was found that graphene formation 
under the action of femtosecond laser radiation on 
carbon samples in liquid nitrogen occurs according to 



 

Khorkov K.S., Prokoshev V.G., Arakelian S.M. 

Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 2  

110

the following two-stage mechanism: (i) breaking 
weak interplanar π-bonds due to heating of 
intercalated nitrogen into the graphite lattice; (ii) 
detachment of the target surface layers due to the 
formation of a high-pressure area in the walls of the 
laser cavity.  
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Abstract: The problem of modifying carbon nanotubes (CNTs) by functional groups is relevant in connection with the 
intensive development of the nanoindustry, in particular, nano- and microelectronics. For example, a modified nanotube 
can be used as a sensor device element for detecting microenvironments of various substances, in particular, metals 
included in salts and alkalis. The paper discusses the possibility of creating a highly efficient sensor using single-walled 
carbon nanotubes as a sensitive element, the surface of which is modified with the functional nitro group —NO2. 
Quantum-chemical research of the process of attaching a nitro group to the outer surface of a single-walled CNTs of the 
(6, 0) type were carried out, which proved the possibility of modifying CNTs and the formation of a bond between the  
—NO2 group and the carbon atom of the nanotube surface. The results of computer simulation of the interaction process 
of a surface-modified carbon nanotube with alkali metal atoms (lithium, sodium, potassium) are presented. The sensory 
interaction of a modified carbon nanosystem with selected metal atoms was investigated, which proved the possibility of 
identifying these atoms using a nanotubular system that can act as a sensor device element. When interacting with alkali 
metal atoms in the “СNT – NO2” complex, the number of major carriers increases due to the transfer of electron density 
from metal atoms to the modified CNTs. The results presented in this paper were obtained using the molecular cluster 
model and the DFT calculation method with the exchange-correlation functional B3LYP (valence split basis set 6-31G).  
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Аннотация: Проблема модификации углеродных нанотрубок (УНТ) функциональными группами актуальна 
в связи с интенсивным развитием наноиндустрии, в частности, нано- и микроэлектроники. Так, например, 
модифицированная нанотрубка может быть использована в качестве элемента сенсорного устройства для 
обнаружения микроколичеств различных веществ, в частности металлов, входящих в состав солей и щелочей.  
В работе обсуждается возможность создания высокоэффективного сенсора, использующего в качестве 
чувствительного элемента однослойные углеродные нанотрубки, поверхностность которых модифицирована 
функциональной нитрогруппой —NO2. Выполнены квантово-химические исследования процесса присоединения 
нитрогруппы к внешней поверхности однослойной УНТ типа (6, 0), доказавшие возможность модифицирования 
УНТ и образование связи между группой —NO2

 и атомом углерода поверхности нанотрубки. Представлены 
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результаты компьютерного моделирования процесса взаимодействия поверхностно-модифицированной 
углеродной нанотрубки с атомами щелочных металлов (литий, натрий, калий). Исследовано сенсорное 
взаимодействие модифицированной углеродной наносистемы с выбранными атомами металлов, доказавшее 
возможность проведения идентификации этих атомов с использованием нанотубулярной системы, которая может 
выступать в качестве элемента сенсорного устройства. При взаимодействии с атомами щелочных металлов  
в комплексе «УНT – NО2» увеличивается число основных носителей, обусловленное переносом электронной 
плотности от атомов металла к модифицированной УНТ. Результаты, излагаемые в данной статье, получены  
с использованием модели молекулярного кластера и расчетного метода DFT c обменно-корреляционным 
функционалом B3LYP (валентно-расщепленный базисный набор 6-31G).  
 
Ключевые слова: углеродная нанотрубка; сенсорные свойства; функциональная нитрогруппа; модель 
молекулярного кластера; щелочные металлы; теория функционала плотности; квантово-химические исследования. 
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1. Introduction 
 

One of the most promising and actively 
developing areas of physics in recent years is the 
research field of low-dimensional electronic systems. 
Consideration of quantum-size effects leads to a 
qualitative restructuring of the energy spectrum of 
systems and significantly affects their properties. 
Advances in technology are driving the in-depth 
study of new phenomena in nanomaterials. This is 
necessary to create new generation devices based on 
them, including devices in a new field of electronics – 
the so-called nanoelectronics operating on 
nanometer-scale objects. Among such objects, the 
most interesting and attractive materials in terms of 
their properties are carbon nanotubes (CNTs) and 
structures based on them [1–4]. Unique sorption, 
mechanical and conductive characteristics, high 
carrier mobility in CNT-based structures lead to 
unique physical properties that are used in various 
fields, including nanotechnology, nano-, 
optoelectronic and plasmonic devices, micro- and 
nanoelectronics.  

Due to the abnormally high specific surface, 
where the entire mass is concentrated, nanotubes 
display extremely high sorption properties and 
characteristics [5, 6]. With a high sensitivity of 
electronic characteristics to molecules adsorbed on 
the surface and to the specific surface area providing 
such sorption, carbon nanotubes are a promising 
material for creating supersensitive and miniature 
sensors (chemical and biological) [7, 8]. The operation 
principle of such devices is based on the change in 
the current-voltage characteristics of a nanotube 
during the sorption of certain type molecules on the 
tube surface. Nanotube sensors have high selectivity, 
fast response and high recovery rates.  

In recent years, there have been a lot of studies 
carried out to investigate the possibilities of modifying 

carbon nanotubes leading to a predictable change in 
their properties. Various methods of such 
modification, functionalization of the surface and 
boundaries of tubulenes can affect, among other 
things, the sorption activity of nanotubes making them 
more sensitive to the presence of various substances. 
In other words, the possibilities of using tubulenes as 
elements of sensor nanodevices are expanding.  
At present, quite a lot of experimental and theoretical 
works have been published, where the results of 
studying various aspects related to the manufacture 
and usage of such sensors are presented. Using the 
possibilities of modifying nanotubes, including various 
functional groups, it is possible to create systems with 
new characteristics. This fact leads to the expansion of 
their application areas, for example, in 
microelectronics [9, 10], computer technology  
[11, 12], drug therapy [13], electrochemical biosensors 
[14], and chemical sensors [15, 16]. 

The article [17] provides a detailed review of 
works devoted to the study of a wide range of gas 
sensors, the main principle of which is the adsorption 
of gaseous molecules; the molecule gives or takes an 
electron from the nanotube, which leads to changes in 
the electrical properties of the CNT that can be 
recorded. The paper discusses gas sensors based on 
pure CNTs, including single-walled and multi-walled 
carbon nanotubes, as well as CNTs modified with 
functional groups, metals, polymers, and metal 
oxides. In 2000, Kong et al. [18] demonstrated a 
phenomenon where a single-walled carbon nanotube 
(SWCNT) increases or decreases its conductivity 
when interacting with NO2 or NH3 gases, 
respectively. The sensor shows a fast response, which 
can be due to the large surface area of the CNT. 
However, the most remarkable feature is that this 
system operates at room temperature. In 2005, Huang 
et al. showed [19] that a three-component device 
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based on multi-walled carbon nanotubes can detect 
molecular nitrogen.  

Devices based on field transistors with one 
semiconducting carbon nanotube or on the basis of 
ultrathin CNT films are often considered as active 
sensors.  

Devices using boundary modified carbon 
nanotubes can also act as sensors, for example, an 
atomic force microscope, on the tip of which there is 
a nanotube with a specially selected functional group. 

In addition to gas sensors, there are a number of 
sensor devices for identifying various substances. 
They include: (i) biosensors with a configuration of 
field transistors based on a carbon nanotube modified 
with bioreceptors [20] which are used to determine 
biological compounds; (ii) photosensors based on 
CNTs [21–23] and photodetectors based on films 
consisting of many carbon nanotubes [24], including 
those modified with other nanostructures, which leads 
to an increase in the photoresponse [25–29].  

However, one of the main limitations in using 
sensors is the lack of selectivity which is the main 
point that delays the further propagation of these 
devices. This problem can be reduced by selecting 
CNT compounds with other materials, i.e. by 
modifying nanotubes. Nanotubes can be easily 
functionalized due to their high specific surface area. 
Such improvements make CNT-based sensors very 
competitive and also quite miniaturized.  

We assume that modified carbon nanotubes can 
act not only as gas sensors, but also determine other 
chemical elements, for example, metals. Thus, the tip 
of an atomic force microscope equipped with a 
nanotube with a specially selected chemical group at 
its end interacts differently with the surfaces of 
samples of different chemical composition, i.e. it is 
chemically sensitive [30]. In addition, we assume that 
the surface activity of carbon nanotubes can also 
ensure their use as sensors for determining 
microenvironments of various substances. 

Despite the available experiments on modifying 
CNTs and studies on the sorption activity of CNTs 
with respect to certain gases, the addition mechanism 
of a number of functional groups, including nitro 
groups, to the surface of carbon tubulene has not been 
studied yet. Besides, the activity of such a modified 
nanotubular system in relation to other chemical 
elements, for example, metals, has not been studied, 
which allows to assert the possibility of CNT surface 
sensory activity. All of the above determines the 
relevance of this work.  

It can be assumed that the use of modified CNTs 
as a supersensitive element will make it possible to 
create sensors that are significantly superior to other 
devices of a similar size [20, 31, 32].  

In [33, 34], the results of quantum-chemical 
research on the possibility of creating sensor devices 
based on boundary-modified functional carboxyl, 
amine and nitro groups (—COOH, —NH2, —NO2) 
of carbon nanotubes and nanotubes surface-modified 
with an amino group are presented. However, the 
search for new versions of modified nanotube 
systems that can be used as sensors for sensor devices 
is still relevant, since they allow expanding the class 
of materials used and determining the most effective 
of them in terms of the degree of sensory response. 

Throughout the history of physics, along with 
experimental work, theoretical studies were widely 
conducted, allowing both interpreting and explaining 
the results obtained from the experiment and 
predicting new properties of substances, new effects 
in them and new applications. Therefore, at present, 
to obtain new deep ideas about the structure and 
properties of solid bodies (including nanotubes), 
consistent theoretical approaches and effective 
models that complement physical research methods 
must be used for a detailed description of the 
electron-energy structure and various processes.  

The presented paper shows the results of 
theoretical studies on the interaction between the 
CNT, the surface-modified nitro-group and atoms of 
alkali metals (lithium, sodium, potassium) subject to 
initialization, which can be part of salts and alkalis. 
The mechanism of sensory interaction of modified 
carbon nanosystems with metals atoms was 
investigated. To perform quantum-chemical 
calculations, a molecular cluster model and the 
calculated method, i.e. the Density Functional Theory 
(DFT) with B3LYP-correlation functional (valence-
split basic set 6-31G) was used [35–37]. 
 

2. Materials and methods 
 

Recently, the methods of ab initio calculations 
based on the Density Functional Theory are 
becoming common in solid body physics [35, 36]. 
According to this theory, all electronic properties of 
the system, including energy, can be obtained from 
electronic density (without knowledge of wave 
functions). The system is described by no wave 
function (WF), but an electron density ρ (R) defined 
as:  

( ) ∫ ∫ σσσΦ=ρ Ne dddr ...... 21
2 , 

 

where eΦ  is a multielectronic WF system, σi is a set 
of spin and spatial coordinates of electrons, and N is 
the number of electrons. Thus, ρ(r) is the function of 
only three spatial coordinates of r point, where ρ(r) 
allows detecting any of the molecule electrons. It can 
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be considered as the density of “electron gas” forming 
the "electronic cloud" of the molecule [35, 36].  

If the property of the molecule main state can be 
expressed in ρ, then the electron energy is expressed 
as follows:  

 

][][][][ ρ+ρ+ρ=ρ eeen VVTE , 
 

where T[ρ] is the kinetic energy, Ven[ρ] is the 
potential energy of electron-nuclear interactions, 
Vee[ρ] is the energy of interelectronic interactions 
which can be written in the form:  
 

][][][ Coul ρ+ρ=ρ xcee VVV , 
 

where VCoul[ρ] is the energy of the Coulomb 
interaction of electrons, while Vxc[ρ] is the so-called 
exchange-correlation energy, i.e. the part of the 
potential energy of the electron interaction among 
themselves which takes into account the exchange 
member in the Hartree–Fock method and correlation 
energy. 

The functionals T[ρ], Ven[ρ] and VCoul[ρ] can be 
found accurately. The easiest way is the so-called 
Kohn–Sham method. In this method, ρ is represented 
as the amount of contributions of individual electrons 
described by certain auxiliary self-consistent orbitals 
(Kohn–Sham orbital): 
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Vxc[ρ] exchange-correlation potential is not 

represented accurately, and the introduction of 
additional approximations is required. There are 
many models for their description. It is discussed that 
TFP is used with different functionals. The most 
famous and widely used among them are Becke–
Perdew (BP), Perdew–Wang (PW91), Becke–Lee–
Yang–Parr (BLYP) and Perdew–Burke–Ernzerhof 
(PBE) functionals.  

One of the most popular is B3LY-hybrid 
functional which includes three components of the 
exchange function (the exact Hartree–Fock exchange 
operator, the Becke functional and the Slater 
functional), while the correlation part is a 
combination of Lee–Yang Parr (LYP) and Vosko–
Wilk–Nusair (VWN) functionals. A feature of this 
approach is that the three exchange components are 
accepted with weight coefficients selected according 
to comparison with experimental data. It turns out 
that in most cases its accuracy is much higher than 
that of methodologically “clean” functions. 
Apparently, this is due to the fact that the exchange 
energy is nonlocal and any attempts to reduce it to 
local functions lead to errors. The inclusion of 
Hartree–Fock exchange allows considering this 
nonlocality. In the present theoretical study, the 
B3LYP functional was used.  

As soon as the exchange-correlation potential is 
set, the solution by the DFT method is carried out by 
solving the so-called Kohn–Sham equation:  

 

iiiE ψε=ψKS
ˆ , 

 

where the Kohn-Sham operator KSÊ  is defined 
according to the variation principle as  
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Further, the solution procedure is completely 
analogous to the self-consistency procedure of the 
Hartree-Fock method. Expanding iψ  in the orbitals 
of the atomic basis, one can write equations for the 
coefficients of molecular orbitals Cij, i.e. equations 
similar to the Roothaan equations [35, 36].  

To perform calculations, we used the Pople 
Valenz Double–Zeta 6-31G basis set (determined for 
atoms from H to Zn), where the valence of atomic 
orbitals consists of two parts – internal, compact and 
external, diffuse [37]. The abbreviation 6-31G means 
that six primitive Gaussian functions are used to 
describe nuclear orbitals (non-valence electrons), and 
the valence s- and p-orbitals are divided into a 
compact part consisting of three Gaussian functions 
and a diffuse part represented by one Gaussian 
function. Calculations with such a basic set reproduce 
various energy parameters with sufficient accuracy. 
To prove this, experiments were carried out with a 
large number (298) of energy experimental values for 
molecules, among which there were 148 heat release 
values, 85 ionization potentials, 58 similar electron 
values and seven similar proton values. It was 
assumed that all these experimental results were 



 

Zaporotskova I.V., Boroznina N.P., Dryuchkov E.S., Shek T.S., Butenko Yu.V., Zaporotskov P.A. 

Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 2

117

known with an accuracy of 1 kcal⋅moL–1 and more.  
It was found that the calculations gave a standard 
deviation of 1.02 kcal⋅moL–1 from these values. 
Currently, many theoretical studies of carbon 
nanotubes are carried out with the hybrid functional 
B3LYP and the basis set 6-31G [38–40].  

In this paper, the following problems were 
solved using theoretical modeling: the possibility of 
modifying the outer surface of a single-walled carbon 
nanotube by attaching a functional nitro group to it 
was investigated; the interaction mechanism of the 
obtained modified complex with alkali metal atoms 
was studied, as well as the sensor activity of the 
nanosystem was investigated by simulating the 
scanning process of an arbitrary (model) surface 
containing selected metal atoms created by the 
CNT + NO2 sensor nanosystem to determine the 
energy of the complex's sensory response to the 
presence of alkali metal atoms.  

A molecular cluster of a single-walled carbon 
nanotube of the “zig-zag” type (6, 0) containing six 
carbon hexagons along the perimeter and seven layers 
of carbon hexagons along the longitudinal axis of the 
nanotube, with boundaries closed by pseudo-
hydrogen atoms in order to avoid the influence of 
edge effects, was chosen as an object of research. 

The process of modifying the carbon nanotube 
was simulated as follows: the nitro group —NO2 
oriented by the nitrogen atom to the CNT surface 
approached the carbon atom of the surface located 
approximately in the middle of the tube with a step of 
0.1 Å (Fig. 1). The movement of the nitro group was 
carried out along a perpendicular drawn to the 
longitudinal axis of the nanotube and passing through 
the selected C atom. The oxygen atoms of the nitro 
group were oriented along a straight line parallel to 
the axis of the nanotube. At each step, the interaction 
energy between the group and the nanotube was  
recorded. Based on the data obtained in the course of 
calculations, the dependence of the complex’s 
 

 
 

Fig. 1. A cluster model of CNTs with surface modification 
by a functional nitro group 

interaction energy on the distance between the carbon 
atom of the CNT surface and the N atom of the nitro 
group was constructed. The minimum energy value 
on this energy curve corresponds to the case when a 
bond is formed between the group and the nanotube.  

The simulation of the interaction of an already 
modified CNT with alkali metal atoms (lithium, 
sodium, potassium) was carried out according to the 
same principle as the modification of a tube with a 
nitro group. The selected atoms of lithium, sodium, or 
potassium approached one of the oxygen atoms of the 
functional group with a step of 0.1 Å along a straight 
line perpendicular to the longitudinal axis of the 
nanotube and passing through the oxygen atom of the 
nitro group. At each step, the interaction energy was 
recorded, and then the energy curve of the process 
was plotted. The minimum on the curve testified to 
the interaction between the modified nanotubular 
system and the metal atom at a certain distance.  

The scanning process of an arbitrary imaginary 
surface containing Li, Na, K atoms to determine the 
sensory sensitivity of the CNT + NO2 nanosystem 
was simulated by the movement of each of the alkali 
metal atoms along a straight line parallel to the 
surface of a nanotube with a functional group located 
at the interaction distance determined in the previous 
research stage (the process model is shown in Fig. 2). 
The metal atom sequentially moved from one oxygen 
atom to another atom of the O group. The presence of 
sensory sensitivity of the complex in relation to the 
indicated atoms was fixed by a minimum on the 
curve, which can be called the curve of sensory 
interaction.  

 

 
Fig. 2. A model of scanning an arbitrary area of an 
imaginary surface containing a potassium atom K  
by a carbon nanotube modified with a nitro group 
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3. Results and Discussion 
 

After analyzing the energy interaction curve 
obtained as a result of calculations on modifying a 
carbon nanotube with a nitro group, it was found that 
a bond between CNTs and —NO2 at a distance  
of 2.2 Å corresponding to an interaction energy of 
4.16 eV was formed (Fig. 3). Such a connection 
proves the possibility of modifying the CNT surface 
with a functional nitro group with the formation of a 
stable CNT + NO2 complex which can be used as a 
sensor device element.  

The performed calculations on the interaction of 
the CNT + NO2 complex with alkali metal atoms 
made it possible to construct surface profiles 
reflecting the potential energy of the complex 
“CNT + NO2 – metal atom” system (Fig. 4).  
The analysis of energy curves established that the 
surface-modified nanotube is sensitive to the selected 
metals: the minimum on the curves illustrates the 
interaction of an atom with the CNT + NO2 system. 
Some interaction characteristics of the studied alkali 
metal atoms and the modified nanotube, namely, the 
interaction energies and distances, are shown in  
Table 1. The analysis of the charge state of the 
system revealed that, during the interaction, the 

electron density is transferred from the metal atoms 
Li, Na, K to the atoms of the modified nanotubular 
complex. This allows to conclude that an additional 
Coulomb interaction appears in the system. 

The analysis of the scanning process of an 
imaginary model surface containing potassium, 
lithium or sodium atoms showed that the modified 
nanotube becomes chemically sensitive with respect 
to the selected metals: the curves have a characteristic 
minimum which indicates the formation of a stable 
interaction of the element with the CNT + NO2 
system (Fig. 5). The position of the minimum turned 
out to be approximately in the middle between the 
oxygen atoms of the nitro group, which indicates the 
total sensitivity of the entire system with the nitro 
group with respect to the considered atoms.  

The analysis of the distances of the sensor 
interaction of metal atoms with the modified complex 
can be very important (Table 2). The obtained 
distances indicate the absence of a chemical bond 
between the CNT + NO2 system and a metal atom at 
the distance of the sensory response, which ensures 
the complex integrity after sensory interaction with 
the metal. This allows reusing a sensor based on 
surface-modified CNTs.  

 

 
  

Fig. 3. The CNT and a nitro group  
interaction energy curve 

 

Fig. 4. Surface profiles of potential interaction energy  
of a carbon single-walled nanotube modified by a nitro 

group with alkali metal atoms 
 

Table 1. Some interaction characteristics of alkali 
metal atoms and a carbon nanotube modified  

with a nitro group  
 

Interatomic 
bond  

Interaction 
distance, Å 

Interaction 
energy, eV  

Charge 
on metal 

atoms  

Li – O 1.6 –2.60 +0.541 

K – O 2.4 –1.52 +0.706 

Na – O 2.0 –1.77 +0.605 

 

 
 

Fig. 5. Sensory interaction of modified CNT  
with alkali metal atoms when scanning an arbitrary surface  

of a nanotube 
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Table 2. Some characteristics of the sensory 
interaction between the surface-modified nitro group 
of the nanotubular system and the Li, Na, K atoms 

 

Interatomic 
bond 

Sensor 
interaction 
distance, Å 

Sensor 
interaction 
energy, eV  

Charge 
on metal 

atoms 

Li – O 1.9 –4.82 +0.506 

K – O 2.6 –3.36 +0.694 

Na – O 2.2 –3.86 +0.576 

 
Thus, a carbon nanotube, the surface of which is 

modified with a nitro group, displays sensory activity 
to alkali metal atoms, which can be measured by 
determining the potential in the sensor system.  

 
4. Conclusions 

 

In conclusion, it should be noted that despite the 
fact that carbon nanotubes were discovered almost 
thirty years ago, they still continue to generate great 
interest in the scientific community. All over the 
world, at present, the production capacity of CNTs 
exceeds several thousand tons per year. CNTs are 
used extensively in the advertising field, including 
consumer products such as batteries, car parts, 
sporting goods, and water filters. With regard to 
CNT-based sensors, some of them are already at the 
stage where they can be commercialized. In the 
present paper, we considered one of the effective 
ways to increase the sorption activity of carbon 
nanotubes, which is the main operation factor for 
sensors used in modern devices based on modifying 
their surface with a functional nitro group.  

As a result of the performed study, the 
interaction mechanism of the nitro group with the 
outer surface of a single-walled carbon nanotube was 
studied during the modification made by the addition 
of the group to the carbon atom of the surface.  
The possibility of creating a stable complex 
CNT + NO2, which can be used as a sensor in sensor 
devices, has been proved.  

The possibility of interaction of alkali metal 
atoms of potassium, sodium, and lithium with the 
oxygen atom of the nitro group, which modifies the 
surface of a carbon nanotube of the type (6, 0), has 
been investigated. The scanning process of an 
imaginary model surface containing the mentioned 
atoms, created by a sensor system based on a carbon 
nanotube and surface-modified with a nitro group, 
showed that the system provides a sensory response 

to the presence of lithium, sodium or potassium.  
The resulting sensor can be used many times without 
destroying it and with possible interaction with the 
identified material (alkali metals in the case 
considered in the article).  

Thus, a carbon nanotube, the surface of which is 
modified with a nitro group, has sensory activity 
towards alkali metal atoms, which can be determined 
by measuring the potential in the sensor system. 
Surface-modified nanotubular systems can be used to 
create sensors in the form of active plates, the surface 
of which is covered with modified carbon nanotubes. 
In this case, the response of the sensor system is 
provided by the total response of the entire surface to 
the presence of atoms or ions of alkali metals which 
can be present in the form of solutions, salts and 
alkalis. 
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Abstract: Currently, soft hydrogels with antimicrobial properties are widely used in biomedical applications as dressings 
and wound healing agents. In the present work, Cu–Fe nanoparticles with different component ratios were obtained by the 
joint electric explosion of iron and copper wires in an argon atmosphere. Bimetallic nanoparticles had a clear interface 
between the iron and copper phases at the particle level. Cu–Fe nanoparticles had high antibacterial activity against a wide 
bacterial spectrum. In connection with dusting and entrainment of nanoparticles, for the convenience of biomedical 
application, compositions were created based on non-toxic biocompatible polymers – polyvinyl alcohol, polyacrylic acid, 
and polyacrylamide. The suspension of nanoparticles was pretreated with ultrasound for 5 min at a frequency of 22.4 kHz. 
Polyvinyl alcohol was used as a nanoparticle stabilizer. The stability of the suspension was investigated by the 
sedimentation method. The resulting compositions effectively inhibited the growth of Escherichia coli ATCC 25922, 
Staphylococcus aureus ATCC 6538, methicillin-resistant Staphylococcus aureus ATCC 43300 (MRSA), and Pseudomonas 
aeruginisa ATCC 9027.  
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Аннотация: В настоящее время мягкие гидрогели с антимикробными свойствами находят широкое 
биомедицинское приложение в качестве перевязочных и ранозаживляющих средств. В настоящей работе 
совместным электрическим взрывом железной и медной проволочек в атмосфере аргона получены наночастицы 
Cu–Fe с различным соотношением компонентов. Биметаллические наночастицы имели четкую границу раздела 
железной и медной фаз на уровне частицы. Наночастицы Cu–Fe обладали высокой антибактериальной 
активностью в отношении широкого бактериального спектра. В связи с пылением и уносом наночастиц для 
удобства  биомедицинского применения созданы композиции  на основе нетоксичных биосовместимых 
полимеров – поливинилового спирта, полиакриловой кислоты и полиакриламида. Суспензию наночастиц 
предварительно обрабатывали ультразвуком в течение 5 минут при частоте 22,4 кГц. В качестве стабилизатора 
наночастиц использовали поливиниловый спирт. Стабильность суспензии исследовали седиментационным 
методом. Полученные композиции эффективно подавляли рост бактерий Escherichia coli ATCC 25922, 
Staphylococcus aureus ATCC 6538, устойчивых к метициллину Staphylococcus aureus ATCC 43300 (MRSA) и 
Pseudomonas aeruginisa ATCC 9027. 
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1. Introduction 

 

Despite the rapid development of science and 
technology the problem of the antibiotic-resistant 
bacterial strains formation remains relevant. 
According to the World Health Statistic Report 2019, 
in the world about 700 thousand people died in 2019 
from bacterial infections. In this regard, the creation 
of new materials with antimicrobial activity is 
currently a promising and most intensively 
developing area of nanotechnology. Currently, 
antimicrobial hydrogels are widely used in biology 
and medicine as a means for drug delivery [1], filling 
hygiene products, contact lens material and dressing 
components [2] due to their three-dimensional 
structure, structural stability and moisture capacity. 
For the creation of dressings based on hydrogels, an 
important indicator is their ability to maintain  
a constant moisture level in the area around the 
wound, which promotes the growth of connective 
tissue and accelerates the production of collagen [3]. 
However, a humid environment is often favorable for 
the reproduction of microorganisms [4]. In this 
regard, the creation of compositions based on 
polymers containing nanoparticles with antimicrobial 
properties is a promising way to solve this problem. 

In most cases, silver nanoparticles (NPs) are 
used for antibacterial modification of polymer gels 
[5]. However, the use of silver is limited by the 
aggregation of NPs, which leads to a significant 
decrease in their activity [6], and proven cyto- and 
genotoxicity [7]. To reduce the toxic effect on the 
human body, it is advisable to use NPs of 
biologically active metals (Ca, Na, K, Mg, Fe, Cu, 
Zn, Mo, Mn, etc.). Such NPs introduced into 
eukaryotic cells, having less toxicity, can even 
stimulate the mechanisms of regulation of the 
microelement composition and the activity of 
antioxidant enzymes [8].  

To increase the antibacterial activity of NPs of 
biologically active metals, the use of bimetallic 
nanoparticles is promising [9]. One of the main 
mechanisms of the antibacterial activity of NPs is the 
release of ions into the solution [10]. The nanoscale 
state, the large area of the accessible surface, and the 
presence of electrochemical pairs in the bulk of 
bicomponent nanoparticles make it possible to 
regulate the solubility of metals, the ions of which 

will interact with the components of the cell wall. 
The most effective are copper-containing NPs.  
The authors of [11] attributed the synergistic effect in 
the antibacterial activity of bimetallic Cu/Zn 
nanoparticles to the slow simultaneous release of 
metal ions, while copper NPs interacted with the 
bacterial membrane, changing its permeability, which 
enhanced the effect of zinc. Cu–Ni NPs synthesized 
by a chemical method for dental applications, in 
contrast to copper NPs, exhibited the same 
antibacterial effect in relation to all tested strains 
[12], provided by the release of copper ions. Cu–FeO 
NPs 90–220 nm in size, synthesized by the 
hydrothermal method, had a less pronounced 
antibacterial activity compared to Cu2O, which had a 
size of about 24.5 nm [13], which was associated 
with a lower concentration of released Cu2+ ions.  

In this work, an electric explosion of wires 
(EEW) was used to obtain Cu–Fe NPs [14]. EEW 
allows one to obtain NPs with different structures and 
phase compositions, which can be controlled by the 
synthesis conditions. In addition, EEW has a number 
of advantages over other physical methods, such as 
high efficiency of energy transfer, the ability to vary 
the process parameters and, accordingly, the powders 
properties, a relatively narrow NPs size distribution 
function, low cost and equipment simplicity. 

In this research, biocidal composites were 
obtained based on solutions of water-soluble 
polymers of polyacrylamide, polycarboxylate, and 
polyvinyl alcohol and electroexplosive Cu–Fe NPs, 
which have antibacterial activity against gram-
positive and gram-negative microorganisms.  
The influence of the polymer and the NPs solubility 
on their antibacterial activity was studied in model 
liquids. 

 
2. Materials and methods 

 

2.1. Synthesis of nanocomposites 
 

To obtain Cu–Fe NPs, an electric explosion of 
iron and copper wires in an oxygen-containing 
atmosphere was used. The technical details of the 
NPs synthesis process and the scheme of the 
experimental setup are presented in [15].  
The parameters of NPs synthesis are given in Table 1. 
The ratio of the weights of metals in the powder was 
controlled by the geometric dimensions of the wires.  
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Table 1. Conditions for the Cu–Fe bimetallic nanoparticles preparation 
 

Sample 
dCu dFe l wCu(%), calc. wFe(%) 

U, kV С, μF 
mm wt. % atm. % wt. % atm. % 

Cu72–Fe28 0.30 0.20 65 71.9 69.3 28.1 30.7 34 1.6 

Cu53–Fe47 0.20 0.20 60 53.2 50.1 46.8 49.9 26 1.2 

Cu28–Fe72 0.20 0.35 65 27.1 24.7 72.9 75.3 32 1.2 

 
The choice of polymer matrices for preparing the 

compositions was due to the possibility of creating on 
their basis soft dosage forms like gels containing 
NPs. Polyacrylamide TOSN (Russian Standard 
17622–72) with a molecular weight of 5100 g⋅moL–1 
was chosen as polymer matrices; polyvinyl alcohol 
MOWIOL® grade 10–98 with a molecular weight of 
10–6 g⋅moL–1; carbopol ETD 2020 is a homopolymer 
and copolymer of acrylic acid crosslinked with 
polyalkenyl polyester (BASF, Germany) with a 
viscosity of 1 % aqueous gels of at least 45–77 Poz. 
NPs in the form of stable suspensions were 
introduced into the polymer matrix. Deagglomeration 
of aqueous suspensions of nanoparticles was carried 
out using a Hilscher UP-100M submersible ultrasonic 
homogenizer with a frequency of 30 kHz, varying the 
processing time t and the power N of the disperser. 
Ultrasonic treatment is the most effective method for 
deagglomeration of electroexplosive nanopowders 
[17]. The processing time was chosen up to  
10 minutes, because with a further increase, the 
suspension was heated at any exposure power, which 
can lead to sintering of the processed NPs. 

 
2.2. Methods of the nanocomposites properties 

investigation 
 

Cu–Fe NPs were studied by X-ray diffraction 
analysis (diffractometer Shimadzu XRD 6000 with 
CuKa radiation), transmission (JEOL-2100F, Japan), 
and scanning (LEO EVO 50, Zeiss, Germany) 
electron microscopy. To determine the number 
average size of nanoparticles, TEM images were used 
(no less than 2400 particles). The study of the 
chemical composition of the surface of the samples 
was carried out on a photoelectron spectrometer 
(SPECS Surface Nano Analysis GmbH) equipped 
with a PHOIBOS-150-MCD-9 hemispherical 
analyzer, an XR-50 X-ray source of characteristic 
radiation with a double Al/Mg anode. The release of 
ions from bimetallic nanoparticles was studied under 
conditions corresponding to standard methods for 
assessing the antibacterial activity of substances, i.e. 

with 24-hour cultivation in water and in an 
environment favorable for the bacterial culture life – 
sterile 0.9 % NaCl solution, according to the 
requirements [16]. A series of samples were placed in 
conical flasks containing 30 ml of water or NaCl 
solution and kept with constant shaking using an 
orbital shaker at 37 °C for 24 hours. Further exposure 
time increase is impractical, since the vital activity of 
bacterial cultures decreases within 24 hours and all 
bacterial experiments are usually limited to  
18–24 hours. The study of the degradation of 
nanoparticles in nutrient broths, as the most favorable 
media for incubation, was not carried out due to the 
fact that the use of organic compounds as a dispersion 
medium makes it impossible to use highly sensitive 
methods of analytical chemistry. A mechanical 
mixture of electroexplosive monometallic NPs of iron 
and copper in the same ratios as in bicomponent NPs 
was used as reference samples. 

 
2.3. Antibacterial properties of research objects 

 

To assess the antibacterial activity of 
nanoparticles, the method of radial diffusion into agar 
was used. For 20 mL Mueller–Hinton agar was 
poured into sterile Petri dishes (90 mm diameter) and 
allowed to solidify. After solidification, wells were 
made using sterile cylinders. 200 μL of a suspension 
of nanoparticles in 0.85 % NaCl at a concentration of 
100 μg⋅mL–1 was added to the wells. Petri dishes 
were incubated at 37 °C for 24 h. Antibacterial 
activity was determined by measuring the diameters 
of growth inhibition zones around the wells. 

The antibacterial activity of the compositions 
was evaluated using test cultures – bacteria 
Escherichia coli ATCC 25922, antibiotic-resistant 
MRSA ATCC 43300, Pseudomonas aeruginosa 
ATCC 9027 and Staphylococcus aureus ATCC 6538, 
provided by Biolot (Russia) and the All-Russian 
collection of industrial microorganisms. To determine 
the minimum inhibitory concentration (MIC) of gels, 
at which the growth of the studied bacterial cultures 
is completely inhibited, the method described in [18] 
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was used Mueller–Hinton broth (RCP, St. Petersburg) 
was used as a nutrient medium. To assess the dynamics 
of the growth of microorganisms, a microplate 
variation of the method was used with an assessment 
of the optical density of the bacterial suspension by 
the spectrophotometric method (Multiskan FC, 
ThermoFisher Scientific, USA, λ = 620 nm).  
MICs were determined from the results of a series of 
3 experiments containing at least 3 parallel samples. 

 
3. Results and Discussion 

 

NPs production and properties. 
With a joint electrical explosion of copper and 

iron wires in an argon atmosphere, the so-called. 
Janus nanoparticles, that is, particles with a clear 
interface between the phases of the components. 
Taking into account the phase diagrams, the Cu–Fe 
metal system is characterized by the absence of 
mutual solubility in the solid and liquid states. The 
solubility of iron in copper does not exceed 2.5wt% 
at a temperature of 1025 °C. In this system, the 
formation of three regions of primary crystalline 
phases is observed: γ (850 °C), ε (1083 °C) and  
δ (1500 °C). In a number of works summarized in [19], 
the solubility of copper in α-Fe is given; depending on 
temperature, it is in the range of 0.1 ÷ 1.8 % (at.). 

According to the phase analysis data, only the 
phases of iron (α–Fe) and metallic copper are found 
in the synthesized bimetallic Cu–Fe nanoparticles. 
However, the data obtained in the study of the surface 
of nanoparticles by X-ray photoelectron spectroscopy 
confirm the presence of Fe3+ and Cu2+ on the surface 
of the particles (Fig. 1). 

 

 
 

Fig. 1. XPS analysis of Cu50–Fe50 nanoparticles

 

The spectra of Fe2p nanoparticles are shown in 
Fig. 1a. Two main peaks at ≈ 711.5 eV with a shift 
towards lower binding energies and 724.5 eV with a 
shift towards lower binding energies can be attributed 
to Fe2p3/2 and Fe2p1/2, respectively [20]. According 
to the literature data [21], iron, which is a part of the 
oxides, is characterized by the values of the binding 
energy Fe2p3/2 in the ranges 709.5–710.2 eV (for 
FeO), 710.1–710.6 eV (for Fe3O4) and 710.7– 
711.2 eV (Fe2O3). The high value of the binding 
energy and the presence of satellites, which are 5.7, 
8.5, and 8.8 eV away from the main peak of Fe2p3/2, 
made it possible to assert that iron in these samples is 
in the Fe3+ state. In the spectrum of copper (Fig. 1b), 
regardless of the composition of nanoparticles, there 
was an intense peak in the region of 933.9 eV, which 
can be attributed to Cu2p3/2 [22]. The peak at  
952.8 eV can be considered as Cu0 with a weak 
satellite peak in the region up to 946.7 eV, which is 
associated with Cu+ particles [23]. Thus, an X-ray 
amorphous oxide film is present on the surface of 
nanoparticles. 

Depending on the ratio of the components, Dcir 
of metal phases, calculated by the Williamson–Hall 
method, linearly correlated with the content of the 
corresponding metal in all exploded wires (Fig. 2). 

The resulting Cu–Fe nanoparticles have a 
spherical shape and an average size of 63-72 nm  
(Fig. 3a). Moreover, the average size of nanoparticles 
is practically independent of the composition of the 
particles. In a detailed study of the particles by the 
method of energy dispersion analysis (Fig. 3), it was 
found that, regardless of the ratio of the components, 
copper and iron are unevenly distributed over the 
particle, there are areas enriched in one of the 
components with clear phase boundaries. 

 

 
 

Fig. 2. Coherent scattering region dependences for copper 
and iron on the Cu–Fe nanoparticles composition 
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Fig. 3. Particle size distribution functions (a) and TEM-image and EDX-analysis (b) of Cu–Fe nanoparticles 

 
Antibacterial activity of NPs. 
The release of ions when NPs are placed in a 

physiological solution (electrolyte) plays an 
important role in their antibacterial activity.  
It is known that the bacterial membrane consists of 
anionic polar molecules of acidic phospholipids 
(phosphatidylethanolamine – 66 %, cosfatidyl-
glycerol – 18 %, cardiolipin – 12 % for E. coli), 
lipopolysaccharide and teichoic acids, which easily 
interact with metal ions, for example, by adding one 
ion metal (II) to two adjacent phosphate groups of 
membrane-forming organic molecules, which leads to 
the destruction of the bacterial membrane [24]. | 
In addition, ions of silver, iron and copper bind to 
sulfur-containing amino acids that make up the 
proteins of the cell wall, mainly with the polar acid 
cysteine. When Cu2+ interacts with E. coli membrane 
proteins, disulfide bonds that form a tertiary protein 
structure are broken, as a result of which nonspecific 
conduction channels for cations are opened.  
The nanoscale state, and, accordingly, the large area 
of the accessible surface and the presence of 
electrochemical pairs in Cu–Fe NPs can lead to an 
increase in the solubility of metals, the ions of which 
will interact with the components of the cell wall. 
The release of ions in aqueous media from 
bicomponent NPs obtained by an electric explosion 
has hardly been studied. 

Degradation of Cu–Fe NPs can be represented 
from the point of view of electrochemical corrosion, 
which occurs in a neutral medium with oxygen 
depolarization:  

 

(А) Fe – 2e → Fe2+   – oxidation 
 

(K) 2H2O + O2 + 4e → 4OH – recovery. 

Short-circuited galvanic cell circuit: 
 

А (–) Fe|H2O, O2|Cu (+) K. 
 

The following reactions take place at the metal 
surface in the electrolyte: 

 

Fe2+ + 2OH– → Fe(OH)2; 
 

Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3. 
 

It was found that the amount of Cu2+ and Fe2+ 
ions released from NPs into water depends on the 
ratio of metals in the nanopowder. In Fig. 4 shows the 
curves of changes in the content of iron and copper 
during exposure to Cu–Fe NPs in a model medium 
versus time. Depending on the content of metals in 
nanopowders, the amount of released Cu2+ and Fe2+ 
ions changes. The largest amount of Fe2+ ions is 
released upon exposure to Cu50–Fe50 nanopowder 
(Fig. 4a). At this ratio of metals, the galvanic effect 
of the pair is most pronounced – a decrease in the 
solubility of copper in the presence of iron. 

The release of copper ions is most significant in 
the Cu72–Fe28 NPs (Fig. 4b). This difference in the 
release of ions from bicomponent nanoparticles can 
be explained from the point of view of the NPs 
structure. At a high copper concentration, the number 
of nanoparticles with a core-shell structure increases. 
The formation of a copper shell prevents the diffusion 
of water to the iron core and, accordingly, the 
reaction of water and NaCl with iron. With an equal 
ratio of components, nanoparticles with a symmetric 
shape are mainly formed. Both iron and copper are in 
contact with water. The area of the metal interface is 
maximal in this case. As a result, at this ratio, the 
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galvanic effect plays the main role in the formation of 
ions. Galvanic effects occurring at the copper-iron 
interface prevent the release of copper into the 
reaction medium. Therefore, we observed an increase 
in the release of Fe2+ ions and a decrease in the 

release of Cu2+ ions. With a further increase in the 
iron content, the copper fragments decrease, and the 
iron fragments increase. The data on the release of 
ions correlate with the antibacterial activity of the 
nanoparticles (Table 2). 

 

 
 

Fig. 4. Concentration of copper and iron ions after 24 h exposure of Cu–Fe NPs in water (a)  
and 0.9 wt. % NaCl solution (b) 

 
Table 2. Antibacterial activity of Cu–Fe nanoparticles 

 

NPs 
С(Fe2+) С(Cu+) С(Cu2+ + Fe+) 

Growth retardation zone, mm 

E. coli 
ATCC 25922 

S. aureus 
ATCC 6538 

MRSA  
ATCC 43300 μg⋅mL–1 

Cu28–Fe72 34 3.5 37.5 23.5 ± 0.4 23.5 ± 0.5 23.5 ± 0.2 

Cu50–Fe50 65 6 71 24.4 ± 0.5 23.5 ± 0.2 23.5 ± 0.1 

Cu72–Fe28 17 17 34 22.4 ± 0.3 26.5 ± 0.8 24.2 ± 0.1 

Fe (92 nm) 5 – – 10.1 ± 0.2 10.0 ± 0.0 10.1 ± 0.2 

Cu (80 nm) 7 – – 11.4 ± 0.0 12.7 ± 0.1 11.6 ± 0.3 

 
Obtaining biocidal compositions with 

bicomponent NPs. 
The main problem of using NPs as antibacterial 

agents is their high dispersion, tendency to 
agglomeration, which leads to dusting, entrainment 
by a liquid or gas flow, contact with mucous 
membranes, decreased activity, etc. The choice of 
polymers for the creation of composites is determined 
by many factors: the necessary functional 
requirements for finished materials and products, 

their operational reliability and safety of use, 
compatibility and mutual influence of components, 
manufacturability of processing, availability and cost. 
When choosing polymer matrices, first of all, the 
possibility of creating on their basis soft dosage 
forms in the form of gels or ointments modified with 
NPs was taken into account. In this regard, the 
preparation technique included the formation of a 
single-phase hydrophilic system, well sorbed on the 
surface of wounds, in which bicomponent  
 

C(Fe2+),  
μg⋅mL–1 

C(Cu2+), 
μg⋅mL–1 Cu–Fe Cu–Fe

Mixture Cu+Fe Mixture Cu+Fe H2O 
NaCl 

C (Cu), wt.% C (Cu), wt.% 
  

(a) (b)
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Fig. 5. Size distribution of Cu–Fe NPs  
and agglomerates in an aqueous suspension 

 
nanoparticles are evenly distributed. As a hydrophilic 
base were chosen 1 wt. % aqueous solutions of 
polymers with low toxicity, hypoallergenicity, 
promoting a slow release of the antimicrobial 
component, not interfering with gas exchange of the 
skin and not disrupting the activity of the glands. 

The main problem with the introduction of NPs 
to obtain biocidal compositions is associated with 
their agglomeration. When NPs are produced by an 
electric explosion of wires, the nanoparticles come 
into contact with each other, forming agglomerates 
and aggregates. During aggregation, metal NPs are 
bound by weak adhesion forces of Van der Waals, 
and during agglomeration, as a rule, strong 

agglomerates of individual particles are formed, 
which are firmly connected by necks. Aggregates of 
nanoparticles are easily destroyed by external 
influences, for example, by ultrasonic dispersion. 
Destroying strong agglomerates of mechanically 
bonded nanoparticles is a much more difficult task. 
The size distribution of NPs and agglomerates  
of Cu–Fe nanoparticles determined by the 
sedimentation method is shown in Fig. 5. 

Samples with different Cu–Fe ratios had a 
similar weight average distribution with a maximum 
in the region of 40–50 nm. In this case, about 80 % of 
the particles had a size of 100 nm. There are Cu–Fe 
agglomerates larger than 500 nm. The largest weight 
of large agglomerates was typical for the Cu50–Fe50 
sample. 

When dispersing a suspension of NPs by 
ultrasound for 5 min, the suspension did not settle for 
3 min, which was sufficient for the introduction of 
particles into the polymer matrix. As a result, biocidal 
compositions were obtained in the form of gels, 
which were well applied and evenly distributed on 
the skin. In addition, due to the gel texture, a uniform 
distribution of bicomponent nanoparticles in the bulk 
of the base was achieved and their aggregation was 
prevented. The compositions are homogeneous in 
structure, the pH is in the range from 6.0 to 6.5, 
which is close to the physiological pH of human skin. 

To determine the antibacterial activity of the 
biocidal compositions, the suspension method 
described above was used. The antibacterial activity 
of the compositions is given in Table 3. 

 
Table 3. Antibacterial activity of compositions containing bimetallic Cu-Fe nanoparticles 

 

Sample 
MIC, mg⋅L–1 

E. coli 
ATCC 25922 

S. aureus 
ATCC 6538 

P. aeruginosa 
ATCC 9027 

MRSA  
ATCC 43300 

Polyvinyl alcohol 
Cu28–Fe72 62.5 31.3 125 125 
Cu50–Fe50 31.3 7.8 62.5 62.5 
Cu72–Fe28 62.5 7.8 125 62.5 

Carbopol 
Cu28–Fe72 31.3 15.6 125 31.3 
Cu50–Fe50 31.3 7.8 62.5 31.3 
Cu72–Fe28 62.5 15.6 125 62.5 

Polyacrylamide 
Cu28–Fe72 250 125 >250 125 
Cu50–Fe50 125 62.5 250 62.5 
Cu72–Fe28 250 125 >250 125 

 

Particle size, nm 
more 500

N/Nrev, % 
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The obtained experimental data on the 
antibacterial activity of samples of biocidal 
compositions, in which Cu–Fe nanoparticles were 
used as an antimicrobial component, exhibited high 
antimicrobial activity against MRSA. The most 
effective composition was carbopol + Cu–Fe.  
The least activity was demonstrated by compositions 
based on polyacrylamide. As shown by theoretical 
studies of the authors [25], a strong interaction takes 
place in the iron-iron oxide-polyacrylamide system 
and the polymer chain is adsorbed on the surface of 
nanoparticles, which can lead to a decrease in ion 
release and a significant decrease in antibacterial 
activity. The results of antibacterial activity of 
biocidal compositions with bimetallic Cu–Fe NPs 
exceed the values obtained for silver-containing 
hydrogels based on gelatin and chitosan modified 
with silver nanoparticles [26], which indicates that 
the obtained samples are promising. 

 
4. Conclusion  

 

Thus, water-based composites modified with 
bimetallic Cu–Fe nanoparticles can be promising for 
the creation of antibacterial agents for treating 
wounds, as an alternative to silver-containing 
nanomaterials. Wound dressings based on composite 
hydrogel are able to maintain a moist environment for 
a long period of time, as well as protect the wound 
from any microbial infections that may arise. 
Controlled release of ions of bioactive metals copper 
and iron provide high antibacterial activity of the 
obtained composites. 
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Abstract: Catalysts of carbon monoxide oxidation were synthesized by deposition of platinum on titanium nitride (TiN). 
Two substrates with an average particle size of 18 and 36 nm were obtained by hydrogen reduction of titanium 
tetrachloride in a stream of microwave plasma of nitrogen. The surface of the catalysts was studied by X-ray photoelectron 
spectroscopy (XPS). The data obtained by us in the present work indicate the presence of oxynitride as a transition layer 
between nitride and oxide. It was found that the CO oxidation rate on the 9–15 wt. %  Pt loaded TiN catalysts is 120 times 
higher than that on the platinum black with a specific surface of 30 m2⋅g–1. Increase in the reaction rate of CO oxidation on 
Pt/TiN catalysts as compared to platinum black can be associated with both an increase in the concentration of CO 
molecules adsorbed and a decrease in the activation energy of the reaction. Catalysts are promising for use in catalytic air 
purification systems.  
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Аннотация: Катализаторы окисления монооксида углерода синтезированы нанесением платины на 
плазмохимический нитрид титана (TiN). Порошки TiN со средним размером частиц 18 и 36 нм получены 
водородным восстановлением тетрахлорида титана в потоке микроволновой азотной плазмы. Поверхность 
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катализаторов исследовалась методом рентгеновской фотоэлектронной спектроскопии (РФЭС). Анализ 
полученных материалов указывает на наличие оксинитрида как переходного слоя между нитридом и оксидом на 
поверхности катализаторов. Обнаружено, что скорость окисления СО на катализаторах TiN с добавкой  
9 – 15 мас. % Pt в 120 раз выше, чем на платиновой саже с удельной поверхностью 30 м2/г при комнатной 
температуре. Увеличение скорости реакции окисления СО на катализаторах Pt/TiN по сравнению с платиновой 
сажей может быть связано как с увеличением концентрации адсорбированных молекул СО, так и с уменьшением 
энергии активации реакции. Полученные катализаторы перспективны для использования в системах 
каталитической очистки воздуха. 
 
Ключевые слова: нитрид титана; катализатор Pt/TiN; окисление CO; рентгеновская фотоэлектронная 
спектроскопия; рентгенограммы; просвечивающая электронная микроскопия. 
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1. Introduction 
 

Investigations and improvements of indoor air 
purification using heterogeneous photocatalytic 
oxidation have been devoted to a number of studies 
[1–6]. TiO2 is commonly used as the photocatalyst in 
photocatalytic oxidation (PCO) reaction [6–10]. 
However, not all gases are effectively oxidized by 
UV irradiation on pure titanium dioxide. In particular, 
the photocatalytic method of air purification from 
carbon monoxide gas (CO) on pure titanium dioxide 
is ineffective. Titanium nitride (TiN) is widely used 
due to its hardness, high electrical conductivity, 
corrosion resistance and high melting point [11–13], 
as well as decorative properties, since its reflection 
spectrum is very similar to the reflection spectrum of 
gold [14–17]. Recently, TiN has been used as  
a catalyst (electrocatalyst) for the oxygen reduction 
reaction [18–23], as well as a substrate for M/TiN 
catalysts, where M is a metal [24–31]. 

Catalytic oxidation of CO has received 
considerable attention due to its wide applications in 
exhaust gas after-treatment, CO oxidation for proton 
exchange membrane fuel cells and air purification 
systems. In the scientific literature, a huge number of 
works are devoted to the catalytic oxidation of CO 
(see, for example, publications [32–40] and 
references to them). Our attention in this paper is 
devoted to low-temperature oxidation of CO in 
catalytic air purification systems. We note 
immediately that the term “low-temperature 
oxidation” is rather a tribute to the tradition, which 
originates from the work of Haruta et al. [41], who 
reported that Au can be a highly active catalyst for 
the oxidation of CO at temperatures below 0 °C.  
In principle, it is desirable to have catalysts in the air 
purification systems of residential premises that work 
effectively at room temperature (15–25 °C). 

In this report, we present data on the synthesis 
and the study of the properties of Pt/TiN catalysts for 
efficient room-temperature CO oxidation. Nano-sized 

TiN powder obtained by hydrogen reduction of 
titanium tetrachloride in a stream of nitrogen plasma 
was used as a substrate for the preparation of 
catalysts [42–43]. The study of the properties of 
catalysts in the oxidation of CO, which is contained 
in air at low concentrations (less than 100 mg⋅m–3) at 
295 K, showed that the CO oxidation rate on the  
9–15 wt. % Pt loaded TiN catalysts is 120 times 
higher than that on the platinum black with a specific 
surface of 30 m2⋅g–1. 

 
2. Materials and methods 

 

2.1. Titanium Nitride Synthesis 
 

Titanium nitride powders were obtained by 
hydrogen reduction of titanium tetrachloride in a 
stream of microwave plasma of nitrogen at 
atmospheric pressure. A mixture of titanium 
tetrachloride vapors with hydrogen in the required 
ratio was introduced into a plasma nitrogen stream 
with a mass-average temperature of about 3000 K, 
obtained in a plasmatron using a microwave 
generator with a frequency of 2450 MHz and  
a maximum useful power of 5 kW. 

The average particle size of the obtained 
powders was controlled by changing the flow rate of 
TiCl4, which was 0.1 g⋅min–1 in obtaining TiN 
powder with an average particle size of 18 nm and 
0.25 g⋅min–1 in obtaining a powder with a particle 
size of 36 nm. The plasma-forming nitrogen 
consumption was 4 m3⋅h–1 and hydrogen 
consumption was 0.5 m3⋅h–1 in both cases. Chemical 
interaction of reagents and condensation of titanium 
nitride nanoparticles occurred in a tubular reactor 
with a diameter of 50 mm and a length of 250 mm, 
the inner walls of which were lined with quartz.  
The titanium nitride particles formed in the reactor 
after cooling the stream were separated from the gas 
phase by filtration on a bag filter. 
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The average particle size of titanium nitride was 
determined from the results of measuring the specific 
surface of the powders by low-temperature 
adsorption of molecular nitrogen (BET method).  
The particle size l was calculated by the formula 
Sss = 6/(lρ), where Sss is the specific surface of the 
powder, ρ is the specific density of titanium nitride. 

 
2.2. Catalyst preparation 

 

To obtain a catalyst, an aqueous solution of 
H2PtCl6⋅6H2O (10–2⋅mol⋅L–1) was mixed with an 
aqueous solution of LiCOOH (0.04–0.1 mol⋅L–1) at 
20  °C. Then, TiN was ultrasonically dispersed in 
water at 60  °C, followed by the addition of the 
required amount of Pt in the form of an 
H2PtCI6/LiCOOH mixture. A similar method was 
described in detail earlier [30]. 

After the induction period (8–15 min), platinum 
clusters precipitate on the surface of titanium nitride. 
Then, after keeping the solution for 24 h at room 
temperature, the catalyst was washed with distilled 
water (5–6 times) from the reaction products. 

The washed catalyst was dried at a temperature 
of 80 °C for 24 h. Then, partial reduction of platinum 
clusters was carried out in a CO—N2 atmosphere 
(volume fraction of CO was 10 %) at a temperature 
of 90 °C for 4 h. Two catalysts K18 and K36 with  
a platinum content of 12 wt. % were selected as the 
main objects of study. TiN with a particle size of 
(18 ± 2) and (36 ± 2) nm was used as a substrate in 
the K18 and K36 catalysts. 

 
2.3. Samples characterization 

 

The surface areas of the TiN samples were 
obtained from N2 sorption isotherms measured at 77 K 
on QUADRASORB SI Analyzer (Quantachrome 
Instruments). X-ray patterns were recorded using  
a DRON ADP-2-02 diffractometer using Cu Kα 
radiation (λ = 0.154056 nm). JEOL JEM 2100 
electronic transmission microscope was used to study 
the structure and composition of Pt/TiN catalysts. 
Analytical scale Acculab ALC-80d4 was used to 
weigh the reagents and samples. 

The XPS spectra were obtained using a Specs 
PHOIBOS 150 MCD electron spectrometer with an 
Mg cathode (hν = 1253.6 eV). The vacuum in the 
spectrometer chamber did not exceed 4 × 10–8 Pa. 
The spectra were recorded in the constant 
transmission energy mode (40 eV for survey spectra 
and 10 eV for individual lines). The survey spectrum 
was recorded in 1.00 eV increments, while the 
spectra of individual lines were recorded in 0.03 eV 

increments. Background subtraction was carried out 
according to the Shirley method [44], and spectra 
decomposition was performed according to the set of 
mixed Gaussian/Lorentz peaks in the framework of 
the Casa XPS 2.3.19 software. For quantitative 
estimates, we used the table values of specific 
densities (4.24 g⋅cm–3 for TiO2 and 5.44 g⋅cm–3  
for TiN), as well as the following values of 
photoelectron escape depths [45]: 2TiO

Ti2p1 λ=λ = 3.08 nm, 
TiN
Ti2p2 λ=λ = 1.73 nm. 

 
2.4. Method for the study of catalytic properties 

 

The kinetics of CO oxidation in air on the 
catalyst was studied according to the method 
described in detail earlier [46]. In brief, the test 
chamber was purged for 600 s with a gas mixture of 
carbon monoxide (150 mg⋅m–3) and air at a speed of 
50 cm3⋅s–1. Then, the inlet and outlet valves of the 
test chamber were closed and the air/gas mixture 
pump located in the test chamber was turned on, 
ensuring the circulation of the gas mixture through 
the catalyst at a speed of 30 cm3⋅s–1. After reducing 
the concentration of CO due to the catalytic reaction 
to the level of 100 mg⋅m–3, a digital stopwatch was 
turned on and the readings of the sensors were 
recorded. The test chamber with a volume of 300 сm3 
is equipped with NAP-505 CO sensor (Nemoto), 
MSH optical sensor CO2 – P/CO2/NC/5/V/P 
(Dynament), humidity sensor and temperature sensor 
SHT75 (Sensirion). 
 

3. Results and Discussion 
 

3.1. Titanium Nitride 
 

Due to the great practical interest, there are 
many publications in the literature devoted to TiN, 
including investigation by XPS method [47–54]. 
However, the interpretation of experimental data 
obtained by XPS is somewhat different for different 
authors. This conclusion relates primarily to 
quantitative estimates, which is connected both with 
different ways of subtracting the background in the 
XPS spectra and with the complexity of the object 
itself. 

The fact is that titanium nitride exists as  
a homogeneous phase over a relatively wide range of 
compositions and has a tendency to oxidation.  
The composition and structure of the oxidized layer 
on the surface of titanium nitride depends on both the 
preparation method and storage conditions, and on 
the particle size. 
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Fig. 1 shows a survey spectrum of one of the 
samples of plasma-chemical titanium nitride (36 nm). 
We note immediately that the spectra of other 
samples are not fundamentally different from those 
given. Table 1 lists the elemental content (in atomic 
percent) in the layer analyzed by XPS (2–4 nm).  
It is seen that the nitride particles are covered with a 
thick layer of contamination, the origin of which is 
associated with the high activity of titanium nitride 
nanoparticles and the conditions of their sufficiently 
long storage in air. The presence of silicon and sulfur 
in the sample we associate with the features of the 
technology for producing titanium nitride. 

We analyze the shape of the spectra of Ti2p and 
N1s. It is known that the Ti2p spectrum of an 
individual titanium compound is a spin-orbit doublet, 
which is described by two peaks (Ti2p1/2 and Ti2p3/2) 
with an intensity ratio of 1 : 2 and a distance between 
the peaks of 5.7 eV [55]. 

The experimental spectrum of Ti2p our titanium 
nitride is well described by 6 peaks or 3 doublets 
(Fig. 2) corresponding to titanium in nitride (1), 
oxynitride (2) and oxide (3). The positions and 
relative intensities of the Ti2p3/2 peaks are shown in 
Table 2. 

 

 
 

Fig. 1. Survey XPS spectrum of the TiN 
 

Table 1. The XPS composition of the samples  
under study 

 

Sample 
Composition (at. %) 

C N O Pt Si Ti S 

TiN (36 nm) 58.8 6.3 23.3 – 2.5 7.1 1.8 

K36 75.9 1.8 15.4 0.4 1.2 4.9 >0.1

K18 54.3 5.6 26.5 0.9 0.2 12.3 >0.1

 
 

Fig. 2. The Ti2p XPS spectrum of the titanium nitride 
 
Table 2. Peak positions, full width at half-maximum 

(FWHM) and intensities of the Ti2p3/2 peaks 
obtained by decomposing the Ti2p spectra  

of the samples under study. The designation  
of the parameter “d ” see in the text 

 

Sample Peak Eb, eV FWHM, eV I, % d, nm 

TiN 

1 455.7 1.8 15.1 
3.7 

(1.33) 2 457.3 1.7 6.9 

3 459.0 1.8 44.7 

K18 

1 456.1 2.0 30.3 
1.6 

(0.71) 2 457.6 1.6 11.2 

3 459.1 1.7 25.1 

K36 

1 455.8 1.9 29.4 
1.5 

(0.67) 2 457.4 1.7 13.1 

3 458.9 2.1 24.1 

 
The thickness of the oxide film d can be 

calculated by a simple formula (see, for example, 
[34]): 

 

( )[ ]1exp 2
2222

TiO
Ti2pTiN

Ti2p

TiO
Ti2p

TiN
Ti

TiO
Ti

TiN
Ti2p

TiO
Ti2p

TiN
Ti2p

TiO
Ti2p

1

3 −λ
λ

λ

σ

σ
== d

n

n

I

I

I

I
, (1) 

 

where I1 and I3 are the intensity of the peaks given in 
Table 2, σTi2p is the ionization cross section of Ti2p 
level, 2TiO

Ti2pλ  is the escape depth of Ti2p 

photoelectrons from the oxide layer on the surface of 
the nitride.  

Formula (1) for nanoparticles gives an 
overestimated value of d (Table 2), since it is derived 
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for a flat infinite sample coated with an oxide film, 
and does not take into account the contributions to the 
intensity I3 of the oxide film from the side surfaces of 
the TiN nanoparticles. 

The calculation of the intensities I1 and I3, 
carried out for a cubic nanoparticle of titanium nitride 
coated on all sides with an oxide layer (l  is the edge 
of the TiN cube, d is the thickness of the oxide layer 
on it), assuming that the emission of photoelectrons is 
recorded in the direction perpendicular to one of the 
faces of the cube, give the following expressions: 

 

( ) ×λσ−= TiN
Ti2p

TiN
Ti

TiN
Ti2p

2
1 2 ndlI  

( )[ ] ( )[ ]2TiO
Ti2p

TiN
Ti2p expexp λ−λ−× dd ;         (2) 

 
( ) ( )[ ]2222 TiO

Ti2p
22TiO

Ti2p
TiO
Ti

TiO
Ti2p3 exp λ−−−λσ= ddllnI . 

 

       (3) 
 

The estimate of the values of d by Eqs (2) and 
(3) gives the values of 0.71 and 0.67 nm for K18 and 
K36, respectively. These estimates are shown in 
Table 2 in parentheses. Note that the calculation by 
formulas (2) and (3), in accordance with the 
simplifications carried out, gives underestimated 
values of the oxide layer thickness. 

In the spectrum of N1s (Fig. 3), in addition to 
the main peak related to nitrogen in the mononitride 
lattice (Eb = 397.1 eV) (see, for example, [47, 55]), 
we can distinguish also 2 peaks with Eb = 399.2 and 
401.6 eV (Table 3). According to the literature data 
[56, 57], the peak with Eb = 399.2 eV can be 
associated with nitrogen atoms in the lattice of the 
oxynitride Ti(N,O). The peak with Eb = 401.6 eV in 
the literature is often attributed to molecular nitrogen 
[57–59], which is formed during the oxidation of 
nitride. However, in the XPS spectra of transition 
metal (M) complexes with molecular nitrogen  
(M—N2) the N1s line is split into 2 peaks [60–64].  
If we assume that N2 is coordinated in the same way 
as in a binuclear complex (M—N—N—M), then the 
value of Eb (N1s) should be the same as for the exo 
atom of the mononuclear complex, i.e. below the 
specified value by at least 1 eV. In our opinion, the 
origin of the peak with Eb = 401.6 eV is still 
questionable. Moreover, many authors do not note 
this peak in the XPS spectra of the samples of 
titanium nitride studied by them. In our opinion, the 
adsorbed NO molecules, nitrogen atoms in the TiO2 
lattice and N1s photoelectrons from nitride nitrogen, 
which have lost some of their energy to the excitation 
of electron transitions from the conduction band to 
the free band, can contribute to photoemission in the 
region near 401.6 eV. 

 
 

Fig. 3. The N1s XPS spectrum of the titanium nitride 

 
Table 3. Positions, half-widths and intensities  

of peaks obtained by decomposing the N1s spectra  
of the initial titanium nitride and catalysts 

 

Sample  Peak  Eb, eV  FWHM, eV  I, %  

TiN 

1  397.1 2.3  71.3 

2  399.2  2.5 19.3 

3  401.6 2.8  9.2 

K18 

1  397.1 2.0  18.1 

2  399.4  2.6  80.1 

3  401.6  1.9  1.7 

K36 

1  397.1 2.7 30.8 

2  399.4  2.3 61.4 

3  401.6 2.7  7.7 

 
Thus, the particles of initial titanium nitride are 

covered with a rather thick film of titanium oxide, 
which contains nitrogen atoms. Between the nitride 
and the oxide on its surface is a thin layer of 
oxynitride. 

The stability of bulk samples of titanium nitride 
in an oxidizing environment is well known. It is clear 
that the density of titanium atoms in TiO2 is 
noticeably lower than that in TiN (data on the specific 
density of TiO2 and TiN are given above). Therefore, 
TiO2 on the surface of TiN cannot serve as a 
protective film preventing diffusion of oxygen to 
titanium nitride. However, many authors claim that 
the oxide film on the surface of titanium nitride 
consists of pure TiO2 [65, 66]. 
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The data obtained by us in the present paper and 
earlier [67–69] indicate on the presence of oxynitride 
as a transition layer between nitride and oxide. It is 
this layer that is the barrier preventing the oxidation 
of nitride. This data also coincides with the 
conclusions of Ref. [70]. 
 

3.2. Catalysts 
 

The contents of elements (in atomic percent) in 
the near-surface layer of catalysts are presented in 
Table 1. It can be seen that, as in the initial TiN, a 
rather thick hydrocarbon film is present on the 
catalyst surface (high carbon content). The reasons 
for the appearance of hydrocarbon contamination of 
the surface are listed above. It can be noted that in the 
process of preparing catalysts, the [N/Ti]at ratio, 
calculated from the integrated intensities of the N1s 
and Ti2p lines, decreases by a factor of 2. 

The results of decomposition of the XPS spectra 
of Ti2p catalysts are presented in Table 2. It can be 
seen that the ratio of I3/I1 in catalysts is lower than 
that in the initial titanium nitride. Consequently, the 
thickness of the oxide film on the surface of TiN in 
the catalyst is less than that in the initial TiN.  
The question arises, how could this happen? 

It can be assumed that the reduction of surface 
titanium oxide also occurred during the reduction of 
platinum. However, then the second question arises – 
in what form is the reduced part of the titanium oxide 
film present in the catalyst? Obviously, if the 
reduction to metal occurred, then contact with air will 
again lead to oxidation of the metal and formally 
nothing should change. It seems to us that the 
increase in the I3/I1 ratio is caused by ultrasonic 
 

 
 

Fig. 4. The N1s XPS spectrum of catalyst K32 

 
 

Fig. 5. The Pt4f XPS spectrum of K32 catalyst after 
treatment with carbon monoxide 

 
mixing and subsequent washing with water during the 
deposition of platinum. In these operations, the top 
friable layer of the oxide film can be mechanically 
destroyed and the separated fine oxide particles were 
removed from the sample during washing. Analyzing 
the data of Table 2, it should also be noted that the 
intensity of peak 2 (I2) in the catalysts is higher than 
that in the initial sample. 

On the N1s spectrum (Fig. 4) of the catalyst, the 
main peak is the peak with Eb = 399.2 eV.  
A synchronous increase in the intensities from the 
oxynitride layer in the N1s and Ti2p spectra means 
that the influence of this surface layer on the 
electronic properties of the surface has increased 
significantly. 

The direct contact of platinum with oxinitride 
cannot be excluded either, since the oxide layer does 
not have to be continuous. Consequently, the 
properties of the contact between the catalytically 
active metal (Pt) and the substrate in the catalyst 
under study differ significantly from the Pt/TiO2 
contact. 

The spectrum of Pt4f is well described by two 
doublets Pt4f7/2 and Pt4f5/2 (Fig. 5), one of which, 
with Еb (Pt4f7/2) = 71.4 eV, corresponds in its 
position to metallic platinum, the second (with  
Еb (Pt4f7/2) = 74.3 eV) – Pt4+ oxide. It should be 
noted here that the treatment of the catalyst with 
carbon monoxide does not lead to the complete 
reduction of platinum. 

We also note here that the intensity of the Pt4f 
line is noticeably lower than would be expected from 
the assumption of a homogeneous distribution  
of 12 mass. % platinum (Table 1). 
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Fig. 6. The X-ray patterns of TiN and K18 and K36 catalysts 
 

If we recalculate the surface composition of 
catalysts from atomic percent to mass, given in this 
Table, then, of course, the proportion of platinum will 
increase, however, for both studied catalysts, it will 
remain less than 12 mass %. The reason for this may 
be that the platinum particles connect several support 
particles to each other. Such a design naturally 
suppresses the output of Pt4f photoelectrons. For the 
system of platinum on TiO2, the phenomenon of 
strong metal-support interaction (SMSI) is often 
observed when the metal is covered with an oxide 
film [71–73].  

 
3.3. X-ray patterns 

 

It was found that the titanium nitride obtained by 
us has a NaCl type lattice. After deposition of 
platinum, the lattice parameter of titanium nitride 
does not change.  

Fig. 6 shows the diffraction patterns of catalysts. 
First, we note that the values of the full-width at half 
maximum (FWHM) of the reflex Pt (111) in the  
X-ray patterns of the samples under study are more 
than those for TiN (111).  This means that the sizes of 
platinum clusters are smaller than the particle sizes of 
the substrate. Using Scherrer’s equation, the width of 
the Pt(111) line gives the coherence length Lc = 8 nm 
for K18. For K36 Lc = 12 nm.  

Fig. 7 shows a surface image of catalyst K18.  
It can be seen that platinum clusters with a size of  
4–5 nm are present on the surface of titanium nitride 
particles. However, the distribution of platinum 
clusters cannot be called uniform. In the figure, you  
 

 
 

Fig. 7. The TEM image of Pt clusters  
on the surface of TiN (36 nm) 

 
can see titanium nitride particles on which there are 
no Pt clusters. The presence of a large number of 
platinum clusters on some particles of titanium nitride 
and their absence on other particles of titanium 
nitride leads to a decrease in the surface 
concentration of platinum determined by the XPS 
method. 

 
3.4. Catalytic properties of Pt/TiN samples 

 

With a decrease in the CO concentration in the 
test chamber, an increase in the CO2 concentration 
occurs at the same time due to the irreversible 
oxidation reaction of CO with air oxygen. As can be 
seen from Fig. 8 the time dependence of the CO 
concentration in the test chamber with a catalyst is 
described by equation (4): 

 
ССО(t) = CCO(0) e–k⋅t,                      (4) 
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Fig. 8. The kinetics of CO oxidation  
at T = 295 K, P = 101 kPa and 30 % humidity on K18 (1), 

K36 (2) catalysts and on Pt black (3)  
(at the same platinum content in the samples) 

 
where ССО(t) is the measured value of the 
concentration of CO in the test chamber, CCO(0) is 
the value of the concentration of CO at the initial 
(zero) time, k is the reaction rate constant, t is the 
time. 

From the experimental data shown in Fig. 8, it 
was found that the reaction rate constant on K18 is 
(120 ± 20) times higher than that of Pt black with a 
specific surface of 30 m2⋅g–1. It should also be noted 
that the reaction rate constant on K18 is (1.5 ± 0.1) 
times higher than that on K36. 

To study the effect of platinum content on 
catalytic properties, five samples of a catalyst based 
on titanium nitride with a particle size of 18 nm were 
synthesized and tested (Table 4). The investigation of 
the CO oxidation reaction of these samples was 
carried out according to the procedure described 
above. 
 
Table 4. The dependence of the catalytic properties 
of Pt/TiN on Pt content at T = 295 K, P = 101 kPa, 

RH = 30 %. 
 

No., 
sample Vx/V12 Sample weight, g Pt content, 

mass % 

1 0.90 0.050 6 

2 0.95 0.033 9 

3 1.00 0.025 12 

4 0.95 0.020 15 

5 0.70 0.012 25 

When studying the catalytic properties, the mass 
of the catalyst was changed depending on the 
composition, leaving the same mass of platinum in 
each sample equal to (3 ± 0.3) mg. The reaction rates 
of CO oxidation for each sample were determined 
after processing the experimental data in accordance 
with equation (3). Then, the ratio of reaction rates 
Vx/V12 was determined, where V12 is the CO 
oxidation rate for a composition containing 12 mass 
% of platinum with the maximum rate of oxidation of 
CO, and Vx – the rate of oxidation of CO for  
a catalyst containing x mass % Pt. From the 
experimental results presented in Table 4 it was found 
that the oxidation rate of CO varies little when the 
platinum content is in interval from 9 to 15 mass %. 

To determine the adsorption properties of 
platinum in the catalysts and in platinum black  
(90 mg), the absorption of CO from the gas phase 
was measured. The test chamber was flushed with dry 
nitrogen at a rate of 50 cm3⋅s–1 for 100 s, and then 
purged with a mixture of CO and N2 for 5 s at a rate 
of 50 cm3⋅s–1. Then the inlet and outlet valves were 
closed and after 10 min the content of the volume 
fraction of CO was analyzed. For the analysis of CO, 
3 cm3 samples were taken from the test chamber, and 
then the sample was injected into a measuring 
chamber filled with air. The number of CO molecules 
adsorbed by the Pt surface per unit mass of platinum 
was calculated by the formula (5): 

 
( ) ( )MPtAofcicCO 100 VmNVCCN −= ,        (5) 

 
where icC  is the initial volume fraction of CO in %, 

fcC  is the final volume fraction of CO in %, Vo is the 
volume of the test chamber, NA is the Avogadro 
number, mPt is the mass of platinum in the catalyst in 
grams, VM is the molar gas volume. The mass of the 
catalyst was chosen so as to ensure the value of the 
final concentration in the range from 0.45 to 0.55  
of the initial volume fraction of CO equal to 1 %. 

After processing the experimental results, it was 
found that the ratio of NCO(Pt/TiN)/NCO(Pt – black) 
is equal to (3.8 ± 0.4) for K18 and to (2.5 ± 0.3)  
for K36. The measurements were carried out at  
T = 295 K and P = 101 kPa. 

Thus, an increase in the reaction rate of CO 
oxidation on Pt/TiN catalysts as compared to 
platinum black can be associated with both an 
increase in the concentration of CO molecules 
adsorbed and a decrease in the activation energy of 
the reaction. The reaction rate due to an increase in 
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the concentration of CO molecules on the surface of 
platinum increases by (3.8 ± 0.4) times.  Therefore, 
the main reason for the increase in the reaction rate is 
possible associated with a decrease in the activation 
energy of the CO oxidation reaction. From the 
Arrhenius equation, it follows that with an increase in 
the reaction rate of (32 ± 5) times, the calculated 
value of the decrease in the activation energy will be 
from 8.1 to 8.5 kJ⋅moL–1. The reason for the decrease 
in the activation energy can be, for example, the 
formation of oxide layers of platinum on the surface 
of the Pt cluster. 

 
3.5. Comparison of the catalytic properties  

of various nanoscale substrates 
 

Table 5 shows the results of tests as substrates of 
nanosized particles such as nanodiamonds (ND) of 
the SDND (Plasmochem, Germany), β-SiC and TiN, 
obtained by us by the plasma-chemical method, and 
TiO2 nanoparticles of the Hombicat (Sachtleben 
Chemie GmbH, Germany) at the content of Pt in each 
sample equal to (12 ± 1) wt.%. The experimental 
results were processed based on the equation (4). 

The CCO(0) concentration for all samples  
is 100 mg⋅m–3. The characteristics of the substrates 
used are presented in Table 5. 

Table 5 shows that nanocatalytic additives based 
on TiN with a particle size of 18 nm have the 
maximum rate of the CO oxidation reaction. We also 
found that the rate of CO oxidation at room 
temperature on this nanocatalytic additives is  
120 times higher than that on platinum black with  
a specific surface area of 30 m2⋅g–1. 
 

Table 5. Comparative characteristics  
of nanoparticles and the ratio k(x)/k(TiO2)  

for a catalyst with a platinum content of 12 wt. % 
 

Substrate ND  β-SiC TiO2 TiN TiN 

Substrate 
structure 

Diamond Sphalerite Anatase NaCl NaCl 

Particle size, 
nm 

5±1 13±1 6±1 36±4 18±2 

Ratio 
k(x)/k(TiO2)  

0.7±0.1 1.0±0.1 1.0 1.0±0.1 1.5±0.1

4. Conclusions 
 

New catalysts of carbon monoxide oxidation 
were synthesized by deposition of platinum on 
titanium nitride with an average particle size of  
18 and 36 nm. It was established that: 

1) as a result of catalyst synthesis, the oxide film 
on the surface of titanium nitride is enriched with 
nitrogen, and its thickness decreases; 

2) surface content of Pt is less than volume 
content; 

3) treatment of the catalyst with carbon 
monoxide does not lead to the complete reduction of 
platinum. 

The catalytic properties of Pt/TiN samples in the 
oxidation of CO at room temperature and low  
CO concentrations (less than 100 mg⋅m–3) have been 
studied. It was found that the CO oxidation constant 
rate per atom of platinum on the 9–15 wt. % Pt 
loaded TiN catalysts is 120 times higher than that on 
the platinum black with a specific surface of 30 m2⋅g–1.  

The developed Pt/TiN catalyst is promising for 
further research in order to be used in catalytic and 
photo-catalytic air purification devices at low CO 
concentrations. 
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Abstract: The proposed review represents the systematic analysis of modern methods and approaches for the 
characterization and structural evaluation of fluorinated polymers that have found a wide application as materials for 
chemical processing, chemically resistant components and coatings, pharmaceutical and electrical packaging, biomedical 
equipment, etc. The chemical composition of the polymers (fluorine content, its distribution inside the fluorinated 
materials, chemical bonds, presence of oxygen-containing groups) substantially influences on the operation properties 
(chemical resistance, adhesive, cohesive, optical, dielectrical, thermal, barrier, gas permeation) of the final polymeric 
products. Hence, it was of particularly importanсe to bond the emergence of specific features with the presence of fluorine 
in the chemical structure of polymer by means of related analytical techniques. Namely, we focused on spectral  
(IR, UV-VIS, NMR, XPS, EPR), chemical (elemental analysis), Secondary-ion mass spectroscopic (SIMS) and 
microscopic (AFM, SEM-EDX) methods emphasizing their general consideration and limitations as well as application for 
the in-depth characterization. 
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Аннотация: Предлагаемый обзор представляет собой систематический анализ современных методов и подходов  
к характеристике и оценке структуры фторированных полимеров, которые нашли широкое применение в качестве 
материалов для химических процессов, химически стойких компонентов и покрытий, фармацевтической и 
электрической упаковки, биомедицинского оборудования и т.д. Химический состав полимеров (содержание 
фтора, его распределение внутри фторированных материалов, химические связи, наличие кислородсодержащих 
групп) существенно влияет на эксплуатационные свойства (химическая стойкость, адгезионные, когезионные, 
оптические, диэлектрические, термические, барьерные, газовая проницаемость) конечных полимерных продуктов. 
Следовательно, особенно важно связать появление специфических особенностей с присутствием фтора в хими-
ческой структуре полимера с помощью соответствующих аналитических методов. А именно, сосредоточились  
на спектральных (ИК, УФ-видимая, ЯМР, XPS, ЭПР), химических (элементный анализ), масс-спектроскопических 
(ВИМС) и микроскопических (АСМ, SEM-EDX) методах, рассматривая их основные возможности и ограничения 
для углубленной характеристики фторсодержащих полимеров. 
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1. Introduction 
 

Fluorine-containing polymers (FPs) are popular 
and irreplaceable products of large-scale chemistry. 
World production of fluorinated polymers in 2010 
amounted to more than 200,000 tons, in 2012 – 
223,000 tons, while by 2022 it is predicted to double 
(to 405,000 tons) [1]. The high global demand for 
FPs is due to a unique combination of properties: 
chemical, electrochemical and thermal stabilities, 
oxygen resistance, low surface energy, low 
coefficient of friction, low high frequency-loss rates, 
low refractive indices, low permittivity etc. [1–4]. 
Such attractive macroscopic parameters of FPs are 
feasible owing to extremely high energy of C—F 
bond (478 kJ⋅moL–1) for ordinary bonds and a lowest 
energy of intermolecular interactions (a solubility 
parameter of the perfluorinated compounds 
corresponds to ca. 12–13 (J⋅cm–3)1/2 whereas for the 
common hydrocarbons it does to 14–15 (J⋅cm–3)1/2. 
FPs are indispensable in many branches of science 
and technology: electronics [5, 6], energy [7–13], 
biomedical application [14, 15], membranes [16–21], 
coatings [22–25], – as materials for wire and cable 
insulation, industrial, architectural and multilayer 
barrier coatings, fuel tubing, hoses and fittings, seals, 
lighting, solar panels, automotive and mass transit 
cabling, optical fibers, etc. [1, 2, 26]. During the 
development and fabrication of the materials, it is 
extremely important to control the structure and 
composition of the resulting product. In this regard, 
the aim of this review is to consider and describe the 
methods for analysis of the structure and composition 
of FPs and changes associated with fluorination 
process. In order to maintain the operation properties 
of the products it is often sufficient to have a thin 
fluorinated layer over the material. Therefore, 
polymeric materials that are fluorinated by elemental 
fluorine in the gas- or liquid-phase regime are in the 
scope of the FPs under consideration. Such materials 
have a laminate structure with gradient of fluorine 
concentration along the normal to the surface.  
The thickness of the fluorinated layer usually is about 
several microns. The probing of these composite 
materials is also the aim of the review. 

2. Materials and methods 
 

2.1. Elemental analysis 
 

The quantity of fluorine introduced to the 
material after direct fluorination can be estimated by 
combustion of sample in the Schoniger apparatus [27] 
and trapping of the combustion products in the 
absorbing solution. In the case of fluorination of 
polypropylene [28] and poly(p-phenylene 
terephthalamide) [29], Maity et al. absorbed those 
products by mixture based on Ce(III) nitrate solution 
and the excess of the reagent was titrated by 
ethylenediamine tetraacetate. Despite the simplicity 
of the instrumental implementation, the oxygen flask 
technique faces problems of incomplete 
decomposition of highly fluorinated polymers and 
formation low molecular volatile compounds 
(tetrafluoromethane and others) which are not trapped 
in absorbing solutions. Here, the chemical resistance 
of fluorine-containing materials that is mostly 
provided by high dissociation energy of C—F bond 
(ca. 485 kJ⋅moL–1) becomes their weakness. In order 
to improve fluorine recovery, Hruska and Lepot have 
decomposed the fluorinated polypropylene film with 
sodium peroxide [30] while Fan et al. performed the 
oxygen flask combustion with catalyst (WO3 + Sn) 
[31]. Further detection of fluorine was performed by 
fluoride selective electrode [30, 32]. 

A standard CHNSO method of high temperature 
combustion of sample in a stream of pure oxygen can 
be applied for indirect estimation of fluorine in the 
polymers. The fluorine content in a polymer 
assembled from the elements (carbon, hydrogen, 
nitrogen sulfur and oxygen) may be calculated as a 
residual weight after subsequent quantitative 
detection of the elements. This technique is a rapid, 
simple and low-cost analysis and has been 
successfully used for investigation of surface 
fluorinated conventional polyolefins [33–35] and 
other fluorine-containing polymers [36–38]. 
However, it also suffers from underestimation of 
carbon content due to the formation of thermostable 
low molecular fluorinated compounds in the 
combustion region [39]. 
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2.2. Spectroscopic techniques 
 

2.2.1. IR spectroscopy 
 

Infrared spectroscopy is a traditional routine 
analytical technique that allows conducting structural 
analysis of both surface and bulk of polymeric 
materials. Each functional group absorbs infrared 
radiation at particular frequency. Three regions 
(13,500–4,000 cm–1 (near infrared), 4,000–400 cm–1 
(middle infrared) and 400–10  cm–1 (far infrared)) 
compose the whole infrared range. Infrared spectrum 
of a polymer is an individual set of specific 
absorption bands that can be utilized to make 
polymer identification in “finger print” region  
[40–43]. Since fluorine-containing polymers, in 
particular perfluorinated polymers, are often solids 
and weakly soluble in organic solvents, among the 
wide diversity of infrared analytical procedures 
(transmission, specular reflection, multiple internal 
reflection, diffuse reflection, photoacoustic etc. [43]), 
attenuated total reflectance technique is the most 
popular one and allows one to measure samples 
rapidly without destruction and complicated 
preliminary preparation. Another advantage of the 
procedure is ability to vary the depth pd  of 
penetration of IR radiation. It can be calculated as 
follows [44]: 

2

2

12sin2 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−θπ

λ
=

n

n
n

d p , 

 

where λ and θ are wavelength and angle of incidence 
of IR radiation; 21,nn  are refractive indices of  
a polymer and an ATR-crystal, respectively.

 The refractive indices of polymers and ATR-crystals 
belong to a narrow ranges of values: 1.3–1.8 for 
polymers, 2.2–4.0 for ATR-crystals (ZnSe 2.4,  
ZnS 2.2, Silicon 3.4, Ge 4.0, diamond 2.4) [44, 45]. 
Therefore, the variation of ATR-crystals and angle of 
incidence allows one to analyze polymers on the 
depths up to 0.7–15 μm which is comparable with the 
thicknesses of the fluorinated polymeric layers  
[46, 47].  

The ATR-IR technique was applied for 
investigation of the most fluorinated polymers (for 
instance, epoxy resin [48], silicone rubber [49, 50], 
UHMWPE [51], LDPE, HDPE, PP, PET [52], wood 
samples [53], etc.). The main characteristic 
absorption bands for fluorine-containing polymers 
and composites are presented in Table 1. 

IR-spectroscopy also enables to perform in situ 
monitoring of fluorination process by means of IR-
transparent beryllium window in the reactor’s wall. 
So, gradual conversion of —CH2— group of LDPE 
into —CHF— and —CF2— was detected by shift of 
absorption band from 1,100 to 1,200 cm–1 [58, 63]. 
 

2.2.2. UV-Vis interferometry 
 

Interferometry in the ultraviolet-visible region 
(UV-Vis) has been applied for investigation of 
polymers since mid-to-late XXth century [64]. The 
technique is based on the analysis of the interference 
spectrum of the UV-visible light reflected from the 
layers in the sample at different depths. Kharitonov et 
al. suggested using the procedure for estimation of 
depth of fluorination [65]. In the case of thin layers, 
the thickness of the fluorinated layer is determined 
via interference of the UV-Vis light having passed 
through the sample and reflected twice from the  
 

 
Table 1. Specific absorption bands for fluorine-containing polymers and composites 

 

Functional group Wavenumber, cm–1 Reference 

С—F (general) (str*) 1,200; 1,147; 554, 509 [31, 44, 51, 52, 54–57] 

—CF3 (str*) 1,350–1,120 [44] 

—CF2— (str*) 1,280–1,120 [44, 57] 

—CF (aliphatic) (str*) 1,100–1,000 [44, 57, 58] 

—CF (aromatic) (str*) 1,270–1,100 [44] 

—C(O)F (str*) 1,800–1,900 [55, 59–61] 

Si—F (str*) 850 [62] 

* Stretch vibration. 
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fluorinated layer. This procedure can be realized 
when the fluorinated and non-fluorinated layers are 
separated by very thin boundary layer (not more than 
one fourth of light wavelength) and the boundary 
layer is parallel to the surface of the sample [34].  
If the fluorinated polymer is not sufficiently 
transparent for UV-Vis light, the interference spectra 
can be measured in the reflection mode by changing 
the angle of incidence by 45°. The approach allows 
estimating fluorination depth from 0.1 to 50 µm and 
performing in situ measurements of thickness of the 
fluorinated layer during the fluorination process [34]. 
It was applied for investigation of kinetics of 
fluorinated layer growth for various polymers: 
UHMWPE [66], HDPE [47, 67], PS [34], PET, PI, 
PPO, PVTMS [46, 68], PTFE [46], PEEK-WC [61], 
etc. Refractive indices D

Vn  for the conventional 

polymers vary in the range of 1.49–1.66 while D
Fn  for 

the fluorinated layers of these polymers are within 
1.35–1.41 (Table 2). The minimum difference 
between refractive indices of virgin and fluorinated 
layers for proper application of the technique should 
be higher than 0.03–0.05. 

The thickness of the fluorinated layer can be 
calculated based on the following equation: 

 

νΔ
=δ

D
F

F
n2

1
, 

 

where Δν (cm–1) is an interval (a difference in 
wavenumbers) between neighboring maxima or 
minima in transmission spectra [65]. For most cases 
of gas-phase fluorination by elemental fluorine, the 
time dependence of the thickness as well as the total 
amount of fluorinated groups was shown to be 
proportional to the square root of fluorination time 

Ft  [66]. This fact proves that (i) the fluorinated 
polymeric film consists of fluorinated and virgin  
 

Table 2. Refractive indices of virgin ( D
Vn )  

and fluorinated ( D
Fn ) polymer layers estimated via 

UV-Vis technique 
 

Polymer D
Vn  D

Fn  

PS [34] 1.590 1.366 
PET [46,68]  1.655 1.380 
Matrimid5218 [46, 68]  1.63 1.41 
PPO [46, 68] – 1.373–1.381 
PVTMS [46, 68] 1.492 1.376 

layers separated by very thin (<< 0.1 µm) boundary 
where the most chemical reactions take place and  
(ii) the rate of generation of fluorinated layer results 
from diffusion of fluorine through the modified layer 
to the untreated one. 
 

2.2.3. NMR-spectroscopy 
 

Nuclear magnetic resonance is a routine tool of 
investigation of chemical structure of polymers.  
The elements having magnetic momentum (for 
instance, 1H, 3H, 13C, 15N, 19F, 29Si, 31P and others) 
can be tested by NMR technique. Each atom 
possesses a unique chemical shift relatively to  
a standard, depending on electronic structure of  
a nucleus, atoms bonded with this atom, spatial 
environment, etc. Exhaustive data on the chemical 
structure of a polymer can be obtained on the basis of 
chemical shift and spin-spin coupling parameters 
[69–72]. A wide range of procedures of NMR are 
currently available but among them NMR of samples 
in deuterated solvents and magic angle spinning 
NMR (MAS NMR) are most spread. The former 
approach has a drawback associated with a weak 
solubility of fluorinated polymers in most of the 
solvents. While the latter (MAS NMR) allows 
measuring of NMR spectra of solid samples that has 
promoted a wide application of this technique  
in analysis of fluorinated polymers. Trichlorofluoro-
methane is often chosen as internal standard while 
1,1,2-trichloro-1,2,2-trifluoroethane (δ(19F) = –68.05, 
–72.20 ppm), trifluoroacetic acid (δ(19F) = –78.4 ppm), 
C6F6 (δ(19F) = –163 ppm), sodium trifluoromethane 
sulfonate (δ(19F) = –80.8 ppm), PTFE (δ(19F) = 
= –122 ppm) and others [53, 57, 66, 73–76] are used 
as external standards for correction of chemical shifts 
of fluorine nuclei. The NMR is a sufficiently 
sensitive method and enables an estimation of the 
fluorination degree for the fluorinated polymers via 
ratio of signals from different functional groups 
(Table 3). It also allows calculating average 
molecular mass of a polymer by the ratio of side 
functional groups to the amount of polymer units 
according to the corresponding chemical shifts of 
atom nuclei [53, 57, 58, 66, 77–81]. An example of 
the NMR analysis of highly fluorinated polymer is 
provided for long-term liquid-phase fluorination of 
poly(2,6-dimethylphenylene oxide-1,4) powder in 
pefluorodecalin (PFD) [82]. The product of the 
fluorination was soluble in PFD and 
perfluorobenzene, and was shown by standard 19F, 
13C NMR approaches to have structure of 
poly(perfluorocyclohexenyl ether) [82]. 
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Table 3. Specific chemical shifts of 19F and 13C in various functional groups 
 

Functional group Chemical shift of 19F, ppm Chemical shift of 13C, ppm References 

CF –144, –138, –200 100–103 [66, 75, 76, 79]  
CF2 –122 107.8 

[53, 66, 75, 76, 79] 
CF3 –80 118.3 
SCF2 –114, –118 112 [75, 76]  
OCF2 –78, –80, –85 116.8 [75, 76, 83] 
CF2SO2F 44–45 (from SO2F group) 112–114 [83] 
 

2.2.4. X-ray photoelectron spectroscopy (XPS) 
 

X-ray photoelectron spectroscopy is a high 
demand technique to investigate chemical 
composition of polymeric surface [42, 84, 85].  
The method is based on photoelectron effect when 
electrons are emitted from the sample due to its 
exposition to mild X-ray radiation of specific energy 
(Mg or Al Kα radiation source with 2–20 keV). 
Analysis of the amount and energy of the 
photoelectrons allows estimating the content of 
elements (except hydrogen) and nature of their bonds 
since the binding energy of the electron with nucleus 
(i) has unique characteristic value for each element 
and (ii) depends on the electron environment of the 
element and can be shifted if it is bound to an element 
having different electronegativity (Table 4) [42, 86]. 
The signal of aliphatic carbon in the chemical group 
—CH2—   with energy as high as 284.5–285.0 eV is  

often utilized as internal standard. The XPS technique 
also allows investigating the sample surface within 
the thickness up to 5–7 nm [86]. The depth of the 
layer analyzed also results from the angle of 
incidence of X-ray beam. So, the fluorine atom  
(F1s, 686–689 eV) can be detected on the depths of 
ca. 0.8 nm (at 80°), 3.4 nm (at 45°) and 4.8 nm (at 0°) 
in the case of non-monochromatic anode radiation 
Mg Kα, and on the depths of ca. 1.1 nm (at 80°),  
4.5 nm (at 45°) and 6.3 nm (at 0°) in the case of 
monochromatic anode radiation Mg Kα [86, 87].  
XPS approach has high sensitivity (ca. 0.1 %) and 
good spatial resolution (ca. 2–5 µm) that enables 
element and its bonds mapping over the surface and 
depth of the sample [42, 84–90]. XPS was effectively 
applied in the series of investigations by Cheng et al. 
[54, 91, 92], Nazarov et al. [35, 52, 93], and other 
researchers [67, 81, 94–96]. 

 
Table 4. The specific binding energies of electron in carbon and fluorine atoms  

of F-containing functional groups 
 

Functional piece Chemical shift, eV 

(—CHF—CH2—)n C1s: 287.91 [97, 98], 288 [99] (CF); 285.7 [97, 99] (CH2) 
F1s: 686.94 [97], 689.3 [99] (F) 

(—CF2—CH2—)n C1s: 290.9 [97–99] (CF2); 286.44 [97], 286.3 [99] (CH2) 
F1s: 688.15 [97]; 689.6 [99] (F) 

(—CF2—CF2—)n C1s: 292.48 [85, 97–99] (CF2) 
F1s: 689.67 [97], 690.2 [99], 689.7 [85] (F)  

(—CFH—CFH—)n  C1s: 288.4 [99, 100] (CF) 
F1s: 689.3 (F) [100] 

(—CF2—CFH—)n  C1s: 291.6 (CF2); 289.3 (CFH) [97, 98] 
F1s: 690.1 (F) [97] 

CF3—CH2—O— C1s: 292.2 (CF3) [98] 
CF3—CF2— (perfluorinated polymers) C1s: 295.6 (CF3), 291.3 (CF2) [98] 

(—CH2CH(OC(O)CF3)—)n  C1s: 292.65 (CF3) [97] 
F1s: 688.15 (F) [97] 
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2.3. Microscopic methods 
 

The AFM technique is based on monitoring of 
the polymeric surface by a cantilever, and detection 
of energy of its interaction with the surface.  
The method possesses high resolution along the 
thickness and the width of the surface that enables to 
perform 2D and 3D morphological analysis of the 
polymeric layers. Hardness, electroconductivity, 
adhesive and magnetic properties, roughness can be 
estimated in a pointwise manner. The analysis can be 
performed in various media (vacuum, air, inert gases, 
liquids) allowing to study influence of media 
composition on surface properties of polymer [42]. 
The technique was applied in investigation of surface 
morphology of polymers and composite materials 
after fluorination elsewhere [52, 101–103]. 

Scanning electron microscopy (SEM) is a widely 
applicable technique to test a surface of polymeric 
samples. The method is based on scanning of sample 
surface by a focused primary electron beam resulting 
in emission of secondary electrons. The intensity of 
secondary electrons depends on atomic number of the 
element: the higher the number is the larger intensity 
of the electrons becomes. The method allows testing 
the topology, morphology and crystallographic nature 
of the samples [104]. For instance, for the majority of 
polymers (UHMWPE, LDPE, PPTA, PET, PP, fir 
wood, etc.), an increase in roughness was observed 
[53, 52, 96]. By means of this technique, An et al. 
estimated nanoparticle size distribution and 
roughness of the surface of high temperature 
vulcanized composites made of silicone rubber and 
nanosilica [50]. 

It is worth noting that SEM has been applied for 
estimation of depth of fluorination by preparation and 
analysis of cross-section of the polymeric films  
[48, 50, 105, 106]. Moreover, SEM is often combined 
with energy dispersive X-ray spectroscopy (EDXS). 
During the measurement, spectra of energy of X-ray 
emission after exposure of the sample to electron or 
X-ray beam are recorded. Each atom has a unique 
configuration of electrons and, hence, has a specific 
spectrum of X-ray emission. Thus, the SEM-EDXS 
coupling allows one to perform quantitative and 
qualitative elemental analysis (hydrogen excluded) of 
polymeric surface [107, 108]. Wirti et al. showed that 
surface concentration of C-F bonds achieved 2.5 % 
after treatment of Kevlar fibers by hydrofluoric acid 
[109]. A uniformity of the surface fluorination of 
polymers was also demonstrated elsewhere [31, 48, 
51, 59, 95, 110]. 

2.4. Other techniques for analysis of structure  
of fluorine-containing polymers 

 

The secondary ion mass spectrometry became 
widely used in polymer testing in the late twentieth 
century [111–114]. The method is based on 
bombardment of polymer surface by primary ions 
(for instance, Xe+, Cs+, Ga+) resulting in ionization 
and desorption of monoatomic layers (formation of 
secondary ions) that allows carrying out analysis of 
elemental and molecular composition within 
thickness as large as 5  Å [86]. So, time-of-flight 
procedure of SIMS has detected the following 
molecular ions in the chemical structure of 
fluorinated polymers: CF3—, C2F5

–, C3F7
–, CHF2, 

CHOF4
–, CH2OF5

–, SiF, C7H2F5
+, C8H2F5

+, C8H4F5
+, 

C9H4F5
+, C15H3F10, etc [115–118]. In addition, the 

SIMS technique is often used for estimation of depth 
of fluorination, its uniformity [119–120] and 
distribution of fluorine-containing additives over the 
sample [115, 121, 122]. 

Oppositely, electron paramagnetic resonance 
(EPR) can be considered as a non-destructive method 
for detection of paramagnetic species (point defects, 
free radical, biradicals, transition metal ions, etc.) 
[123, 124]. For the polymers after contact with 
elemental fluorine, the presence of long-lived radicals 
was proved by EPR technique [63, 125, 126]. 
Peyroux et al. showed that during fluorination of LDPE 
the following radical structures formation took place: 
—CF2—C*F—CFH— and —CF2—C*H—CF2—. 
Their intensities decreased after the exposure to air 
due to attack of oxygen resulting in the formation of 
peroxide radicals and subsequent oxidation [58, 63, 
102, 125]. 

A combination of the aforementioned chemical, 
spectroscopic, spectrometric and other techniques for 
estimation of chemical structure and morphology of 
the fluorinated materials (polymers, layers) expands 
the insight into the interaction of the polymers with 
elemental fluorine comprehensively. 

 
3. Results and Discussion 

 

The range of techniques, which can be applied 
for the characterization and structure evaluation of 
fluorinated polymers, highlight the complex character 
of surface fluorination and necessity to use various 
chemical and physical approaches for the study.  
The fluorination of surface layers determines the 
apparent changes in the chemical composition, 
morphology, spectroscopic properties and surface 
features. Thus, the full characterization of polymers 
should be provided especially in case of polymers for 
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the specific applications. UV-Vis spectroscopy is 
excellent for in situ control of thickness of the 
fluorinated layers and provided the general 
information about optic properties. The chemical and 
morphological analysis of cross-section and surface 
of the fluorinated layers can be conducted using XPS, 
AFM, SEM, SIMS approaches. Finally, chemical 
analysis can be performed by flask combustion 
method, CHNSO analysis, NMR, XPS, SIMS. 
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